UNIVERSIDADE FEDERAL DO PARANA

BEATRIZ DE CARVALHO PATO VILA

ELECTRICAL AND MECHANICAL CARDIAC CONDUCTION TIMES AND
DYSYNCHRONY IN DOGS WITH MYXOMATOUS MITRAL VALVE DISEASE AND
HEALTHY DOGS

CURITIBA
2024



BEATRIZ DE CARVALHO PATO VILA

ELECTRICAL AND MECHANICAL CARDIAC CONDUCTION TIMES AND
DYSYNCHRONY IN DOGS WITH MYXOMATOUS MITRAL VALVE DISEASE AND
HEALTHY DOGS

Tese apresentada ao Programa de Pds-graduagdo em
Ciéncias Veterinarias, setor de Ciéncias Agrarias,
Universidade Federal do Parana, como requisito parcial a
obtencao do titulo de doutor em Ciéncias Veterinarias.

Orientador: Prof. Dr. Marlos Gongalves Sousa

CURITIBA
2024



DADOS INTERNACIONAIS DE CATALOGAGAO NA PUBLICAQAO (CIP)
UNIVERSIDADE FEDERAL DO PARANA
SISTEMA DE BIBLIOTECAS - BIBLIOTECA DE CIENCIAS AGRARIAS

Vila, Beatriz de Carvalho Pato

Electrical and mechanical cardiac conduction times and
dysynchrony in dogs with myxomatous mitral valve disease and
healthy dogs / Beatriz de Carvalho Pato Vila. — Curitiba, 2024.
1 recurso online: PDF.

Tese (Doutorado) — Universidade Federal do Parana, Setor de
Ciéncias Agrarias, Programa de P6s-Graduagédo em Ciéncias
Veterinarias.

Orientador: Prof. Dr. Marlos Gongalves Sousa

1. Cardiologia veterinaria. 2. Caes - Doencas. 3. Insuficiéncia
cardiaca. 4. Arritmia. |. Sousa, Marlos Gongalves. Il. Universidade
Federal do Parana. Programa de Pés-Graduagao em Ciéncias
Veterinarias. Ill. Titulo.

Bibliotecaria: Ana Camila Quaresma Moura CRB-9/2212




MINISTERIO DA EDUCAGAC

SETOR DE CIENCIAS AGRARIAS
UNIVERSIDADE FEDERAL DO PARANA
PRO-REITORIA DE PESQUISA E POS-GRADUACAO
S A T AT ATAE PROGRAMA DE POS-GRADUAGAO CIENCIAS
VETERINARIAS - 40001016023P3

TERMO DE APROVAGAO

Os membros da Banca Examinadora designada pelo Colegiado do Programa de Pés-Graduag@o CIENCIAS VETERINARIAS da
Universidade Federal do Parand foram convocados para realizar a arguigao da tese de Doutorado de BEATRIZ DE CARVALHO
PATO VILA intitulada: ELECTRICAL AND MECHANICAL CARDIAC CONDUCTION TIMES AND DYSYNCHRONY IN DOGS
WITH MYXOMATOUS MITRAL VALVE DISEASE AND HEALTHY DOGS, sob orientagéo do Prof. Dr. MARLOS GONGCALVES
SOUSA, que apés terem inquirido a aluna e realizada a avaliagdo do trabalho, sdo de parecer pela sua APROVAGAO no rito de
defesa.

A outorga do titulo de doutora esta sujeita & homologagéo pelo colegiado, ao atendimento de todas as indicages e corregfies

solicitadas pela banca e ao pleno atendimento das demandas regimentais do Programa de Pés-Graduagéo.

CURITIBA, 08 de Outubro de 2024.

Assinatura Eletrénica
09/10/2024 08:26:10.0
MARLOS GONCALVES SOUSA
Presidente da Banca Examinadora

Assinatura Eletrdnica Assinatura Eletrénica
10/10/2024 17:31:19.0 09/10/2024 09:35:49.0

MATHEUS MATIOLI MANTOVANI AFONSO CASSA REIS

Avaliador Externo (UNIVERSIDADE FEDERAL DE UBERLANDIA) Avaliador Externo (CENTRO UNIVERSITARIO MAURICIO DE
NASSAU)
Assinatura Eletrdnica Assinatura Eletrénica
09/10/2024 09:37:53.0 09/10/2024 07:57:06.0
RUTHNEA APARECIDA LAZARO MUZZI GUSTAVO LENCI MARQUES
Avaliador Externo (UNIVERSIDADE FEDERAL DE LAVRAS) Avaliador Externo (UNIVERSIDADE FEDERAL DO PARANA - UFPR)

RUA DOS FUNCIONARICS, 1540 - CURITIBA - Parana - Brasil
CEP 80035050 - Tel: (41) 3350-5621 - E-mail: cpgev@ufpr.br
Documento assinado eletronicamente de acordo com o disposto na legislagéio federal Decreto 8539 de 08 de outubro de 2015.
Gerado e autenticado pelo SIGA-UFPR, com a seguinte identificagdo Gnica: 403712
Para autenticar este documento/assinatura, acesse https://siga.ufpr.br/siga/visitante/autenticacaoassinaturas.jsp
e insira o codigo 403712




AGRADECIMENTOS

A Deus, por me dar saude, por me cercar de pessoas iluminadas, e por permitir
gue eu seguisse meu sonho.

Aos meus pais e meu irmao - José Antonio, Sonia e Guilherme - por
permanecerem ao meu lado nos melhores e piores momentos, por me ensinarem a
acreditar em mim mesma desde pequena, por me apoiarem em todas as situagdes e
por me darem todo o amor do mundo. Devo tudo a vocés.

Ao meu orientador, professor Marlos, por todas oportunidades que ja me deu,
por acreditar no meu potencial, e sempre me dar um empurrdozinho pra eu ir além do
que eu achava que conseguiria. Serei eternamente grata por todo conhecimento,
paciéncia, incentivo e acolhimento.

Aos meus avos - Teresinha, Aloisio, Alice e Atilio — por serem a base de tudo,
por terem lutado tanto pela nossa familia, e por me guiarem sempre.

Ao meu padrinho e a minha madrinha, Waldir e Glauce, por serem ombro amigo,
suporte e por me darem forgca em todas as vezes que precisei.

Aos membros da minha banca de qualificacdo e de defesa do doutorado, pela
gentileza em terem aceitado o nosso convite, e pela disponibilidade de tempo e
energia em nos ajudar a lapidar esta tese. Com certeza a bagagem de conhecimento
de voceés vai aprimorar nosso trabalho.

A todos os meus cardiofriends queridos, por ndo me deixarem desistir, por me
presentearem com alegria, leveza, amizade verdadeira, empatia, cafés, conversas e
carinho.

Aos tutores e pacientes que participaram do meu projeto, pela confianga no meu
trabalho e por fazerem parte deste sonho.

A todos os membros do Laboratério de Cardiologia Comparada da Universidade

Federal do Parana pelo companheirismo, parceria e ensinamentos.



“Acredite que vocé pode, assim vocé ja esta no meio do caminho.”

(Theodore Roosevelt)



RESUMO

A avaliagdo da heterogeneidade de ativagéo cardiaca € de importancia crucial
para a compreensdao e manejo de doengas cardiovasculares, pois alteragbes na
ativacao elétrica e mecanica do coragéo podem sinalizar a progressao de condi¢des
patoldgicas e influenciar o prognostico dos pacientes. Em humanos, alguns indices de
ativacdo tém se mostrado preditores significativos de mortalidade e da resposta a
terapia de ressincronizacdo cardiaca, destacando seu valor na pratica clinica. No
entanto, o conhecimento sobre a aplicacdo desses conceitos na espécie canina é
ainda limitado e necessita de mais investigacéo, especialmente considerando a alta
prevaléncia de doengas cardiacas como a degeneragdo mixomatosa da valva mitral
(DMVM) em cées. Esta tese visa avaliar pardmetros de ativag&o elétrica e mecanica
nos atrios e ventriculos de caes com DMVM e caes saudaveis, buscando identificar
marcadores diagndsticos ndo invasivos que possam ser usados para avaliar a
progressao da doenga, identificar arritmias e monitorar o remodelamento cardiaco. O
primeiro artigo investigou marcadores de ativag&o atrial, utilizando eletrocardiografia
e ecocardiografia para medir tempos de condugdo e associa-los com arritmias,
remodelamento e insuficiéncia cardiaca. Os resultados mostraram que indices de
conducao elétrica e mecanica foram eficazes na identificagao de alteracdes cardiacas
decorrentes da progressédo da DMVM, revelando a utilidade desses marcadores na
pratica clinica para a avaliagao de caes com esta doenga. Apesar de alguns indices
apresentarem areas sob a curva (AUC) elevadas, outros mostraram menor relevancia
clinica, o que enfatiza a necessidade de uma avaliagao criteriosa dos marcadores em
diferentes contextos. O segundo artigo focou nos marcadores de dissincronia e tempo
de ativagao ventricular, analisando como esses marcadores variam com os estagios
da doenga, remodelamento cardiaco, insuficiéncia cardiaca e arritmias. Os dados
mostraram que, com a progressao da DMVM, houve um aumento nos tempos de
ativacdo ventricular e na heterogeneidade mecanica, refletindo alteragbes
significativas na condugao elétrica e mecanica do coragdo. Alguns indices foram
identificados como adequados para o diagnéstico de arritmias e para a identificagao
de coragdes dilatados ou com insuficiéncia cardiaca, oferecendo novos insights para
a pratica clinica veterinaria. Em conclusdo, a avaliagdo da heterogeneidade de
ativacdo cardiaca em caes com DMVM revelou-se uma ferramenta valiosa para o
monitoramento da progressdo da doenca e para a identificagdo de alteracdes
estruturais e hemodinamicas no coragdo. A integracdo de marcadores
eletrocardiograficos e ecocardiograficos pode contribuir significativamente para a
pratica clinica e para o manejo de doengas cardiovasculares na espécie canina.
Palavras-chave: Atraso de condugao; indices eletromecanicos; Heterogeneidade de
ativacao; Arritmias; Insuficiéncia cardiaca



ABSTRACT

The assessment of cardiac activation heterogeneity is crucial for understanding
and managing cardiovascular diseases, as changes in both electrical and mechanical
activation of the heart can indicate the progression of pathological conditions and
influence patient prognosis. In humans, certain activation indices have proven to be
significant predictors of mortality and response to cardiac resynchronization therapy,
highlighting their clinical value. However, knowledge about the application of these
concepts to canines is still limited and requires further investigation, particularly
considering the high prevalence of cardiac diseases such as myxomatous mitral valve
degeneration (MMVD) in dogs. This thesis aims to evaluate electrical and mechanical
activation parameters in the atria and ventricles of dogs with MMVD and healthy dogs,
seeking to identify non-invasive diagnostic markers that can be used to assess disease
progression, identify arrhythmias, and monitor cardiac remodeling. The first paper
investigated atrial activation markers using electrocardiography and echocardiography
to measure conduction times and correlate them with cardiac remodeling and heart
failure (HF). The results showed that indices of mechanical and electrical atrial
activation were effective in identifying cardiac abnormalities caused by the progression
of MMVD, demonstrating the utility of these markers in clinical practice for evaluating
dogs with this disease. While some indices presented high areas under the curve
(AUC), others showed lower clinical relevance, emphasizing the need for a thorough
evaluation of markers in different contexts. The second paper focused on ventricular
activation time and dyssynchrony markers, analyzing how these markers vary with
disease stages, cardiac remodeling, HF, and arrhythmias. The data revealed that with
the progression of MMVD, there was an increase in ventricular activation times and
mechanical heterogeneity, reflecting significant changes in both electrical and
mechanical conduction of the heart. Some indices were identified as suitable for
diagnosing arrhythmias and for identifying dilated hearts or those with HF, providing
new insights for veterinary clinical practice. In conclusion, the assessment of cardiac
activation heterogeneity in dogs with MMVD proved to be a valuable tool for monitoring
disease progression and identifying structural and hemodynamic changes in the heart.
The integration of electrocardiographic and echocardiographic markers can
significantly contribute to clinical practice and the management of cardiovascular
diseases in canines.

Keywords: Conduction delay; Electromechanical indices; Activation heterogeneity;
Arrhythmias; Heart failure
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INTRODUCTION

The normal heart functions through a coordinated process that includes
stimulation, excitation, conduction, contraction, and relaxation. Myocardial contraction,
driven by myocardial excitation via electromechanical coupling, allows the heart to
perform its pumping function. For this function to be effective, the heart relies on
rhythmically synchronized contractions and relaxations. When myocardial lesions are
present, they can cause electrical and/or mechanical dyssynchrony, leading to a
decrease in ventricular pumping efficiency (Bristow et al., 2004).A synchronous cardiac
activation sequence is required to maintain normal cardiac pump function. Cardiac
synchrony applies to various anatomical levels: between the atria (interatrial), within
the atria (intra-atrial), between the atria and ventricles (atrioventricular), between the
ventricles (interventricular), and mainly within the ventricle (intraventricular) (Sweeney
& Prinzen, 2006). Interventricular and intraventricular dyssynchrony have a relatively
greater effect on ventricular pump function (Spartalis et al.,, 2017). In people,
dyssynchrony is a significant contributor to heart failure (HF), a prognostic factor, and
a powerful predictor of mortality in patients with HF (Bleeker et al., 2004; Dhingra et
al., 2006; Spragg & Kass, 2006; Vernooy et al., 2003). However, in veterinary medicine
there is still little information about cardiac dyssynchrony, especially when it comes to
evaluating these indices as prognostic markers.

Electrical dyssynchrony and ventricular activation times can be interrogated by
electrocardiography (ECG). A simple and easy example is the duration and
morphology of QRS complex, which can be used as a prognostic marker. In a
Doberman Pinscher population affected by dilated cardiomyopathy, a QRS >60 ms
was associated with shorter survival times (Pedro et al., 2011). Similarly, in a study of
dogs with rapid pacing-induced HF, increased QRS duration (= 100 ms) predicted an
unsatisfactory recovery (Y. Wang et al., 2011). In symptomatic people with HF and
reduced ejection fraction, the association of QRS with increased duration and a
morphology of left bundle branch block represents an indication for cardiac
resynchronization therapy (Glikson et al., 2021). However, the duration of QRS can
neither distinguish between right- or left-sided conduction abnormalities nor between
inter- and intraventricular dyssynchrony, which can be more accurately detected using
precordial leads.

In people, precordial leads are extremely important for the diagnosis of bundle

branch blocks and are also useful for studying right and left ventricle activation times.
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In particular, R peak time (RPT) analysis in precordial leads is commonly used to
differentiate right from left bundle blocks (Surawicz et al., 2009). This parameter is
obtained by measuring the time between the beginning of the QRS complex (Q or R-
wave) to the apex or peak of the R or R' wave on the 12-lead electrocardiogram, thus
reflecting the electrical activation time that occurs from the endocardium to the
epicardium (Pérez-Riera, de Abreu, Barbosa-Barros, Nikus, et al., 2016). In people
and dogs presenting right bundle branch block, RPT is normal in left precordial leads
and prolonged in right precordial leads. On the contrary, in left bundle branch block the
RPT is prolonged in the left precordial leads (Battaia et al., 2022; Pérez-Riera, de
Abreu, Barbosa-Barros, Nikus, et al., 2016).

The interventricular dyssynchrony index (IDl), recently proposed in human and
veterinary medicine, is based on the values of left and right precordial RPT (Battaia et
al., 2022; Vereckei et al., 2018). This index determines the presence of dyssynchrony
and, therefore, predicts the clinical response to cardiac resynchronization therapy in
people (Vereckei et al., 2018). The rationale behind this index is that the RPT in leads
V1 and V5 reflect approximately the time elapsed from the beginning of ventricular
activation until right and left ventricle activation are completed, since leads V1 and V5
reflect the electrical activation potentials of the right and left ventricle, respectively
(Pérez-Riera, de Abreu, Barbosa-Barros, Nikus, et al., 2016). In people, in addition to
patients with left bundle branch block, IDI appears to have great value in selecting
patients with nonspecific intraventricular conduction disorder and duration of borderline
QRS who might benefit from cardiac resynchronization therapy. According to current
guidelines, the indication for cardiac resynchronization therapy is questionable in these
patients (Ponikowski et al., 2016; Vereckei et al., 2018). Although there are currently
no clinical indications for cardiac resynchronization therapy in dogs, analysis of IDI in
dogs with heart diseases that can lead to electrical heterogeneity of the ventricles might
provide interesting prognostic information in the future.

It is recognized that the demonstration of electrical dyssynchrony evidenced by
the electrocardiogram alone may not be sufficient for the discrimination of people with
advanced HF who will respond satisfactorily to therapy with the implantation of
biventricular pacemaker (Bax et al., 2004; Bristow et al., 2004; Lane, 2004; Rodrigues
et al., 2006; Vieira et al., 2005). Although conduction abnormalities are common, this
is not always the case and patients with HF may present left ventricle dyssynchrony in

the absence of regionally delayed electrical activation. Interestingly, the prevalence of
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mechanical dyssynchrony ranges from 30 to 50% in people with HF and narrow QRS
complex (Bleeker et al., 2005; Haghjoo et al., 2007; Yu, 2003). Delayed relaxation and
dyssynchrony can be induced by abnormal loading of the heart. In healthy dogs,
clamping the aorta to increase afterload resulted in regional desynchronization, as well
as prolongation of relaxation time (Yano et al., 1994). These findings are supported by
another study, which documented improvement in dyssynchrony and relaxation in
people with HF once vasodilators and diuretics were given(Wang et al., 2007).
Abnormal myocardial load, which is characteristic in patients with HF, may by itself
contribute to dyssynchrony, and this type of dyssynchrony may not be amenable to
electrical resynchronization (Cheng et al., 2009).

Mechanical dyssynchrony is detected mainly by echocardiography. One of the
methods that have been used for the evaluation of ventricular mechanical activation
times is Tissue Doppler Imaging (TDI). By placing the gate in a myocardial segment,
two different time intervals can be acquired: the electromechanical delay, which is
measured from the beginning of the QRS complex to the beginning of the S wave
(Bader et al., 2004; Lafitte et al., 2004), and the electrosystolic delay, from the
beginning of the QRS complex to the peak of S wave (Bax et al., 2003). In people, the
delay of more than 40 ms between the opposite LV walls in any of those measurements
is indicative of dyssynchrony, while values of approximately 20 ms are normal (Bader
et al., 2004). In dogs, the maximal systolic time difference between LV segments lower
than 30 ms was considered normal (Griffiths et al., 2011)

The presence of interventricular dyssynchrony is also easily assessed by
measuring the difference between the left and right pre-ejection intervals. These
intervals are measured from the beginning of the QRS complex to the beginning of the
corresponding Doppler ejection signal. Considering that values of 2010 ms were
measured in healthy people, values of interventricular electromechanical delay >40 ms
and values of left ventricle pre-ejection period >140 ms in people are considered
pathological and indicative of intervention(Gorcsan et al., 2012; Gorcsan & Tayal,
2015; van Everdingen et al., 2016). In healthy dogs, the normal range of interventricular
synchrony assessed by the right and the left ventricle pre-ejection period is extremely
small, and the normal interventricular electromechanical delay can vary between -10.2
and 12.6 ms (Griffiths et al., 2011). In spite of the usual variation in cardiac cycle length
in dogs, this technique does not appear to be significantly affected by beat-to-beat
variability (Griffiths et al., 2011).

13



Although ventricular dyssynchrony is more harmful to the performance of the
heart pump than atrial dyssynchrony, the assessment of the heterogeneity of atrial
activation is also important for determining the risk of supraventricular arrhythmias,
especially atrial fibrillation(Akamatsu et al., 2020; Jagannatha et al., 2024; Miller et al.,
2021; Neves et al., 2018; Pessoa, 2019). The duration and the morphology of the P-
wave are simple methods that reflect the electrophysiological properties of the atrial
myocardium. In conventional electrocardiography, P-wave duration below 40 ms in
dogs and 120 ms in people is considered normal (LL et al., 2013; Santilli, Moise, et al.,
2019). Prolonged duration, and/or the bifid morphology of the P-wave may indicate the
presence of fibrosis, anoxia, myocarditis, and abnormalities in the conduction within or
between the atria in dogs (Santilli, Moise, et al., 2019).

P-wave dispersion (Pd) is an electrocardiographic index that has already been
studied in human and veterinary cardiology (Dilaveris & Gialafos, 2001; Dittrich et al.,
2018; Duru et al., 2006; Falchi et al., 2014; Irdem et al., 2016; Kosar et al., 2008;
Noszczyk-Nowak, 2012; Noszczyk-Nowak et al., 2008, 2011; Ozer et al., 2000; Seyfeli
et al., 2006). This index is defined as the difference between the maximum and
minimum duration of the P-wave recorded in different electrocardiographic leads. As
electrical activity of the heart muscle displayed on the electrocardiogram is closely
related to the conduction of specific areas of the atrium, regional depolarization
disorders can lead to variation in P-wave duration in different electrocardiographic
leads (Dilaveris & Gialafos, 2001; Noszczyk-Nowak et al., 2008; Villani et al., 1996).
Changes in Pd may reflect disturbances in inter- and intra-atrial conduction and the
inhomogeneous propagation of sinus impulses. It is not clear whether only the
conduction heterogeneity of the atria (local effect) or also the various projections of the
single depolarization vector in different electrocardiographic leads (projection
phenomenon) play a role in the variation of P-wave duration between the leads
(Ndrepepa et al., 2000; Spach et al., 1981).

Also, the mechanical aspect of atrial activation can be assessed, especially using
echocardiography. In a study conducted in dogs with different types of heart disease,
TDI was able to predict the future onset of atrial fibrillation (Neves et al., 2018).
Interestingly, the time between the onset of the P-wave on the electrocardiogram and
the peak of the last diastolic wave recorded by TDI in the mitral annulus was
significantly higher in dogs that developed atrial fibrillation in the following 6 months as

compared to those that did not (Neves et al., 2018). A similar result was documented
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in people. Using the same TDI measurement in the left atrial wall, a study proposed a
cutoff of 190 ms to identify people at increased risk for atrial fibrillation (De Vos et al.,
2009).

Itis undeniable that dyssynchrony impairs cardiac performance and adds severity
to the pathological process. While this topic has been extensively explored in humans,
the information available in veterinary medicine is still limited, leaving room for further
investigation in animals. This thesis aims to evaluate cardiac activation heterogeneity
in dogs with MMVD. The focus is to identify non-invasive diagnostic markers that can
be used to monitor disease progression and assess cardiac remodeling. The document
is divided in two chapters, each one corresponding to a different manuscript. The first
chapter covers the analysis of atrial activation parameters through electrocardiography
and echocardiography. This chapter evaluates how atrial conduction times correlate
with cardiac remodeling and HF, seeking to determine the effectiveness of these
markers in veterinary clinical practice. The second chapter focuses on investigating
ventricular activation parameters, and how disease stage, cardiac remodeling, HF, and
arrhythmias interfere with myocardial electromechanical parameters. The goal of this
chapter is to provide a detailed understanding of ventricular activation and assess the
utility of these markers as surrogates for MMVD severity and prognosis. Each chapter
is designed to offer an in-depth analysis of the respective topics and their implications
for veterinary clinical practice, allowing for a clear understanding of the conducted

studies and their applications in the context of MMVD in dogs.
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CHAPTER 1 — ATRIAL CONDUCTION TIMES IN HEALTHY DOGS AND
DOGS WITH MYXOMATOUS MITRAL VALVE DISEASE*
Running head: Atrial conduction times in dogs with myxomatous mitral valve

disease

* Manuscript will be submitted to the Journal of Veterinary Cardiology (Online ISSN:
1875-0834). Written in accordance with the guidelines available at
https://www.sciencedirect.com/journal/journal-of-veterinary-cardiology/publish/guide-
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ABSTRACT

Introduction/Objectives: Myxomatous mitral valve disease (MMVD) can lead to
heterogeneous mechanical and electrical atrial activity, and a higher risk of atrial
fibrillation. The aim of this study was to assess indices of atrial conduction times in
dogs with MMVD and in healthy dogs.

Animals: This cross-sectional study in two veterinary institutions included dogs
diagnosed with MMVD, and healthy dogs.

Methods: The times between the beginning of the P-wave in electrocardiography
and the beginning or the peak of A'-wave in tissue Doppler were measured in the lateral
mitral, septal, and lateral tricuspid annulus. Echocardiographic intra-left atrial (LA) or
interatrial conduction delay were defined as the difference between the septal and the
lateral measurements, or the tricuspid and the mitral measurements, respectively. In
electrocardiography, P-wave duration was measured in 12 leads. The difference
between longest and shortest P-wave durations was defined as P-wave dispersion
(Pd).

Results: Were recruited 207 dogs, but 139 of them were included (42 control, 50
B1, 19 B2 and 28 C MMVD dogs). Most markers of atrial conduction times changed
with the progression of MMVD. Some electrical and mechanical markers showed an
AUC>0.7 for the identification of cardiac remodeling, heart failure and/or arrhythmias,
especially Pd, P-wave durations in bipolar and unipolar leads, and left atrium
mechanical conduction times.

Conclusions: Electrocardiographic and echocardiographic indices of atrial
conduction heterogeneity change with the progression of MMVD, and are noninvasive
markers of arrhythmias, cardiac dilation and heart failure. Furthermore, this is the first

paper describing L-PAb, S-PAb, S-PAp, R-PAb and R-PAp values in healthy dogs and
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ABBREVIATION TABLE

AF  Atrial flutter

Intera Interatrial conduction delay, calculated as the difference between the R-PAb
trial-b and L-PAb times

Intera Interatrial conduction delay, calculated as the difference between the R-PAp
trial-p and L-PAp times

Intra- Intra-left atrial conduction delay, calculated as the difference between the S-
LAb PAb and L-PAb times

Intra- Intra-left atrial conduction delay, calculated as the difference between the S-
LAp PAp and L-PAp times

LA Left atrial

II;’:Ab The atrial electromechanical delay in lateral mitral annulus
II;’:Ap The atrial electrosystolic delay in lateral mitral annulus

LV  Left ventricle

I\D/IMV Myxomatous mitral valve disease

NPV Negative predictive value

PAD The atrial electromechanical delay, defined as the time between the beginning
of the P-wave in ECG and the beginning of A" wave in tissue Doppler traces
The atrial electrosystolic delay, defined as the time between the beginning of
the P-wave in ECG and the peak of A" wave in tissue Doppler traces

Pd P-wave dispersion

Pmax The longest P-wave duration within 12 leads

Pmin The shortest P-wave duration within 12 leads

PPV Positive predictive value

PAp

The atrial electromechanical delay in lateral tricuspid annulus

PAD The atrial electrosystolic delay in lateral tricuspid annulus

S-
PAb
S-

PAp
TDI Tissue Doppler Imaging

The atrial electromechanical delay in septal annulus

The atrial electrosystolic delay in septal annulus

INTRODUCTION/OBJECTIVES

Atrial conduction disorders are frequent in both people and dogs with mitral valve
disease (Crosara et al., 2010; Korovesis et al., 2022). The progressive increase in
mitral insufficiency leads to left atrial (LA) dilation and, consequently, predisposes to

the development of arrhythmias, which are present in more than 70% of dogs with
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myxomatous mitral valve disease (MMVD) (Crosara et al., 2010). Electrophysiological
and electromechanical abnormalities associated with increased heterogeneous atrial
electrical activity pose a higher risk of atrial fibrillation (AF) and flutter (Irdem et al.,
2016).

Timing of electrical events has mostly relied on electrocardiographic (ECG) and
invasive electrophysiologic procedures. P-wave dispersion (Pd) is defined as the
difference between the maximum (Pmax) and the minimum (Pmin) P-wave duration
recorded from multiple different-surface ECG leads. It has been known that increased
P-wave duration and Pd reflect prolongation of intraatrial and interatrial conduction
time and the inhomogeneous propagation of sinus impulses, which are well-known
electrophysiologic characteristics related to atrial arrhythmias (Okutucu et al., 2016).
In previous studies it has been shown that Pd is increased in people with mitral stenosis
(Erbay et al., 2005; Guntekin et al., 2008; Okutucu et al., 2016; Ozer et al., 2005;
Turhan et al., 2002) and in dogs with MMVD (Dittrich et al., 2018; Noszczyk-Nowak et
al., 2011). However, its association with echocardiographic variables of atrial
conduction times in dogs with MMVD has never been investigated.

Determination of electromechanical incidents via transthoracic echocardiography
may be helpful for a better understanding of atrial conduction times. Atrial
electromechanical delay can be calculated as the time between the beginning of the
P-wave in single lead surface ECG and the beginning or the peak of atrial contraction
determined via tissue Doppler imaging (TDI) echocardiography (Celik et al., 2021;
Mano et al., 2014; Mdller et al., 2021; Neves et al., 2018; Ozer et al., 2005; Pozios et
al., 2023; Russo et al., 2015). The evaluation of atrial conduction delays using TDI
measurements might serve as a non-invasive atrial substrate assessment method

(Celik et al., 2021). Indeed, some indices of atrial conduction delay have already been
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indicated as a predictor of AF in both dogs and people (Akamatsu et al., 2020; Muller
et al., 2021; Neves et al., 2018; Pessoa, 2019). However, some indices, such as the
time between the beginning of the P-wave in ECG and the beginning of atrial
contraction in TDI have never been studied in dogs.

Since both electrical and mechanical changes occur in atrial tissue with the
progression of MMVD (Guglielmini et al., 2020), we hypothesize that atrial
heterogeneity indices assessed by electrocardiogram and echocardiogram increase in
the more advanced stages of the disease. We also believe that dogs with arrhythmias,
cardiac remodeling, or heart failure (HF) have greater atrial conduction delay.
Therefore, the aim of this study was (1) to assess electrocardiographic and
echocardiographic indices of atrial conduction times in dogs with MMVD and in a
control group; (2) to investigate if those variables change along the progression of the
disease; (3) to check whether they can differentiate dogs with arrythmias from those
with sinus rhythms; (4) to evaluate whether cardiac remodeling and HF interfere with

these indices; and (5) and to test their reproducibility.

ANIMALS, MATERIALS AND METHODS

This was a cross-sectional observational study, conducted at a Veterinary Teaching
facility and at a private Cardiology Service. The study was approved by the institutional
Animal Care and Use Committee (protocol 047/2022) and complied with the National
Institutes of Health Guide for the Use and Care of Laboratory Animals.

Animals

We included dogs admitted to both institutions between Dezember 2022 and May
2024. Inclusion criteria were dogs weighing less than 15 kg of body weight with a
diagnosis of naturally occurring DMVM confirmed by echocardiographic examination,

with a good quality ECG tracing, regardless of breed, age or sex. Myxomatous mitral
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valve disease dogs were classified according to the stage of the disease as outlined in
the American College of Veterinary Internal Medicine consensus statement (Keene et
al., 2019). Although thoracic radiography was not performed in all dogs, the
identification of CHF in MMVD dogs in stage C was performed through clinical
evaluation (history of previous pulmonary edema, pulmonary crepitation with high-
intensity murmur in the mitral focus, clinical signs associated with heart disease) and
echocardiographic findings (increased indices of pulmonary venous congestion,
dilation of pulmonary veins, pulmonary B lines). Patients weighing 15 kg or more, who
had been diagnosed with congenital heart disease, other acquired cardiovascular
disease or any significant systemic disease, or those who received antiarrhythmic
treatment, were not admitted to this investigation. For the control group, clinically
healthy dogs weighing less than 15 kg admitted for elective procedures that did not
present any echocardiographic abnormalities and that were not receiving any
medication for cardiovascular disease were selected.

Transthoracic echocardiography

In both Cardiology Services, echocardiographic evaluation was performed by
experienced veterinary cardiologists using echocardiographic machines®? equipped
with a range of phased-array transducers, which were selected according to the patient
size. A simultaneous single-lead electrocardiogram was acquired with the images.
Standard echocardiographic views were obtained as previously described (Boon,
2011), with the dogs in the right and left lateral recumbencies. Recordings were stored
as still frames or cine loops for the offline analysis either in the equipment or using a
DICON software®. None of the dogs were sedated.

The parameters included in the study were: cross-sectional left atrium diameter

(LA), aortic root diameter (Ao), LA-to-Ao ratio (LA:Ao) (Hansson et al., 2002), LV
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internal dimension at end diastole (LVIDd) and at end-systole (LVIDs), and both of
them normalized for body weight (LVIDdN, and LVIDsN) (Cornell et al., 2004),
fractional shortening (FS), peak velocity of early (E) and of late (A) diastolic transmitral
flow, ratio of early to late transmitral flow (E:A). Isovolumic relaxation time (IVRT) was
defined as the time (in milliseconds) from the onset of the aortic valve closure spike
artifact to the onset of the mitral valve opening spike artifact, obtained from the apical
five-chamber view by aligning the Doppler beam midway between the LV inflow and
the LV. Accordingly, ratio of early transmitral flow to IVRT (E:IVRT) was also
calculated.

The tissue Doppler spectral images were obtained by placing the pulsed-wave
tissue Doppler at the left ventricle lateral mitral annulus, septal mitral annulus and right
ventricle lateral tricuspid annulus in apical 4-chambers images. Once the image was
obtained, the first negative myocardial diastolic velocity wave was named as E’ wave
(after ECG’s T wave), whereas the second negative myocardial diastolic velocity was
named as A’ wave (after ECG’s P wave). The E’ wave was formed at the rapid
ventricular filling phase, whereas, the A’ wave was produced during the atrial
contraction. The first positive low amplitude myocardial systolic velocity was the
isovolumic contraction wave; the second long wave with a positive high amplitude was
called myocardial systolic velocity (S') (Rudski et al., 2010).

Echocardiographic assessment of atrial conduction times

The time between the beginning of the P-wave in ECG and the beginning of A’
wave in tissue Doppler images was defined as the atrial electromechanical delay (PAb)
(Celik et al., 2021; Ozer et al., 2005; Russo et al., 2015). The time between the
beginning of the P-wave in ECG and the peak of A' wave in tissue Doppler traces was

defined as the atrial electrosystolic delay (PAp) (Mano et al., 2014; Muller et al., 2021;
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Neves et al., 2018; Pozios et al., 2023).

Both PAb and PAp were measured in three points: lateral mitral annulus (L-PADb,
L-PAp), septal mitral annulus (S-PAb, S-PAp), and lateral tricuspid annulus (R-PADb,
R-PAp). The difference between the S-PAb and L-PAb times, and between S-PAp and
L-PAp times was defined as the mechanical intra-LA conduction delay (Intra-LAb and
Intra-LAp). The difference between the R-PAb and L-PAb times, and between R-PAp
and L-PAp times was defined as the mechanical interatrial conduction delay
(Interatrial-b and Interatrial-p, respectively). Those measurements are shown in Figure
1.

Measurement results were calculated using the average of measurements in three
beats. Also, to reduce bias, the single trained operator (BCPV) that performed those
measurements was blinded to the patient’s clinical and electrocardiographic condition.
Electrocardiographic analyses

Good quality computer-based ECG recordings®® were used for measurements. All
ECG tracings were recorded continuously for at least 3 minutes, and followed
recommendations described elsewhere [24]. Precordial leads had to be positioned
according to Wilson’s precordial lead system modified by Santilli et al., in which V1 is
positioned at the first right intercostal space at the level of the costochondral junction
and the sixth intercostal space used for all left side leads (V2-V6) [25].

In lead Il, the following ECG variables were obtained: cardiac rhythm; minimum,
maximum and mean heart rate (HR) (bpm); PQ interval; and QRS complex duration
(ms).

Electrocardiographic assessment of atrial conduction times

The beginning of the P-wave was accepted as the point where the first deflection

of the P-wave dismisses the isoelectric line, and the end of the P-wave was accepted
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as the point where the P-wave re-intersected with the isoelectric line. P-wave duration
was measured in all 12 leads. Pmax and Pmin were defined as the longest and the
shortest P-wave durations within 12 leads, respectively. The difference between Pmax
and Pmin was calculated as Pd.

Once again, measurement results were considered as the average of three
consecutive waves examined in each lead. To reduce bias, the single trained operator
(BCPV) that performed those measurements was blinded to the patient’s clinical and
echocardiographic condition.

Statistical analysis

All data underwent the Shapiro-Wilk normality test. Kruskal-Wallis test followed by
either Dunn's post hoc test or an analysis of variance (ANOVA) followed by Tukey's
multiple comparison test was performed to check for differences in age, body weight,
HR, electrocardiographic and echocardiographic variables, and markers of atrial
conduction times between controls and MMVD dogs. Chi-square test was used to
evaluate association between groups and nominal categorical variables, such as sex,
and presence of arrhythmias.

Student's t-test or Mann-Whitney test was performed to access the differences in
markers of atrial conduction times between (a) dogs with arrhythmias and dogs with
sinus rhythms; (b) dogs with supraventricular arrhythmias and dogs with sinus rhythms;
(c) dogs with ventricular arrhythmias and dogs with sinus rhythms; (d) MMVD dogs
with cardiac remodeling (stages B2 and C (Keene et al., 2019)) and MMVD dogs with
normal sized hearts (stage B1 (Keene et al., 2019)); (e) MMVD dogs in HF (stage C
(Keene et al., 2019)) and asymptomatic MMVD animals (stages B1 and B2 (Keene et
al., 2019)). Of note, the arrhythmias that were included in the statistics were only those

related to the pathophysiology of MMVD, such as supraventricular or ventricular
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ectopies (isolated or organized), or intra- or interatrial or interventricular conduction
delays (such as bifid P wave or QRS complex with bundle branch block morphology).
The atrioventricular blocks observed in this study were described but were not included
in the statistics.

Spearman's test was used to investigate correlations between ECG and
echocardiographic surrogates of atrial conduction times, as well as to check if they
correlated with epidemiological, electrocardiographic and echocardiographic variables.
For the interpretation of the Spearman correlation magnitude, the following
classification was adopted: correlation coefficients <0.3 (poor), 0.3 to 0.5 (fair), 0.6 to
0.8 (moderately strong) and >0.8 (very strong) [26].

Receiver operating characteristic (ROC) curves were constructed to evaluate
sensitivity and specificity of markers of atrial conduction times to differentiate (a) dogs
with arrhythmias identified during electrocardiography from those without rhythm
disturbances; (b) dogs with supraventricular arrhythmias from those with sinus rhythm;
(c) dogs with ventricular arrhythmias from those with sinus rhythm; (d) MMVD dogs
with dilated hearts from those without remodeling; and (e) to distinguish MMVD dogs
in HF from the asymptomatic MMVD animals.

An area under the curve (AUC) >0.7 was used as the cut-off criteria for acceptable
sensitivity and specificity [27]. Youden index was used to select the two results with
the best combination of sensitivity and specificity. True positive (TP), true negative
(TN), false positive and false negative values were used to calculate probability
variables. Positive predictive value (PPV) was calculated as TP/(TP+ false positive).
Negative predictive value (NPV) was calculated as TN/(false negative +TN). Accuracy
was calculated as (TP+TN)/(TP+TN+ false positive + false negative). Odds ratio was

calculated as (positive likelihood ratio) / (negative likelihood ratio).
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Logistic regression analyses were performed to identify predictors of (a) cardiac
remodeling, (b) heart failure, (c) arrhythmias, (d) supraventricular arrhythmias, and (e)
ventricular arrhythmias. Variables were selected for inclusion in the models based on
a univariate analysis with a ROC curve showing an area under the curve (AUC) >0.7
and p < 0.05. For each logistic regression model, odds ratios with 95% confidence
intervals (Cl) were calculated to determine the strength of association between
predictors and outcomes. Model performance was assessed using AUC, Akaike
Information Criterion (AIC), classification accuracy, and Hosmer-Lemeshow goodness-
of-fit test. Variables with p > 0.05 in the multivariable model were excluded iteratively
to achieve the final models. If only one variable met the selection criteria for a given
outcome, the ROC curve analysis alone was reported without regression modeling.

Lastly, to access intra-observer variability of the measurements of ventricular
activation times variables, 15% of the ECG tracings or the echocardiographic images
were randomly selected, and the same investigator (B.C.P.V) repeated the
measurements. Bland-Altman plots were performed to analyze bias between repeated
measurements. Student's t-test or Mann-Whitney test was performed to access the
differences in the measurements made by the same observer. All analyzes were
performed using statistical softwares’ with default settings. Statistical significance was

defined as P <0.05.

RESULTS

Animals

A total of 207 dogs were evaluated, but 68 of them were excluded due to body
weight of 15 kg or greater. Thus, 139 healthy and MMVD dogs met the inclusion criteria

and were recruited for this study. Among them, 42/139 (30.2%) dogs were included in
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the control group, 50/139 (36%) were classified as stage B1, 19/139 (13.7%) as stage
B2 and 28/139 (20.1%) as stage C. Although mixed breed dogs (n=38) formed the
majority of cases, several breeds were represented, including French Bulldog (n=15),
Poodle, Lhasa Apso (h=14 each), Shih tzu (n=11), Yorkshire (n=10), Dachshund (n=7),
Maltese (n=6), Pug, German Spitz (n=5 each), Pinscher (n=3), Chihuahua, Cocker,
Beagle, Schnauzer, Whippet (n=2 each), as well as Pekingese (n=1 each).

There were 75/139 (54%) females and 64/139 (46%) males. Although no statistical
difference existed between healthy and MMVD groups with regard to sex and body
weight, in the advanced stages of the disease, dogs were older (Table 1).

Electrocardiographic and echocardiographic features

Left atrium, LA:Ao, LVIDd, LVIDs, LVIDdN, LVIDsN, FS, E wave, E:A, E:IVRT,
E:E’, maximum and mean heart rate, and duration of P-wave and QRS complex
differed between groups (Table 1). Even though the presence of arrhythmias was
observed in all groups, including the controls, an association existed between the
severity of MMVD and the number of arrhythmias (P <0.0001).

Supraventricular arrhythmias were observed in three control dogs (3.33%) (one dog
with ectopic atrial rhythm, one dog with bifid P-wave and first degree atrioventricular
block [AVB], and one dog with first degree atrioventricular block), three (4.76%) stage
B1 dogs (one with atrial premature complex [APC], one with junctional scape beats,
one with Mobitz | second degree AVB), four (17.39%) B2 dogs (three with bifid P-wave,
and one with APCs), nine (31.03%) C dogs (one with first degree AVB, seven with
APCs, one with APCs and bifid P-wave). Ventricular arrhythmias were observed in one
(1.09%) control animal (one with ventricular premature complex [VPC]), one (1.59%)
B1 animals (one with right bundle branch block), two (8.7%) B2 animals (both with

VPCs) and three (10.34%) C animals (all of them with VPCs).
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Markers of atrial conduction times vs disease stages

Tables 2 and 3 show ECG and echocardiographic markers of atrial conduction
times obtained in healthy and MMVD dogs. Except for P V2, P V3, P V4, Pmin, R-PAp,
intra-LAb, intra-LAp, interatrial-b, and R-PAp, all markers of atrial conduction times
changed along the progression of the disease. In the advanced stages, both electrical
and mechanical indices were more delayed, and the interatrial conduction delay was
more pronounced (Figures 2 and 3).

Markers of atrial conduction times vs cardiac remodeling

All indices differed between dogs with and without cardiac remodeling, with the
exception of Intra-LAb and Interatrial-b (Table 4). For the identification of cardiac
remodeling, the indices that presented adequate AUC were P DII, S-PAp, P aVF, S-
PAb, P aVR, P max, P V6, L-PAp, Pd, , P V5, P DI, P V1, P DIIl, L-PAb and R-PAb.
ROC curves of selected atrial conduction markers are shown in Figure 4. Cut-off values
for each marker of atrial conduction time and its respective AUC value, p value,
sensitivity, specificity and positive likelihood ratio for detecting cardiac remodeling are
listed in Table 5.

Two logistic regression models were evaluated for predicting remodeling (Table 6).
The first model included Pd and SPAp, both statistically significant (p<0.05), with odds
ratios of 1.203 (95% CI: 1.074-1.387) and 1.174 (95% CI: 1.097-1.288), respectively.
The model showed excellent discriminative ability (AUC=0.93, 95% CI: 0.8668—
0.9911) and good fit, as indicated by a significant reduction in AIC (60.77) compared
to the null model (110.9). Overall accuracy was 84.81%, with PPV of 87.50% and NPV
of 82.98%. The Hosmer-Lemeshow test (p=0.4658) confirmed good fit.

The second model included P DIl, Pd, and SPAp, with P DIl being the only variable

significantly associated with remodeling (p<0.05, OR = 1.405, 95% CI: 1.168-1.796).
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Despite slight performance improvement (AUC=0.96, 95% CI: 0.9140-0.9968), the
model presented increased complexity and included non-significant variables (Pd and
SPAp, p>0.05). The AIC was marginally lower (46.63), and the Hosmer-Lemeshow
test (p=0.2674) also indicated good fit. Overall accuracy was 89.87%, with PPV of
93.75% and NPV of 87.23%. While the first model offered ease of use and
interpretation, the second model provided better predictive performance and
robustness, particularly when higher accuracy is required.

Markers of atrial conduction times vs heart failure

All indices differed between dogs with and without cardiac remodeling, with the
exception of R-PAb, R-PAp and Intra-LAb (Table 7). The variables with AUC > 0.7 for
the identification of dogs with HF were P DII, PDIII, P V6, P avR, Pmax, P avF, S-PAp,
P V5, P V1, S-PAb, P DI, Interatrial PAp, P min, P avL, P V3, P V2, L-PAp, Pd and P
V2 (Table 8 and Figure 5).

The final logistic regression model for predicting HF (Table 9) included SPAp and
P DII, both statistically significant (p < 0.05). The odds ratios were 1.060 (95% CI: 1.020
to 1.109) for SPAp and 1.198 (95% CI: 1.094 to 1.348) for P DI, indicating a positive
association with ICC. The model showed excellent discrimination (AUC = 0.8932, 95%
Cl: 0.8200 to 0.9664) and good fit (AIC = 62.52; Hosmer-Lemeshow test, p = 0.7589).
Overall accuracy was 78.48%, with a PPV of 58.82% and an NPV of 83.87%.

Markers of atrial conduction times vs arrhythmias

All arrhythmias

For the investigation of arrhythmias, P avF presented the highest accuracy,
followed by P avR, P DII, Interatrial-b, Pd, Pmax, P DI, S-PAb, P V1, P avR, L-PAb, P
V6 (Table 10). Other variables such as L-PAp, S-PAb differed between dogs with

arrhythmias and dogs with sinus rhythms (Table 11), however presented a low
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sensitivity and specificity.

The final logistic regression model for predicting arrhythmias included P aVF and
Pd (Table 12), both statistically significant (p < 0.05). P aVF (OR = 1.188, 95% CI:
1.056 to 1.385) and Pd (OR = 1.116, 95% CI: 1.002 to 1.266) were positively
associated with the likelihood of arrhythmias. The model showed excellent
discrimination (AUC = 0.8951, 95% CI: 0.8208 to 0.9694), good fit (AIC = 57.15,
Hosmer-Lemeshow p = 0.6527), and strong classification performance with 86.75%
accuracy, 75% PPV, and 88% NPV.

Supraventricular arrhythmias

Most indices differed between dogs with supraventricular arrhythmias and dogs
with sinus rhythms (Table 13). As shown in Table 14, the indices that showed the
highest AUC for the identification of supraventricular arrhythmias were Pd, P avF, P
DIl, P avR, Pmax, P DI, P V6, P V5, P V1, P DIll, S-PAb, S-PAp, and L-PAb (Figure
6).

The final logistic regression model for predicting supraventricular arrhythmias
included P DIl and Pd (Table 14), both statistically significant (p < 0.05). P DIl had an
odds ratio of 1.125 (95% CI: 1.028 to 1.252), and Pd had an odds ratio of 1.135 (95%
Cl: 1.017 to 1.288), indicating positive associations with supraventricular arrhythmias.
The model showed excellent discrimination (AUC = 0.8954, 95% CI: 0.8063 to 0.9846),
good fit (AIC = 57.34), and strong classification performance with 91.23% accuracy,
66.67% PPV, and 92.59% NPV.

Ventricular arrhythmias

For the detection of ventricular arrhythmias, only Pd showed adequate results: AUC
0.8; P 0.0238). When applying the cut-off values of >20.67 ms and >17.17 ms, dogs

with ventricular arrhythmias may be identified with 60% (23,07% to 92,89%) and 80%
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(37,55% to 98,97%) sensitivity, 87,7% (78,74% to 93,15%) and 72,8% (62,28% to
81,33%) specificity, positive likelihood ratio of 4,9 and 3, PPV of 0.2 and 0.2, NPV of
1 and 1, accuracy of 86,1% and 73,3%, and odds ratio of 10,7 and 10,7, respectively.
As shown in Table 15, dogs with ventricular arrhythmias also presented prolonged P
wave measured in aVF, when compared to dog with sinus rhythm; however, this
parameter did not show an adequate AUC.

Since only one parameter (Pd) was significant for predicting ventricular
arrhythmias, logistic regression was not necessary. The ROC curve analysis was
sufficient to evaluate its discriminative performance and determine the optimal cutoff
point.

Correlation between markers of atrial conduction times vs. each other, or
other variables

Although we observed correlation between echocardiographic and
electrocardiographic variables of atrial activation time, no very strong correlations were
found. Only a few moderately strong correlations were found between atrial activation
indices and echocardiographic parameters such as P DIl, P avR, P V6 and Pmax with
moderately strong positive correlation with LA, LVIDd and LVIDdN (supplementary
material tables A and B).

Intra-observer analyses

Atrial activation time measurements were repeated to assess intra-observer
variability. They did not differ from the first measurement. P-wave dispersion showed

the lowest bias and Interatrial-p showed the highest bias, as shown in Table 16.

DISCUSSION

We evaluated electrocardiographic and echocardiographic indices of atrial
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conduction heterogeneity in dogs and investigated their behavior in different stages of
MMVD. We confirmed the hypothesis that these indices change with the progression
of the disease, and that they behave differently in dogs with arrhythmias, cardiac
remodeling and HF.

The duration and the morphology of the P-wave are straightforward methods that
reflect the electrophysiological properties of the atrial muscle [24]. Except for V2, P-
wave measured in all ECG leads increased with the progression of the MMVD (Table
2). In addition, P-wave durations also could adequately identify dogs with remodeled
hearts and dogs with HF (Tables 5 and 8). A recent paper also showed correlation
between P-wave duration and left cardiac remodeling indicators in dogs with MMVD
[28]. Although Pmin differed between groups, Pmax showed a greater increase in
advanced stages, therefore the difference between these indices (Pd) increased
progressively with the worsening of the disease. Despite the lack of good correlation
between Pd and the degree of LA dilation in our study and in others [9,29], our results
point that a Pd>13.2 ms increases 8 times the odds of having a dilated heart. The
findings of this study underline the importance of recognizing electrophysiological
markers such as Pd for their role in identifying dogs with significant cardiac remodeling.
The sensitivity and specificity achieved in the logistic regression model further support
the integration of these indices in clinical decision-making. In humans, Pd has also
been shown to be an indicator of HF and has been associated with frequent
hospitalizations and higher mortality rates [30].

In people, the normal value of Pd is 29 + 9 ms [31]. The healthy dogs in this study
showed Pd values of 9.3 (7; 16.3) ms, which is more similar to the results also obtained
in dogs by Dittrich et al. (2018) (7.3 + 2.2). Our results showed that dogs with Pd>17.2

ms are 15.6 or 10.7 times more likely to present supraventricular or ventricular
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arrhythmias, respectively. The application of logistic regression also identified Pd and
P DIl as independent risk markers for supraventricular arrhythmias.These results
highlight the potential of Pd as a non-invasive marker for early risk stratification in
MMVD. Similar findings were reported in a previous study that documented higher Pd
in dogs with mitral regurgitation and dogs with supraventricular conduction disorders
as compared to healthy dogs [29]. In a recent study that evaluated people with early-
onset hypertension, Pd was recognized as a good predictor of new-onset AF when
using a cutoff of 235.5 ms [32]. Since Pd reflects the electrical heterogeneity of atrial
tissue, the identification of dogs with ventricular rhythm disorders using this index may
be related to the higher prevalence of this type of arrhythmia in the more advanced
stages of MMVD, which also presents with increased Pd. In addition, the microscopic
changes that occur with the worsening of the disease develop in both the atria and
ventricles, which may increase the risk for electrical disorders. Valve regurgitation
leads to the enlargement of the belonging atria, annulus fibrosus and ventricle.
Microscopic cardiac changes include myocardial fatty replacement, immune cell
infiltration, endocardial and atrial muscle fibrosis, intraparietal infarcts, and changes in
arterial vessels. These processes lead to the inhomogeneous propagation of impulses
in the atria which, together with the dilation of the atria, impacts on the increase of the
dispersion of the P-wave [29,33,34].

In addition to electrocardiographic indices, this study also revealed that
echocardiographic evaluation of atrial electromechanical activation time changes over
the progression of MMVD. We found that interatrial dyssynchrony as well as all indices
of LA conduction time increase with the progression of the disease, and are surrogates
for cardiac remodeling and HF. This is the first study evaluating L-PAb, S-PAb, S-PAp,

R-PAb and R-PAp in dogs. The only variable that has already been studied in dogs is
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L-PAp, evaluated by pulsed-wave TDI (Neves et al., 2018) and color TDI [17,35]. In
our study, the healthy dogs presented L-PAp similar (42.3 [37; 48.3] ms) to a previous
report (47.3 £ 9.1 ms), which had also demonstrated a significant increase with the
progression of MMVD (Pessoa, 2019). The present study showed that dogs with L-
PAp higher than 57.3 ms or 57.8 ms may identify dogs with dilated heart or HF with
an accuracy of 74.7% or 71.6% (Tables 5 and 8). As these measurements indicate
the time that the electrical impulse takes to travel between the sinus node and the walls
of the LA, the volume overload and dilation of this chamber associated with tissue
fibrosis eventually results in a longer time for electrical propagation.

We showed that LA mechanical times are more prolonged in dogs with arrhythmias
of supraventricular origin. The only two previous papers that investigated L-PAp in
dogs used color TDI and concluded that it was useful for predicting the future onset of
AF (Neves et al., 2018; Pessoa, 2019). Neves et al. (2018) showed that dogs with any
cardiac disease that developed AF in the following six months had higher L-PAp (89.4
+ 12.5 ms) than those that did not (66.8 + 14 ms). In the same way, Pessoa (2019)
showed that MMVD dogs that developed AF in the following 2 years presented higher
L-PAp (64.22 + 16.99) in comparison to the dogs that did not (51.9 £ 9.8). Such results
are consistent with a similar study with people, that proposed L-PAp as a marker of AF
risk in people [36]. Although this variable was significantly more prolonged in dogs with
arrhythmias than in dogs with sinus rhythms in our study, L-PAb, S-PAb and S-PAp
proved to be more sensitive and specific for the identification of dogs with
supraventricular arrythmias. Interestingly, another investigation also showed that L-
PAb was a good predictor of paroxysmal AF in people, and presented a higher AUC in
comparison with S-PAb (Akamatsu et al., 2020).

For the identification of dogs with ventricular arrhythmias, Pd emerged as the only

44



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

significant predictor. Dogs with Pd > 20.67 ms had a 10.7-fold increased likelihood of
presenting with ventricular arrhythmias. A potential hypothesis to explain this finding is
that both increased Pd and the frequency of ventricular arrhythmias are more
commonly observed in the same population of dogs—those in more advanced stages
of MMVD. This overlap may reflect the progressive electrical and structural remodeling
that occurs as the disease advances, linking prolonged atrial conduction times with the
increased susceptibility to ventricular electrical instability. These results further
emphasize the importance of Pd as a marker for identifying dogs at higher risk of
ventricular arrhythmias in the context of MMVD.

The application of logistic regression in this study was instrumental in distinguishing
the independent contributions of echocardiographic and ECG variables to cardiac
remodeling, HF and arrhythmias. While ROC analysis demonstrated diagnostic
performance for individual variables, regression models allowed us to evaluate their
predictive power after adjusting for the influence of other factors. For example, even
among multiple indices with significant ROC values, logistic regression identified S-
PAp and Pd as the most robust predictors of cardiac remodeling, as well as S-PAp and
P DIl as HF predictors, highlighting their independent association with structural heart
changes in MMVD. These findings emphasize the significant role of atrial conduction
disturbances in reflecting structural heart changes.

Although we observed similar results between the electrocardiographic and
echocardiographic indices of atrial conduction times, we did not observe a strong
correlation between them. We hypothesize that this finding might be explained by the
fact that, even with the development of structural abnormalities and electrical
disturbances in the atrial tissue owing to the progression of MMVD, they are not likely

to occur in parallel and homogeneously. Structural remodeling encounters alterations
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in atrial tissue properties, size, and cellular ultrastructure that underline the
pathophysiological basis of AF. Electrical correlates of conduction disturbances include
relative abnormalities in electrocardiographic or electrophysiological characteristics of
vulnerability to AF (Pozios et al., 2023). Therefore, despite both processes being
observed in this disease, the inhomogeneous propagation of sinus impulses detected
by the ECG may not increase in the same rate as the delay in atrial electromechanical

activation detected by echocardiography.

LIMITATIONS

As MMVD is a degenerative disease that is mainly seen in older dogs, group
differences related to age are the main limitations of this study. Although there was no
correlation between the indices studied and age, we do not know whether this
difference between the groups may have influenced the investigation. Although we
used the same protocol, the dogs were evaluated in two different locations, with
different echocardiogram and electrocardiogram equipment. Therefore, we suggest
that future studies be carried out standardizing only one piece of equipment for
performing the echocardiogram and one piece of equipment for performing the
electrocardiogram. Radiographic examination was not included in the standard
protocol and therefore not performed in all dogs. Not using 24-hour Holter analysis for
the exclusion of AF and other arrhythmias is another limitation. It was a cross-sectional
study, without case follow-up, which implies the loss of information about the

prognostic power of the evaluated indices.

CONCLUSIONS
Electrocardiographic and echocardiographic indices of atrial conduction

heterogeneity change with the progression of MMVD. Also, selected indices are
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noninvasive surrogates for the development of arrhythmias, cardiac dilation and HF.
This is the first paper describing L-PAb, S-PAb, R-PAb and R-PAp values in healthy
dogs and in dogs with MMVD, which may serve as a cornerstone for future
investigations.

Footnotes

a - Philips Affiniti 50 ultrasound system equipped with 2-4, 3-8 and 4-12 MHz phased-

array transducers, Andover, MA, USA.

b_ Siemens Acuson P500 ultrasound system equipped with 2-4 and 4-8 MHz phased-
array transducers, Issaquah, Washington, USA.

¢- RadiAnt DICOM Viewer - Poznan, Wielkopolskie , Poland.

d — INPulse — INCardio ICV2.1 - Floriandpolis, Brazil

¢-TEB ECG PC - Tecnologia Eletrénica Brasileira, Sdo Paulo, Brazil.

- Graphpad prism 5.0 Software
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Table 4. Markers of atrial conduction times in dogs with normal size hearts and

in dogs with dilated hearts.

Normal size heart  Dilated heart P

L-PAb (ms) 23.9 (x11.1) 36 (£12.6) <0.0001**
L-PAp (ms) 47.8 (£9.9) 60.5 (x14.4) <0.0001**
S-PAb (ms) 15.7 (£8.5) 24 (21.7; 37.5) <0.0001*
S-PAp (ms) 44 (£9.7) 60.9 (x15.7) <0.0001*
R-PAb (ms) 15 (4; 22.3) 23 (14.8; 27.5) 0.0015*
R-PAp (ms) 57.72 (£9.2) 54 (46; 61) 0.0208 *
Intra-LAb (ms) -8.5 (¢8.9) -7.8 (£10.6) 0.7459**
Intra-LAp (ms) -4 (-12.3; 0) -0.7 (x12.9) 0.0245*
Interatrial-b (ms) -8.8 (-15.2;-3.9) -14.4 (x11.3) 0.0586*
Interatrial-p (ms) 0 (x11.3) -8 (£14.2) 0.0058**

Pd (ms) 10.7 (7.7:13.5)  15(12;22)  0.0007*
P DI (ms) 42.6 (+4.5) 49.3 (+7.1)  0.0001 **
P DIl (ms) 44.9 (+4) 53.9 (+8.2)  <0.0001**
P DIl (ms) 42.6 (+4.5) 47.8 (+8.5)  0.0040**
P avR (ms) 43.8 (+4)  50.7 (44.8; 56.4) <0.0001*
P avL (ms) 42.4 (+4.9) 48 (+9.2)  0.0047**
P avF (ms) 44.5 (+4.4) 51.1 (+8.4)  0.0003**
P V1 (ms) 39.3 (£5) 44.7 (40; 50.5)  0.0001*
P V2 (ms) 46.4 (+5.5)  51(43.8;57.5) 0.0295*
P V3 (ms) 46.3 (£5.5) 50.4 (£9.6)  0.0437**
P V4 (ms) 45.7 (+5.5) 48 (44;53.3)  0.0316*
P V5 (ms) 42.8 (+3.9) 48 (43.3;53)  <0.0001**
P V6 (ms) 42 (+3.8) 48.8 (+6.8)  <0.0001**
P min (ms) 37.4 (£3.2) 414 (+6.8)  0.0048**
P max (ms) 48.9 (5) 56 (50.2; 56)  <0.0001*

Results are presented as mean + standard deviation or median (interquartile interval).
(P>0.05). *Mann-Whitney test; **Unpaired t test; Interatrial-b: Interatrial conduction
delay, calculated as the difference between the R-PAb and L-PAb times; Interatrial-p:
Interatrial conduction delay, calculated as the difference between the R-PAp and L-
PAp times; Intra-LAb: Intra-left atrial conduction delay, calculated as the difference
between the S-PAb and L-PAb times; Intra-LAp: Intra-left atrial conduction delay,
calculated as the difference between the S-PAp and L-PAp times; L-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A' wave in tissue
Doppler traces in lateral mitral annulus; L-PAp : The time between the beginning of
the P-wave in ECG and the peak of A' wave in tissue Doppler traces in lateral mitral
annulus; R-PAb:The time between the beginning of the P-wave in ECG and the
beginning of A" wave in tissue Doppler traces in lateral tricuspid annulus; R-PAp: The
time between the beginning of the P-wave in ECG and the peak of A' wave in tissue
Doppler traces in lateral tricuspid annulus; S-PAb: The time between the beginning of
the P-wave in ECG and the beginning of A' wave in tissue Doppler traces in mitral
septal annulus; S-PAp: The time between the beginning of the P-wave in ECG and the
peak of A' wave in tissue Doppler traces in mitral septal annulus; Pd: P-wave
dispersion; Pmax: The longest P-wave duration within 12 leads; Pmin: The shortest P-
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wave duration within 12 leads
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Table 6. Comparison between the simple model (Pd + SPAp) and the complete

model (P DIl + Pd + SPAp) for predicting remodeling.

Variable Estimate (B) Standard Error 95% CI Odds Ratio (95% Cl)
Model 1
Intercept -10.85 2.329 -16.21 t0 -6.912 —
Pd 0.1847 0.06412 0.07144 to 0.3271 1.203 (1.074 to 1.387)
SPAp 0.1607 0.04039 0.09275 to 0.2531 1.174 (1.097 to 1.288)
Model 2
Intercept -26.61 6.975 -43.61 to -15.51 —
P DIl 0.3398 0.107 0.1552 to 0.5856 1.405 (1.168 to 1.796)
Pd 0.06345 0.07778 -0.09331 t0 0.2268 1.066 (0.9109 to 1.255)
SPAp 0.188 0.05748 0.09658 to 0.3275 1.207 (1.101 to 1.388)

PPV: Positive predictive value; NPV: Negative predictive value; AUC: area under
the curve; AIC: Akaike information criterion; Pd: P-wave dispersion; S-PAp: The time
between the beginning of the P-wave in ECG and the peak of A' wave in tissue Doppler
traces in mitral septal annulus.



Table 7. Markers of atrial conduction times in dogs with heart failure and asymptomatic

dogs.
No HF HF P
L-PAb (ms) 29 (19; 35) 36.2 (£13.2) 0.0060*
L-PAp (ms) 52 (43; 60) 59.9 (x14.2) 0.0026*
S-PAb (ms) 19.2 (11.4; 24) 30.1 (x12.9) 0.0003*
S-PAp (ms) 46.7 (38; 55.7) 62.3 (x13.4) <0.0001*
R-PAb (ms) 18.3 (9; 24) 20.8 (¥9.4) 0.1286*
R-PAp (ms) 50 (45.7; 55.9) 48.5 (£14.5) 0.4190*
Intra-LAb (ms) -8.8 (£9) -6.2 (£11.5) 0.2961**
Intra-LAp (ms) -4.1 (211.7) 1.3 (212.7) 0.0703**
Interatrial-b (ms) -10.7 (x9.6) -16.7 (£12.7) 0.0354*
Interatrial-p (ms) -0.7 (£11.3) -12.7 (£14.8) 0.0003**
Pd (ms) 11.3 (8.3; 15.5) 17.1 (¢6.2) 0.0060*
P DI (ms) 44.7 (40.3; 47.2) 50.2 (£7.3) 0.0018*
P DIl (ms) 45.7 (43; 49.7) 56 (£8.5) <0.0001*
P DIII (ms) 42.7 (39.2; 45.7) 50.7 (£8.2) <0.0001*
P avR (ms) 44 (42.8; 48.7) 53.5 (£7.9) <0.0001*
P avL (ms) 43.2 (£5.4) 50.3 (£10.3) 0.0004**
P avF (ms) 45.8 (£5.3) 53.1 (£9.3) <0.0001**
P V1 (ms) 40 (37.3; 43.3) 47.9 (x9.4) 0.0002*
P V2 (ms) 47.3 (41.7; 50.8) 52.8 (46.7; 58) 0.0071*
P V3 (ms) 45.3 (42; 50) 51.9 (8.9) 0.0038*
P V4 (ms) 44.7 (41.3; 49.2) 50.1 (+8.8) 0.0078*
P V5 (ms) 43.3 (40.3; 47.5) 49.3 (45.7; 53.3) 0.0001*
P V6 (ms) 42.7 (40; 46.7) 50.6 (£6.5) <0.0001*
P min (ms) 38 (£3.5) 43 (£7.9) 0.0004**
P max (ms) 48.7 (46; 54.7) 60.1 (£9.7) <0.0001*

Results are presented as mean + standard deviation or median (interquartile interval).
(P>0.05).

*Mann-Whitney test; **Unpaired t test; Interatrial-b: Interatrial conduction delay,
calculated as the difference between the R-PAb and L-PAb times; Interatrial-p:
Interatrial conduction delay, calculated as the difference between the R-PAp and L-
PAp times; Intra-LAb: Intra-left atrial conduction delay, calculated as the difference
between the S-PAb and L-PAb times; Intra-LAp: Intra-left atrial conduction delay,
calculated as the difference between the S-PAp and L-PAp times; L-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A' wave in tissue
Doppler traces in lateral mitral annulus; L-PAp : The time between the beginning of
the P-wave in ECG and the peak of A' wave in tissue Doppler traces in lateral mitral
annulus; R-PADb:The time between the beginning of the P-wave in ECG and the
beginning of A' wave in tissue Doppler traces in lateral tricuspid annulus; R-PAp: The
time between the beginning of the P-wave in ECG and the peak of A' wave in tissue
Doppler traces in lateral tricuspid annulus; S-PAb: The time between the beginning of
the P-wave in ECG and the beginning of A" wave in tissue Doppler traces in mitral
septal annulus; S-PAp: The time between the beginning of the P-wave in ECG and the
peak of A' wave in tissue Doppler traces in mitral septal annulus; Pd: P-wave
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dispersion; Pmax: The longest P-wave duration within 12 leads; Pmin: The shortest P-
wave duration within 12 leads; HF: heart failure.
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Table 9. Logistic regression model for HF prediction in dogs with MMVD

Variable Estimate (B) Standard Error 95% CI Odds Ratio (95% Cl)
Intercept -13.42 3.018 -20.33 to -8.262 —
SPAp 0.05873 0.02073 0.02026 to 0.1035 1.060 (1.020 to 1.109)
P DIl 0.1803 0.05263 0.08968 to 0.2989 1.198 (1.094 to 1.348)

S-PAp: The time between the beginning of the P-wave in ECG and the peak of
A' wave in tissue Doppler traces in mitral septal annulus.
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Table 11. Markers of atrial conduction times in dogs with arrhythmias and dogs

with sinus rhythms.

No arrhythmia Arrhythmia P
L-PAb (ms) 24 (14.8; 32.8) 33.9 (£16.3) 0.0166*
L-PAp (ms) 47 (39.9; 57) 62.2(39.5;69.3) 0.0499*
S-PAb (ms) 17 (10.7; 24) 23.6 (£13.1) 0.0781*
S-PAp (ms) 44.7 (36.3; 54) 57.4 (£22.5) 0.0107*
R-PAb (ms) 14 (4.7; 24) 15.3 (£8.8) 0.9386*
R-PAp (ms) 48 (40.8; 54) 51.1 (£16.3) 0.3736*
Intra-LAb (ms) -6.3 (¥9.4) -11.4 (x7.9) 0.0633**
Intra-LAp (ms) -2.7 (-8; 3.8) 0 (x16.2) 0.9140*
Interatrial-b (ms) -9.2 (-15;-3.4) -19.8 (¥13.6) 0.0049*
Interatrial-p (ms) -0.9 (-8.4;6.7) -5.6 (£21.2) 0.5770*
Pd (ms) 11.3 (8; 15) 20 (17.3; 23.3) <0.0001*
P DI (ms) 44.5 (+£5.6) 52.1 (¢8.3)  <0.0001**
P DIl (ms) 45.7 (42.3; 50.3)  57.7 (¥9.5) <0.0001*
P DIII (ms) 45.4 (£6.6) 49 (£9.6) 0.042**
P avR (ms) 45.7 (£5.5) 55.1 (x9) 0.0015**
P avL (ms) 44 .8 (£7.3) 49 (£10.2) 0.0717**
P avF (ms) 45.2 (£5.7) 55 (£8.4) <0.0001**
P V1 (ms) 41.1 (£5.3) 47.8 (£10.3)  0.0005**
P V2 (ms) 47.7 (42; 52.8) 53.6 (+14.6) 0.1366*
P V3 (ms) 47.4 (£6.9) 51.2(x11.6)  0.0960**
P V4 (ms) 44.7 (42; 49.7) 50.4 (£10.9) 0.1175*
P V5 (ms) 44.3 (41.3; 48) 49.2 (£10) 0.0988*
P V6 (ms) 43 (40; 47.5) 49.2 (£8.1) 0.0288*
P min (ms) 38.9 (+4.5) 39 (34.7; 44) 0.6748*
P max (ms) 50 (46; 55.2) 62.4 (+11.4) <0.0001*

Results are presented as mean + standard deviation or median (interquartile interval).
(P>0.05).

*Mann-Whitney test; **Unpaired t test; Interatrial-b: Interatrial conduction delay,
calculated as the difference between the R-PAb and L-PAb times; Interatrial-p:
Interatrial conduction delay, calculated as the difference between the R-PAp and L-
PAp times; Intra-LAb: Intra-left atrial conduction delay, calculated as the difference
between the S-PAb and L-PAb times; Intra-LAp: Intra-left atrial conduction delay,
calculated as the difference between the S-PAp and L-PAp times; L-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A' wave in tissue
Doppler traces in lateral mitral annulus; L-PAp : The time between the beginning of
the P-wave in ECG and the peak of A' wave in tissue Doppler traces in lateral mitral
annulus; R-PADb:The time between the beginning of the P-wave in ECG and the
beginning of A' wave in tissue Doppler traces in lateral tricuspid annulus; R-PAp: The
time between the beginning of the P-wave in ECG and the peak of A" wave in tissue
Doppler traces in lateral tricuspid annulus; S-PAb: The time between the beginning of
the P-wave in ECG and the beginning of A" wave in tissue Doppler traces in mitral
septal annulus; S-PAp: The time between the beginning of the P-wave in ECG and the
peak of A' wave in tissue Doppler traces in mitral septal annulus; Pd: P-wave
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dispersion; Pmax: The longest P-wave duration within 12 leads; Pmin: The shortest P-
wave duration within 12 leads.
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Table 12. Logistic regression model for arrhythmia prediction in dogs.

Variable Estimate (B) Standard Error 95% CI Odds Ratio (95% CI)
Intercept -11.76 3.268 -19.23 to -6.301 —

P aVF 0.1719 0.06885 0.05469 to 0.3256 1.188 (1.056 to 1.385)

Pd 0.1099 0.05869 0.001530 to 0.2357 1.116 (1.002 to 1.266)

Pd: P-wave dispersion



Table 13. Markers of atrial conduction times in dogs with supraventricular

arrhythmia and dogs with sinus rhythm.

No arrhythmia Arrhythmia P
L-PAb (ms) 25 (15.7; 33.5) 35.4 (x15.4) 0.0078*
L-PAp (ms) 50 (42.3; 60) 57.7 (£17.8) 0.0591*
S-PAb (ms) 15.8 (8.7; 24) 26.3 (x11.2) 0.004*
S-PAp (ms) 45.3 (38; 54.8) 57.2 (£19) 0.0027*
R-PAb (ms) 13.3 (3.3; 23.7) 18.1 (£8.7) 0.1659*
R-PAp (ms) 50 (44.7; 60.5) 52.6 (x17.2) 0.8727*
Intra-LAb (ms) -7.9 (£10.2) -8.4 (£8.5) 0.85**
Intra-LAp (ms) -4.7 (x11.4) -4.8 (-13.7; 5) 0.99*
Interatrial-b (ms) -11.1 (210) -17 (215.7) 0.055**
Interatrial-p (ms) 0.1 (x12.4) -5.8(222.2) 0.0985**
Pd (ms) 11.3 (8; 15) 22.4 (£7.4) <0.0001*
P DI (ms) 44.6 (£ 5.5) 53.4 (£7.5) <0.0001**
P DIl (ms) 46.6 (£5.7) 60.2 (+9.6) <0.0001**
P DIl (ms) 43.8 (£6) 52.5(x10.9) 0.0002**
P avR (ms) 44.3 (42.8; 49) 56.8 (£9.3) <0.0001*
P avL (ms) 44 (39.3;49.7) 50.5 (£11.3) 0.1402*
P avF (ms) 45.3 (£5.6) 56.8 (£8.9) <0.0001**
P V1 (ms) 40 (37.8;44.1) 49.6 (x11.4) 0.0075*
P V2 (ms) 48 (48; 84.3) 54.8 (x16.4) 0.1632*
P V3 (ms) 47.3 (42.7; 51.7) 52.8 (£12.2) 0.1334*
P V4 (ms) 44.7 (42; 49.7) 52.1 (x11.8) 0.0404*
P V5 (ms) 44.7 (41.3; 48) 52.3 (£10.1) 0.0047*
P V6 (ms) 43.3 (40; 47.5) 52.3 (6.9) 0.0006*
P min (ms) 38.9 (#4.5) 42.4 (£9.8) 0.0547**
P max (ms) 50 (46; 55.2) 64.8 (£12.3) 0.0001*
Results are presented as mean + standard deviation or median (interquartile interval).

(P>0.05).

*Mann-Whitney test; **Unpaired t test; Interatrial-b: Interatrial conduction delay,
calculated as the difference between the R-PAb and L-PAb times; Interatrial-p:
Interatrial conduction delay, calculated as the difference between the R-PAp and L-
PAp times; Intra-LAb: Intra-left atrial conduction delay, calculated as the difference
between the S-PAb and L-PAb times; Intra-LAp: Intra-left atrial conduction delay,
calculated as the difference between the S-PAp and L-PAp times; L-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A' wave in tissue
Doppler traces in lateral mitral annulus; L-PAp : The time between the beginning of
the P-wave in ECG and the peak of A' wave in tissue Doppler traces in lateral mitral
annulus; R-PADb:The time between the beginning of the P-wave in ECG and the
beginning of A' wave in tissue Doppler traces in lateral tricuspid annulus; R-PAp: The
time between the beginning of the P-wave in ECG and the peak of A" wave in tissue
Doppler traces in lateral tricuspid annulus; S-PAb: The time between the beginning of
the P-wave in ECG and the beginning of A" wave in tissue Doppler traces in mitral
septal annulus; S-PAp: The time between the beginning of the P-wave in ECG and the
peak of A' wave in tissue Doppler traces in mitral septal annulus; Pd: P-wave
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dispersion; Pmax: The longest P-wave duration within 12 leads; Pmin: The shortest P-
wave duration within 12 leads.
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FIGURE LEGENDS

Eletromechanical delay
(PAD)

Mechanical delay in left intra-
atrial conduction
Intra-LAb = (S-PAb) — (L-PAb)
Intra-LAp = (S-PAp) — (L-PAp)

Mechanical delay in interatrial
conduction
Interatrial-b = (R-PAb) - (L-PAb)
Interatrial-p = (R-PAp) - (L-PAp)

Eletrosystolic delay
(PAp)

Figure 1. The time between the beginning of the P-wave in ECG and the beginning or
the peak of A' wave in tissue Doppler images were defined as the atrial
electromechanical delay (PAb) or the atrial electrosystolic delay (PAp). Both PAb and
PAp were measured in three points: lateral mitral annulus (L-PAb, L-PAp), septal mitral
annulus (S-PAb, S-PAp), and lateral tricuspid annulus (R-PAb, R-PAp). The difference
between the S-PAb and L-PAb times, and between S-PAp and L-PAp times was
defined as the mechanical intra-left atrial conduction delay (Intra-LAb and Interatrial-
p). The difference between the R-PAb and L-PAb times, and between R-PAp and L-
PAp times was defined as the mechanical interatrial conduction delay (Interatrial-b and
Interatrial-p, respectively).
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Figure 2. Echocardiographic indices of atrial conduction times in healthy dogs and dogs
in different stages of myxomatous mitral valve disease. Results are presented in
milliseconds. L-PAb: time between the beginning of the P-wave in ECG and the
beginning of A' wave in tissue Doppler images obtained at the lateral mitral annulus;
L-PAp: time between the beginning of the P-wave in ECG and the peak of A" wave in
tissue Doppler images obtained in lateral mitral annulus; S-PAb: time between the
beginning of the P-wave in ECG and the beginning of A’ wave in tissue Doppler images
obtained in mitral septal annulus; S-PAp: time between the beginning of the P-wave in
ECG and the peak of A" wave in tissue Doppler images obtained in mitral septal
annulus; R-PAb: The time between the beginning of the P-wave in ECG and the
beginning of A" wave in tissue Doppler traces in lateral tricuspid annulus; Interatrial-b:
Interatrial conduction delay, calculated as the difference between the R-PAb and L-
PADb times; Interatrial-p: Interatrial conduction delay, calculated as the difference
between the R-PAp and L-PAp times; Intra-LAb: Intra-left atrial conduction delay,
calculated as the difference between the S-PAb and L-PAb times.
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Figure 3. Electrocardiographic indices of atrial conduction times in healthy dogs and
dogs in different stages of myxomatous mitral valve disease. Results are presented in
milliseconds. Pd: P-wave dispersion; Pmax: The longest P-wave duration within 12

leads.



ROC curves - Cardiomegaly
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Figure 4. Receiver operating characteristic curves constructed to assess sensitivity
and specificity of atrial conduction heterogeneity markers for differentiation of dogs
presenting cardiomegaly and dogs with normal sized hearts. ROC: Receiver operating
characteristic curve; L-PAb: time between the beginning of the P-wave in ECG and the
beginning of A" wave in tissue Doppler images obtained at the lateral mitral annulus;
L-PAp: time between the beginning of the P-wave in ECG and the peak of A" wave in
tissue Doppler images obtained in lateral mitral annulus; obtained in lateral mitral
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annulus; S-PAb: time between the beginning of the P-wave in ECG and the beginning
of A" wave in tissue Doppler images obtained in mitral septal annulus; S-PAp: time
between the beginning of the P-wave in ECG and the peak of A' wave in tissue Doppler
images obtained in mitral septal annulus; Pd: P-wave dispersion; Pmax: The longest
P-wave duration within 12 leads; AUC: area under the curve.
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Figure 5. Receiver operating characteristic curves constructed to assess sensitivity
and specificity of atrial conduction heterogeneity markers for differentiation of dogs
presenting heart failure and asymptomatic dogs. ROC: Receiver operating
characteristic curve; L-PAp: time between the beginning of the P-wave in ECG and the
peak of A' wave in tissue Doppler images obtained in lateral mitral annulus; obtained
in lateral mitral annulus; S-PAb: time between the beginning of the P-wave in ECG and
the beginning of A" wave in tissue Doppler images obtained in mitral septal annulus;
S-PAp: time between the beginning of the P-wave in ECG and the peak of A" wave in
tissue Doppler images obtained in mitral septal annulus; Interatrial-p: Interatrial
conduction delay, calculated as the difference between the R-PAp and L-PAp times;
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Pmax: The longest P-wave duration within 12 leads; Pd: P-wave dispersion; AUC: area
under the curve.
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ROC curves
Supraventricular arrhythmias
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Figure 6. Receiver operating characteristic curves constructed to assess sensitivity
and specificity of atrial conduction heterogeneity markers for differentiation of dogs
presenting supraventricular arrhythmias and dogs with rhythms of sinus origin. ROC:



Receiver operating characteristic curve; L-PAb: time between the beginning of the P-
wave in ECG and the beginning of A" wave in tissue Doppler images obtained at the
lateral mitral annulus; S-PAb: time between the beginning of the P-wave in ECG and
the beginning of A' wave in tissue Doppler images obtained in mitral septal annulus;
S-PAp: time between the beginning of the P-wave in ECG and the peak of A" wave in
tissue Doppler images obtained in mitral septal annulus; Pd: P-wave dispersion; Pmax:
The longest P-wave duration within 12 leads.
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SUPPLEMENTARY MATERIAL TABLES

1

Supplementary material table A. Rho-values obtained by Spearman's test to

2

investigate correlations between markers ECG and echocardiographic of atrial

conduction times, as well as to check correlation with epidemiological,

electrocardiographic and echocardiographic variables.
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Interatrial-b: Interatrial conduction delay, calculated as the difference between the R-
PAb and L-PAb times; Interatrial-p: Interatrial conduction delay, calculated as the
difference between the R-PAp and L-PAp times; Intra-LAb: Intra-left atrial conduction
delay, calculated as the difference between the S-PAb and L-PAb times; Intra-LAp:
Intra-left atrial conduction delay, calculated as the difference between the S-PAp and
L-PAp times; L-PAb: The time between the beginning of the P-wave in ECG and the
beginning of A" wave in tissue Doppler traces in lateral mitral annulus; L-PAp: The time
between the beginning of the P-wave in ECG and the peak of A’ wave in tissue Doppler
traces in lateral mitral annulus; R-PAb:The time between the beginning of the P-wave
in ECG and the beginning of A' wave in tissue Doppler traces in lateral tricuspid
annulus; R-PAp: The time between the beginning of the P-wave in ECG and the peak
of A" wave in tissue Doppler traces in lateral tricuspid annulus; S-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A' wave in tissue
Doppler traces in mitral septal annulus; S-PAp: The time between the beginning of the
P-wave in ECG and the peak of A' wave in tissue Doppler traces in mitral septal
annulus; Pd: P-wave dispersion; Pmax: The longest P-wave duration within 12 leads;
Pmin: The shortest P-wave duration within 12 leads; E: Peak velocity of early diastolic
transmitral flow; E:A: Ratio of early-to-late transmitral flow peak velocities; E:IVRT:
ratio of early transmitral flow to isovolumetric relaxation time; E:E’: Ratio of early
transmitral flow peak velocity to the early mitral annulus tissue peak velocity; FS:
Fractional shortening; LA:Ao: Ratio of the left atrial dimensions to the aortic annulus
dimension; LVIDdN: left ventricular end diastolic diameter normalized for body weight;
LVIDsN: left ventricular end systolic diameter normalized for body weight.
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Supplementary material table B. P-values obtained by Spearman's test to

31

investigate correlations between markers ECG and echocardiographic of atrial

conduction times, as well as to check correlation with epidemiological,

electrocardiographic and echocardiographic variables.
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Interatrial-b: Interatrial conduction delay, calculated as the difference between the R-
PAb and L-PAb times; Interatrial-p: Interatrial conduction delay, calculated as the
difference between the R-PAp and L-PAp times; Intra-LAb: Intra-left atrial conduction
delay, calculated as the difference between the S-PAb and L-PAb times; Intra-LAp:
Intra-left atrial conduction delay, calculated as the difference between the S-PAp and
L-PAp times; L-PAb: The time between the beginning of the P-wave in ECG and the
beginning of A" wave in tissue Doppler traces in lateral mitral annulus; L-PAp: The time
between the beginning of the P-wave in ECG and the peak of A' wave in tissue Doppler
traces in lateral mitral annulus; R-PAb:The time between the beginning of the P-wave
in ECG and the beginning of A' wave in tissue Doppler traces in lateral tricuspid
annulus; R-PAp: The time between the beginning of the P-wave in ECG and the peak
of A" wave in tissue Doppler traces in lateral tricuspid annulus; S-PAb: The time
between the beginning of the P-wave in ECG and the beginning of A" wave in tissue
Doppler traces in mitral septal annulus; S-PAp: The time between the beginning of the
P-wave in ECG and the peak of A' wave in tissue Doppler traces in mitral septal
annulus; Pd: P-wave dispersion; Pmax: The longest P-wave duration within 12 leads;
Pmin: The shortest P-wave duration within 12 leads; E: Peak velocity of early diastolic
transmitral flow; E:A: Ratio of early-to-late transmitral flow peak velocities; E:IVRT:
ratio of early transmitral flow to isovolumetric relaxation time; E:E’: Ratio of early
transmitral flow peak velocity to the early mitral annulus tissue peak velocity; FS:
Fractional shortening; LA:Ao: Ratio of the left atrial dimensions to the aortic annulus
dimension; LVIDdN: left ventricular end diastolic diameter normalized for body weight;
LVIDsN: left ventricular end systolic diameter normalized for body weight.
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CHAPTER 2 - VENTRICULAR ELECTRICAL AND MECHANICAL ACTIVATION
TIMES AND DYSSYNCHRONY IN DOGS WITH MYXOMATOUS MITRAL VALVE

DISEASE*

Running head: Ventricular activation times and dyssynchrony in dogs with

myxomatous mitral valve disease

* Manuscript will be submitted to the Journal of Veterinary Cardiology (Online ISSN:
1875-0834). Written in accordance with the guidelines available at
https://www.sciencedirect.com/journal/journal-of-veterinary-cardiology/publish/guide-

for-authors
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ABSTRACT

Introduction/Objectives: Myxomatous mitral valve disease (MMVD) can lead to
heart failure (HF), and arrhythmias. People with HF frequently develop ventricular
dyssynchrony, which worsens mortality. This study aimed to evaluate
electrocardiographic and echocardiographic markers of ventricular activation and
dyssynchrony in dogs with MMVD, offering insights into their progression and clinical
implications.

Animals: This cross-sectional study in two veterinary institutions included dogs
diagnosed with MMVD, and healthy dogs.

Methods: The time from the beginning of the QRS complex to the beginning of
the pulmonic flow (RPulm) and the aortic flow were measured, and their difference was
defined as mechanical interventricular dyssynchrony. The time from the beginning of
the QRS complex to the beginning or the peak of S'-wave in tissue Doppler were
measured in lateral mitral, septal, and lateral tricuspid annulus, and mechanical intra-
left ventricle (LV) and interventricular conduction delay were calculated. R-peak time
(RPT) was measured in precordial leads from the onset of the QRS complex to the
peak of the R-wave. Interventricular dyssynchrony index was defined as: (RPT V5 —
RPT V1) / QRS duration.

Results: Were recruited 207 dogs, but 139 of them were included (42 control, 50
B1, 19 B2 and 28 C MMVD dogs). With the advance of MMVD, LV activation times
prolonged, and mechanical interventricular and intraventricular dyssynchrony
increased. Some indices adequately identified cardiomegaly, HF, and arrhythmias,
especially left ventricle mechanical and electrical indices.

Conclusions: Ventricular activation times were significantly prolonged, and

mechanical dyssynchrony progressively worsened as MMVD advanced. Both electrical
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and mechanical ventricular activation times were markers of arrhythmias,
cardiomegaly and HF.
KEYWORDS: R-Peak Time; Arrhythmia; Interventricular dyssynchrony index;

Heart Failure; Canine
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ABBREVIATION TABLE

BBB Bundle branch blocks
ECG Electrocardiography
HF Heart failure
IDI Interventricular dyssynchrony index
Mechanical interventricular conduction delay using the beginning of
Inter-Vb ,
the S’ wave
Inter-Vp Mechanical interventricular conduction delay using the peak of the S’
wave
Mechanical intra-left ventricle conduction delay using the beginning of
Intra-LVb ,
the S’ wave
Mechanical intra-left ventricle conduction delay using the peak of the
Intra-LVp ;
S’ wave
L-RSb Electromechanical delay measured in lateral mitral annulus
L-RSp Electrosystolic delay measured in lateral mitral annulus
LV Left ventricle
MMVD Myxomatous mitral valve disease
NPV Negative predictive value
PPV Positive predictive value
Pulm-Ao Mechanical interventricular dyssynchrony
Time intervals from the start of the QRS complex to the beginning of
RAo )
the aortic flow
RPT R-peak time
Time intervals from the start of the QRS complex to the beginning of
RPulm .
the pulmonic flow
R-RSb Electromechanical delay measured in lateral tricuspid annulus
R-RSp Electrosystolic delay measured in lateral tricuspid annulus
S-RSb Electromechanical delay measured septal mitral annulus
S-RSp Electrosystolic delay measured septal mitral annulus
INTRODUCTION/OBJECTIVES

Myxomatous mitral valve disease (MMVD) is the most common cardiac disease
in dogs, and can lead to consequences such as heart failure (HF), and arrhythmias
(Crosara et al., 2010; Keene et al., 2019; Vila et al., 2021). It is well known that people
with HF frequently develop uncoordinated contraction due to ventricle electrical

activation delay. Often termed dyssynchrony, this further depresses systolic function

and chamber efficiency, and worsens morbidity and mortality (Kirk & Kass, 2013).
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Ventricular dyssynchrony is categorized into electrical and mechanical types,
with analyses focusing on either interventricular or intraventricular regions depending
on the area of interest (Spartalis et al., 2017). The time it takes for the ventricles to be
electrically or mechanically activated can be assessed in several different ways.
Intrinsicoid deflection time, which is also known as ventricular activation time or R-
Peak Time (RPT), is a surface electrocardiography (ECG) index that expresses the
time from the beginning of the QRS complex to the peak of the R wave and shows the
conduction time from the endocardium to the epicardium of the ventricle (Aiken et al.,
2022). Based on this principle, RPT can estimate the electrical activation delay, and is
currently a useful electrocardiographic marker for the diagnosis and prognosis of both
structural and electrical cardiac abnormalities in people (Pérez-Riera, de Abreu,
Barbosa-Barros, Nikus, et al., 2016), also being used as a predictor for cardiac
resynchronization therapy response (Tapia-Orihuela et al., 2022). The interventricular
dyssynchrony index (IDI) is a simple tool based on the values of left (V1) and right (V5)
precordial RPT, which can determine the presence of dyssynchrony and, therefore,
predicts the clinical response to cardiac resynchronization therapy in people (Pérez-
Riera, de Abreu, Barbosa-Barros, Nikus, et al., 2016; Vereckei et al., 2018). There is
little information regarding RPT and IDI in veterinary literature. There is only one paper
describing RPT in healthy dogs (Mateos Pafiero et al.,, 2021), and another paper
describing both indices in dogs with bundle branch blocks (BBB) (Battaia et al., 2022).

Neither of these two parameters has been studied in dogs with MMVD before.

Mechanical ventricular activation times and dyssynchrony can be interrogated
using echocardiography. The time from the beginning of QRS complex to the systolic
wave is a noninvasive marker of ventricular electromechanical delay (Salem et al.,

2021). In people, the delay of more than 40 ms between the opposite left ventricle (LV)
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walls in any of those measurements is indicative of dyssynchrony, while values of
approximately 20 ms are normal (Bader et al., 2004). In dogs with MMVD, Tidholm et
al. observed that the time difference between the systolic velocity of the LV free wall
and the interventricular septum were longer compared to healthy dogs (Tidholm et al.,
2009). Myocardial dyssynchrony, therefore, was considered an early sign of MMVD in

dogs (Tidholm et al., 2009).

Since both electrical and mechanical changes occur in the heart of dogs with
MMVD (Tidholm et al.,, 2009; Vila et al., 2021), we hypothesize that ventricular
heterogeneity indices assessed by electrocardiogram and echocardiogram increase in
the more advanced stages of the disease. We also believe that dogs with arrhythmias,
cardiac remodeling, or HF exhibit significantly greater ventricular conduction delays
compared to those without these conditions. Therefore, the aim of this study was: (1)
to assess electrocardiographic and echocardiographic indices of ventricle activation
times in dogs with MMVD and in a control group; (2) to investigate if those variables
change with the progression of the disease; (3) to check if whether they can
differentiate dogs with arrythmias from those with sinus rhythms, (4) to evaluate
whether cardiac remodeling and HF interfere with these indices; and (5) and to test

their reproducibility.

ANIMALS, MATERIALS AND METHODS

This was a cross-sectional observational study, conducted at a Veterinary
Teaching facility and at a private Cardiology Service. The study was approved by the
institutional Animal Care and Use Committee (protocol 047/2022) and complied with

the National Institutes of Health Guide for the Use and Care of Laboratory Animals.

Animals
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We included dogs admitted to both institutions between December 2022 and May
2024. Inclusion criteria encompassed dogs weighing less than 15 kg, diagnosed with
naturally occurring MMVD confirmed via echocardiographic examination, and
presenting high-quality ECG tracings, irrespective of breed, age, or sex. Myxomatous
mitral valve disease dogs were classified according to the stage of the disease as
outlined in the American College of Veterinary Internal Medicine consensus statement
[20]. Although thoracic radiography was not performed in all dogs, the identification of
CHF in MMVD dogs in stage C was performed through clinical evaluation (history of
previous pulmonary edema, pulmonary crepitation with high-intensity murmur in the
mitral focus, clinical signs associated with heart disease) and echocardiographic
findings (increased indices of pulmonary venous congestion, dilation of pulmonary
veins, pulmonary B lines). Patients weighing 15 kg or more, who had been diagnosed
with congenital heart disease, other acquired cardiovascular disease or any significant
systemic disease, or those who received antiarrhythmic treatment, were not admitted
to this investigation. For the control group, clinically healthy dogs weighing less than
15 kg admitted for elective procedures that did not present any echocardiographic
abnormalities and that were not receiving any medication for cardiovascular disease
were selected.

Transthoracic echocardiography

In both Cardiology Services, echocardiographic evaluation was performed by
experienced veterinary cardiologists using echocardiographic machines®? equipped
with a range of phased-array transducers, which were selected according to the patient
size. A simultaneous single-lead electrocardiogram was acquired with the images.
Standard echocardiographic views were obtained as previously described (Boon,

2011), with the dogs in the right and left lateral recumbencies. Recordings were stored
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as still frames or cine loops for the offline analysis either in the equipment or using a

DICON software®. None of the dogs were sedated.

The parameters included in the study were: cross-sectional left atrium diameter
(LA), aortic root diameter (Ao), LA-to-Ao ratio (LA:Ao) (Hansson et al., 2002), LV
internal dimension at end diastole (LVIDd) and at end-systole (LVIDs), and both of
them normalized for body weight (LVIDdAN, and LVIDsN) (Cornell et al., 2004),
fractional shortening (FS), peak velocity of early (E) and of late (A) diastolic transmitral
flow, ratio of early to late transmitral flow (E:A). Isovolumic relaxation time (IVRT) was
defined as the time (in milliseconds) from the onset of the aortic valve closure spike
artifact to the onset of the mitral valve opening spike artifact, obtained from the apical
five-chamber view by aligning the Doppler beam midway between the LV inflow and
the LV. Accordingly, ratio of early transmitral flow to IVRT (E:IVRT) was also

calculated.

The tissue Doppler spectral images were obtained by placing the pulsed-wave
tissue Doppler at the left ventricle lateral mitral annulus, septal mitral annulus and right
ventricle lateral tricuspid annulus in apical 4-chambers images. Once the image was
obtained, the first negative myocardial diastolic velocity wave was named as E’ wave
(after ECG’s T wave), whereas the second negative myocardial diastolic velocity was
named as A’ wave (after ECG’s P wave). The E’ wave was formed at the rapid
ventricular filling phase, whereas, the A’ wave was produced during the atrial
contraction. The first positive low amplitude myocardial systolic velocity was the
isovolumic contraction wave; the second long wave with a positive high amplitude was

called myocardial systolic velocity (S') (Rudski et al., 2010).

Assessment of ventricular mechanical activation times
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The aortic flow was recorded from the apical 5-chamber view using pulsed-wave
Doppler, and the pulmonic flow was obtained either from the right cranial parasternal
short axis view or the left cranial parasternal view, whichever optimized alignment with
the pulmonary trunk and outflow, using pulsed-wave Doppler. From the spectral
Doppler traces, the time intervals in milliseconds from the start of the QRS complex on
the simultaneously acquired ECG to the beginning of the pulmonic flow (Rpulm) and
to the beginning of the aortic flow (Rao) were measured. The difference between

RPulm and Rao was defined as mechanical interventricular dyssynchrony (Figure 1).

The time between the beginning of the QRS complex in ECG and the beginning
of S' wave in tissue Doppler traces was defined as the electromechanical delay (RSb)
wave (Bader et al., 2004; Lafitte et al., 2004). The time between the beginning of the
QRS complex in ECG and the peak of S' wave in tissue Doppler traces was defined as
the electrosystolic delay (RSp) (Bax et al., 2003). Both RSb and RSp were measured
in three points: lateral mitral anulus (L-RSb, L-RSp), septal mitral anulus (S-RSb, S-
RSp), and lateral tricuspid annulus (R-RSb, R-RSp). The difference between the S-
RSb and L-RSb times, and between S-RSp and L-RSp times was defined as the
mechanical intra-left ventricle conduction delay (Intra-LVb and Intra-LVp). The
difference between the R-RSb and L-RSb times, and between R-RSp and L-RSp
times was defined as the mechanical interventricular conduction delay (Inter-Vb and

Inter-Vp, respectively). Those measurements are shown in Figure 2.

Measurement results were calculated using the average of measurements in
three beats. To reduce bias, the single trained operator (BCPV) that performed those

measurements was blinded to the patient’s clinical and electrocardiographic condition.

Electrocardiographic analyses
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Good quality computer-based ECG recordings®® were used for measurements.
All ECG tracings were recorded continuously for at least 3 minutes, and followed
recommendations described elsewhere (Santilli, Moise, et al., 2019). Precordial leads
had to be positioned according to Wilson'’s precordial lead system modified by Santilli
et al., in which V1 is positioned at the first right intercostal space at the level of the
costochondral junction and the sixth intercostal space used for all left side leads (V2-

V6) (Santilli, Porteiro Vazquez, et al., 2019).

In lead Il, the following ECG variables were obtained: cardiac rhythm; minimum,
maximum and mean heart rate (HR) (bpm); PQ interval; and QRS complex duration

(ms).
Assessment of ventricular electrical activation times

R-peak time was measured in each precordial lead as previously described,
from the earliest onset of the QRS complex, determined by multiple simultaneously
recorded leads, to the peak of the R wave or, if present, R’ wave (Figure 3) (Battaia et
al., 2022; Mateos Parfero et al., 2021; Pérez-Riera, de Abreu, Barbosa-Barros, Nikus,
et al., 2016). This measurement was performed in three subsequent heartbeats, and

the mean was calculated and used for analysis purposes.

The IDI was determined, by calculating the absolute value of the difference
between RPT in leads V5 and V1, reflecting left and right ventricular electrical
potentials, divided by the QRS duration (Figure 3). After careful evaluation in all leads,
the longest QRS duration was chosen for calculation, from the lead where the limits of

the QRS complex were most clearly visible (Battaia et al., 2022).

To reduce bias, the single trained operator (BCPV) that performed those

measurements was blinded to the patient’s clinical and echocardiographic condition.
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Statistical analysis

All data underwent the Shapiro-Wilk normality test. Kruskal-Wallis test followed
by either Dunn's post hoc test or an analysis of variance (ANOVA) followed by Tukey's
multiple comparison test was performed to check for differences in age, body weight,
HR, electrocardiographic and echocardiographic variables, and markers of ventricular
heterogeneity between controls and MMVD dogs. Chi-square test was used to
evaluate association between groups and nominal categorical variables, such as sex,

and presence of arrhythmias.

Student's t-test or Mann-Whitney test was performed to access the differences
in markers of ventricular heterogeneity between (a) dogs with arrhythmias identified
during electrocardiography from those without rhythm disturbances; (b) dogs with
supraventricular arrhythmias from those with sinus rhythm; (c) dogs with ventricular
arrhythmias from those with sinus rhythm; (d) MMVD dogs with dilated hearts (stages
B2 and C (Keene et al., 2019)) from those without remodeling (stage B1 (Keene et al.,
2019)); and (e) to distinguish MMVD dogs in HF (stage C (Keene et al., 2019)) from
the asymptomatic MMVD animals (stages B1 and B2 (Keene et al., 2019)). Of note,
the arrhythmias that were included in the statistics were only those related to the
pathophysiology of MMVD, such as supraventricular or ventricular ectopies (isolated
or organized), or intra- or interatrial or interventricular conduction delays (such as bifid
P wave or QRS complex with BBB morphology). The atrioventricular blocks observed

in this study were described but were not included in the statistics.

Spearman's test was used to investigate correlations between ECG and
echocardiographic surrogates of ventricular conduction times, as well as to check if
they correlated with epidemiological, electrocardiographic and echocardiographic

variables. For the interpretation of the Spearman correlation magnitude, the following
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classification was adopted: correlation coefficients <0.3 (poor), 0.3 to 0.5 (fair), 0.6 to

0.8 (moderately strong) and >0.8 (very strong) (Chan, 2003).

Receiver operating characteristic (ROC) curves were constructed to evaluate
sensitivity and specificity of markers of ventricular heterogeneity to differentiate (a)
dogs with arrhythmias identified during ECG from those without rhythm disturbances;
(b) dogs with supraventricular arrhythmias from those without this type of arrhythmia;
(c) dogs with ventricular arrhythmias from those without this type of arrhythmia; (d)
dogs with dilated hearts from those without remodeling; and (e) to distinguish dogs in

HF from the asymptomatic animals.

An area under the curve (AUC) >0.7 was used as the cut-off criteria for
acceptable sensitivity and specificity (Koo & Li, 2016). Youden index was used to select
the two results with the best combination of sensitivity and specificity. True positive
(TP), true negative (TN), false positive and false negative values were used to calculate
probability variables. Positive predictive value (PPV) was calculated as TP/(TP+ false
positive). Negative predictive value (NPV) was calculated as TN/(false negative +TN).
Accuracy was calculated as (TP+TN)/(TP+TN+ false positive + false negative). Odds

ratio was calculated as (positive likelihood ratio) / (negative likelihood ratio).

Logistic regression models were applied to identify predictors of ventricular
remodeling, heart failure, and arrhythmias (general, supraventricular, and ventricular)
based on ventricular indices. Variables with diagnostic performance (AUC > 0.7) in
receiver operating characteristic (ROC) curve analyses were considered for inclusion.
The Youden index was used to determine optimal sensitivity and specificity cutoffs.
Logistic regression models were built using a forward stepwise method, retaining
variables with P < 0.05. Odds ratios (OR) and 95% confidence intervals (Cl) were

calculated, and model fit was assessed with the Hosmer-Lemeshow test. Model
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discrimination was evaluated using AUC values. Diagnostic metrics, including positive

PPV, NPV, and accuracy, were calculated from TP, TN, FP, and FN values.

Lastly, to access intra-observer variability of the measurements of ventricular
activation times variables, 15% of the ECG tracings or the echocardiographic images
were randomly selected, and the same investigator (B.C.P.V) repeated the
measurements. Intraclass correlation coefficient estimates were calculated based on
a mean-rating (k = 2), absolute-agreement, 2-way mixed-effects model. Bland-Altman
plots were performed to analyze bias between repeated measurements. Student's t-
test or Mann-Whitney test was performed to access the differences in the
measurements made by the same observer. All analyzes were performed using
statistical softwares’ with default settings. Statistical significance was defined as P

<0.05.

RESULTS

Animals

A total of 207 dogs were evaluated, but 68 of them were excluded due to body
weight of 15 kg or greater. Thus, 139 healthy and MMVD dogs met the inclusion criteria
and were recruited for this study. Among them, 42/139 (30.2%) dogs were included in
the control group, 50/139 (36%) were classified as stage B1, 19/139 (13.7%) as stage
B2 and 28/139 (20.1%) as stage C. Although mixed breed dogs (n=38) formed the
majority of cases, several breeds were represented, including French Bulldog (n=15),
Poodle, Lhasa Apso (n=14 each), Shih tzu (n=11), Yorkshire (n=10), Dachshund (n=7),
Maltese (n=6), Pug, German Spitz (n=5 each), Pinscher (n=3), Chihuahua, Cocker,
Beagle, Schnauzer, Whippet (n=2 each), as well as Pekingese (n=1 each).

There were 75/139 (54%) females and 64/139 (46%) males. Although no statistical
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difference existed between healthy and MMVD groups with regard to sex and body
weight, in the advanced stages of the disease, dogs were older (Table 1).

Echocardiographic and electrocardiographic features

Left atrium, LA:Ao, LVIDd, LVIDs, LVIDdN, LVIDsN, FS, E wave, E:A, E:IVRT,
E:E’, maximum and mean heart rate, and duration of P-wave and QRS complex
differed between groups (Table 1). Even though the presence of arrhythmias was
observed in all groups, including the controls, an association existed between the

severity of MMVD and the number of arrhythmias (P <0.0001).

Supraventricular arrhythmias were observed in three control dogs (3.33%) (one
dog with ectopic atrial rhythm, one dog with bifid P-wave and first degree
atrioventricular block [AVB], and one dog with first degree atrioventricular block), three
(4.76%) stage B1 dogs (one with atrial premature complex [APC], one with junctional
scape beats, one with Mobitz | second degree AVB), four (17.39%) B2 dogs (three with
bifid P-wave, and one with APCs), nine (31.03%) C dogs (one with first degree AVB,
seven with APCs, one with APCs and bifid P-wave). Ventricular arrhythmias were
observed in one (1.09%) control animal (one with ventricular premature complex
[VPC]), one (1.59%) B1 animals (one with right BBB [RBBB]), two (8.7%) B2 animals

(both with VPCs) and three (10.34%) C animals (all of them with VPCs).

Markers of ventricular activation time vs disease stages

Tables 2 and 3 show ECG and echocardiographic markers of ventricular
heterogeneity obtained in healthy and MMVD dogs. Except for RPT V1, IDI, S-RSb, S-
RSp, R-RSp, RAo, and intra-LVb, all markers of ventricular heterogeneity changed
along the progression of the disease. There was a greater delay in L-RSb, L-RSp, and

RPT measured in leads V2, V3, V4, V5 and V6 in the more advanced stages of the
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disease (Figures 4 and 5). On the other hand, R-RSb was shown to be less delayed in
these patients. In addition, in those groups there was also an increase in mechanical
intra-left and interventricular conduction delay, with Intra-LVp, Inter-Vb, Inter-Vp

showing more negative values (Figure 6).

Interventricular mechanical dyssynchrony also changed with the worsening of
MMVD. In healthy dogs, RAo exhibited greater delays compared to RPulm. As MMVD
progressed, RPulm became increasingly prolonged, culminating in a reversal of the

Pulm-Ao pattern in stage C (Figures 5 and 6).

Markers of ventricular activation time vs cardiac remodeling

With the exception of RPT V1, IDI, S-RSb, R-RSp and Rao, all parameters
studied showed difference between dogs with normal and dilated hearts (Table 4). For
the identification of cardiac remodeling, The indices that presented the highest
accuracy for the identification of cardiac remodeling were RPT V6, Inter-Vb, RPT V4,

L-RSp, L-RSp, L-RSb, RPT V3 and RPT V5 (Table 5; Figure 7).

The logistic regression model for predicting ventricular remodeling included L-
RSp, RPT V4, and RPT V6 (Table 6), all statistically significant (p < 0.05). Odds ratios
indicated that higher values of L-RSp (OR = 1.068; 95% CI: 1.038 to 1.104), RPT V4
(OR =1.220; 95% CI: 1.031 to 1.504), and RPT V6 (OR = 1.335; 95% CI: 1.084 to
1.693) were associated with an increased likelihood of remodeling. The model
demonstrated excellent discrimination with an AUC of 0.8805 (95% CI: 0.8184 to
0.9426). It achieved an overall classification accuracy of 79.09%, with a PPV of 71.43%
and a NPV of 82.67%. The Hosmer-Lemeshow test (p = 0.9251) indicated good model

fit, supporting the robustness of these parameters in predicting ventricular remodeling.

Markers of ventricular activation time vs heart failure
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The variables that different between dogs with heart failure and asymptomatic
dogs were: RPT measured in V3, V4, V5 and V6, as well as RPulm and Pulm-Ao (Table
7). The parameters that showed adequate specificity and sensitivity for the
identification of dogs with HF were: RPulm, RPT V4, RPT V5, and RPT V6 (Table 8;

Figure 8).

The logistic regression model for predicting HF included RPT V4 and RPT V6
as significant predictors (Table 9). Higher values of RPT V4 (OR = 1.360; 95% CI:
1.132 to 1.753) and RPT V6 (OR = 1.242; 95% CI: 1.000 to 1.550) were associated
with an increased likelihood of HF. The model demonstrated good discrimination with
an AUC of 0.8557 (95% CI: 0.7713 to 0.9401). It achieved an overall classification
accuracy of 82.64%, with a NPV of 84.55% and a PPV of 63.64%. The Hosmer-
Lemeshow test (p = 0.4389) indicated an adequate model fit. These results highlight

the potential of RPT V4 and RPT V6 as important markers for identifying HF.

Markers of ventricular activation time vs arrhythmias

Arrhythmias

With the exception of RPT V5, IDI, S-RSp, S-RSb, R-RSp, Rao, Pulm-Ao, Intra-
LVb and Intra-LVp, all indices showed difference between dogs with arrhythmias and
dogs with sinus rhythms (Table 10). For the identification of dogs with arrhythmias,
RPT V6, L-RSb, RPT V3, L-RSp, RPT V1, RPT V2 and Inter-Vb showed adequate

AUC (Table 11; Figure 9).

As shown in table 12, logistic regression analysis identified two independent
predictors of arrhythmias: L-RSp (OR = 1.022, 95% CI: 1.001-1.048, p = 0.047) and
RPT V6 (OR =1.450, 95% CI: 1.212—-1.788, p < 0.001). The model demonstrated good

predictive performance, with an AUC of 0.8019 (95% CI: 0.7120-0.8918, p < 0.0001).
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The Hosmer-Lemeshow test indicated no significant lack of fit (p = 0.8090), supporting
the adequacy of the model. The final model correctly classified 81.82% of cases, with

a negative predictive power of 84.00% and a positive predictive power of 60.00%.

Supraventricular arrhythmias

Table 13 shows the parameters studied in dogs with supraventricular
arrhythmias and in dogs with sinus rhythms. The indices that showed the highest AUC
for the identification of dogs with supraventricular arrhythmias were L-RSp, RPT V6,

L-RSb, RPT V2, RPulm, RPT V1, RPT V4 , and R-RSp (Table 14; Figure 10).

The logistic regression model for supraventricular arrhythmias identified L-RSb
and V6 as significant predictors (Table 15). The model demonstrated good
discrimination (AUC = 0.8583, 95% CI: 0.7352-0.9814, p = 0.0001) and an acceptable
fit (Hosmer-Lemeshow test: p = 0.5468). Negative predictive power was 90.10%, and

overall classification accuracy reached 88.46%.

Ventricular arrhythmias

There were three variables that showed difference between dogs with
ventricular arrhythmias: RPT measured in V1, V3 and V6 leads (Table 16). Indeed, all
of them also presented AUC > 0.7 for the identification of dogs with this type of rhythm

disturbance (Table 17).

The final logistic regression model for identifying ventricular arrhythmias
included the indices V1 and V3 (Table 18). The model showed a high discriminative
ability, with an AUC of 0.9434 (95% CI: 0.8697 to 1.000, p = 0.0026). V3 demonstrated
a strong association (OR = 2.284; 95% CI: 1.315 to 6.155), while V1 also contributed
significantly (OR = 1.670; 95% CI: 1.047 to 3.469). The model achieved excellent

overall accuracy (97.52%), specificity (100.00%), and NPV (97.50%), but sensitivity
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was limited (25.00%). These findings indicate that the combined use of these indices

is effective in distinguishing dogs with ventricular arrhythmias from those without.

Correlations between markers of ventricular activation time vs. each other, or

other variables

Although we observed correlation results between the echocardiographic and
electrocardiographic variables of ventricular activation time, no moderately strong or
very strong correlation was found between them (supplementary material tables A and

B).

Intra-observer analyses

Measurements of ventricular activation time were repeated to access intra-
observer variability. They did not differ from the first measurement. The lowest bias
was observed in IDI and the highest bias was observed in Inter-Vb, as shown in Table

19.

DISCUSSION

We evaluated electrocardiographic and echocardiographic indices of ventricular
conduction heterogeneity in dogs and investigated their behavior in different stages of
MMVD. Our hypothesis that these indices change with the progression of the disease,
and that they behave differently in dogs with arrhythmias, cardiac remodeling or HF
was confirmed, with the exception of electrical interventricular dyssynchrony (assessed

by IDI), that did not show differences between groups studied.

R-peak time (RPT) is an easily measurable ECG variable that plays a key role
in diagnosing, treating, and predicting the prognosis of various cardiovascular and

infectious diseases (Aiken et al., 2022; Battaia et al., 2022; Cinier et al., 2021; Estes,
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2017; Sivri et al., 2023). Prolonged RPT is linked to pathophysiological mechanisms
such as impaired cellular calcium and potassium conduction, increased cardiac
myocyte size, and interstitial fibrosis. Studies indicate that prolonged RPT is
associated with sudden cardiac death, a higher risk of HF, subclinical myocardial
dysfunction, and the severity of coronary artery disease in people (Bayam et al., 2021;
Cekirdekci et al., 2019; Darouian et al., 2016; O’Neal et al., 2016). Additionally, RPT is

an independent risk factor for mortality in COVID-19 patients (Sivri et al., 2023).

At the time of this writing, the only pathological condition in which RPT has been
studied in veterinary medicine is in dogs with BBB (Battaia et al., 2022). As this index
reflects the electrical activation time that occurs from the endocardium to the
epicardium (Pérez-Riera, de Abreu, Barbosa-Barros, Nikus, et al., 2016), this analysis
in precordial leads can be used to differentiate RBBB from left BBB (Surawicz et al.,
2009). In healthy dogs, right ventricle RPT (V1) should be < 18 ms, while LV RPT (V2-
V6) should be < 35 ms (Mateos Panero et al., 2021). RPT > 28 ms in lead V1 and >36
ms in lead V5 in dogs indicate the presence of RBBB and left BBB, respectively
(Battaia et al., 2022). In our study, healthy dogs presented RPT values similar to the
results published previously (Mateos Pafiero et al.,, 2021). None of our groups
presented mean RPT above the cut-off point for identifying BBB (Table 2), as only one
dog presented RBBB (and RPT V1 36.67 ms). Even so, RPT was higher in dogs with
arrhythmias. As MMVD advances, progressive left cardiac chamber dilation and
heightened sympathetic tone significantly elevate the risk of electrical disturbances
(Crosara et al., 2010; Vila et al., 2021). Since the left chambers are best studied using
left precordial leads, prolongation of the RPT in MMVD dogs is expected to occur
specially in them. Indeed, we found that an RPT V3 exceeding 30.3 ms demonstrated

a 94.4% accuracy in identifying dogs with ventricular arrhythmias, highlighting its
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potential as a reliable diagnostic marker (Table 17). Furthermore, in addition to RPT
values measured in V3 and V6, our analyses identified RPT V1 as a robust predictor
of ventricular arrhythmias, a result supported by the logistic regression model, which
identified RPT V1 and V3 as independent predictors. This suggests that electrical
disturbances in MMVD dogs may extend beyond the left heart, involving the right
ventricular conduction system. These findings underscore the importance of evaluating
multiple precordial leads when assessing the risk of ventricular arrhythmias in this
population. Further research is needed to clarify the clinical implications and guide

potential management strategies.

RPT measured in the left precordial leads increased with progression of MMVD, and
were more prolonged in dogs with dilated hearts and HF. This finding indicates that the
time that electrical impulse takes to travel from the endocardium to the epicardium in
the LV increases with the dilation of left cardiac chambers and the HF. An association
between delayed RPT and risk for HF events is also shown in people (O’Neal et al.,
2016). For every 10 ms increase in RPT, there was a 1.42 times greater risk of HF
events, and that risk increased significantly when RPT was >45 ms (O’Neal et al.,
2016). In another study, RPT of >50 ms in leads V5 and V6 was a strong predictor of
HF events in people (HR 2.81) (O’'Neal et al., 2017). From an electrophysiological
point of view, the RPT coincides with the upstroke velocity (phase 0) of the ventricular
myocyte action potential, and it is characterized by the rapid inflow of sodium ions in
the ventricular cardiomyocytes. Normally, the duration of this phase is of a few
milliseconds, but in dilated or hypertrophied hearts it is associated with electrical
myocardial remodeling, an increase in action potential duration and its temporal
inhomogeneity, as well as with an increase in RPT. The neurohumoral activation in

decompensated congestive HF could probably play the lead role in the prolongation of
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RPT. High catecholamine levels, inducing a downregulation of [(-adrenergic
myocardial receptors, could reduce chrono/dromo/inotropy, also causing an increase

in the RPT (Piccirillo et al., 2023).

During normal ventricular activation, the difference between RPT V5 and RPT V1 is
quite small, but not zero. In healthy dogs, IDI was previously reported as 23 (16-29)%,
which is similar to the value obtained in our control group 19.1 (£8.2) %. Although we
observed an increase in LV electrical activation times in advanced stages of MMVD,
IDI did not exceed the reference values in any group of any test performed, indicating
that electrical ventricular dyssynchrony is not relevant with the worsening of MMVD,
nor with the presence of arrhythmias, congestive HF or cardiac remodeling. This
finding may be associated with the fact that MMVD is not a disease originating in the
electrical system, but rather a disease that causes cardiovascular damage due to
volume overload. On the other hand, variables assessing both intra-LV and
interventricular electromechanical and electrosystolic dyssynchrony increased with
progression of MMVD, and differed between dogs with cardiac remodeling and dogs
with normal-sized hearts. We found that dogs with inter-Vb <-9.3 ms are 10.6 times
more prone to have remodeled left chambers, with 80% sensitivity, and 72.5%
specificity (Table 5). This increase in mechanical interventricular conduction delay in
dogs with cardiac dilation is mainly due to the electromechanical and electrosystolic
delays measured in the LV lateral wall (L-RSb and L-RSp, respectively). Dogs with
dilated cardiomyopathy also present more prolonged L-RSb, L-RSp, S-RSb and S-
RSp than healthy dogs, and their LV free wall activation time is more delayed than of
the interventricular septum (Simpson et al., 2008). As these measurements indicate
the time that the electrical impulse takes to travel through the left ventricle walls, the

volume overload and dilation of this chamber associated with tissue fibrosis eventually
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results in a longer time for electrical propagation.

Interventricular mechanical dyssynchrony assessed by aortic and pulmonic flows
also changed with the worsening of MMVD (Table 3), and resulted in differences when
looking to dogs with remodeled hearts or HF. We observed that RAo, which
corresponds to the LV pre-ejection period, is more delayed in healthy dogs than
RPulm, which corresponds to the RV pre-ejection period. This pattern has already
been reported in healthy dogs, people and primates (Trikhun et al., 2020; Zhu et al.,
2021). In dogs with HF or remodeled hearts, we found an inversion of this pattern, with
a predominance of right ventricular mechanical delay. This finding has also been

previously noted in people with HF (Zhu et al., 2021).

The application of logistic regression in this study was instrumental in distinguishing
the independent contributions of echocardiographic and ECG variables to cardiac
remodeling, HF and arrhythmias. While ROC analysis demonstrated diagnostic
performance for individual variables, regression models allowed us to evaluate their
predictive power after adjusting for the influence of other factors. For example, even
among multiple indices with significant ROC values, logistic regression identified L-
RSp, RPT V4 and RPT V6 as the most robust predictors of cardiac remodeling (Table
6), as well as L-RSp and P V6 as arrhythmia predictors (Table 12), highlighting their
independent association with structural and electrical heart changes in MMVD. These
findings emphasize the significant role of atrial conduction disturbances in reflecting
structural heart changes.

Although we observed significant changes in ventricular mechanical and electrical
activation indices in dogs with cardiac structural, hemodynamic or electrical
abnormalities, we did not find a strong correlation between these variables. Myocardial

excitation and conduction are electrical activities, and electrical dyssynchrony is best
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assessed by electrocardiogram. The excitation and conduction of the myocardium
result in contraction and relaxation, and mechanical dyssynchrony is better studied by
echocardiogram. Given the nexus between temporal electrical activation and
mechanical function, mechanical dyssynchrony is expected to be the result of an
abnormal electrical activation pattern. However, both mechanical and electrical
dyssynchrony can exist alone or in combination with each other (Perry et al., 2011;
Risum, 2014). We found that although MMVD causes a greater delay in left ventricular
electrical activation times, this is not significant enough to result in interventricular
electrical dyssynchrony. On the other hand, mechanical dyssynchrony increased along
the progression of MMVD, indicating that cardiac remodeling and HF in this disease
cause more impairment of mechanical performance than electrical heterogeneity.
These findings suggest that RPT and mechanical dyssynchrony indices could serve
as practical markers for early detection of arrhythmias and heart failure in MMVD,

aiding clinical decision-making.

LIMITATIONS

As MMVD is a degenerative disease that is mainly seen in older dogs, group
differences related to age are the main limitations of this study. Although there was no
correlation between the indices studied and age, we do not know whether this
difference between the groups may have influenced the investigation. Although we
used the same protocol, the dogs were evaluated in two different locations, with
different echocardiogram and electrocardiogram equipment. Therefore, we suggest
that future studies be carried out standardizing only one piece of equipment for
performing the echocardiogram and one piece of equipment for performing the
electrocardiogram. Radiographic examination was not included in the standard

protocol and therefore not performed in all dogs. Not using 24-hour Holter analysis for
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the exclusion of AF and other arrhythmias is another limitation. It was a cross-sectional
study, without case follow-up, which implies the loss of information about the
prognostic power of the evaluated indices. Future research should include longitudinal

analyses to assess the prognostic value of ventricular activation indices.

CONCLUSION

Both electrical and mechanical ventricular activation times were prolonged, with
mechanical dyssynchrony significantly increasing alongside MMVD progression,
underlining their diagnostic and prognostic value in this condition. Some ventricular
activation times obtained by ECG and by echocardiography proved to be adequate
arrhythmogenic markers, and identified dilated hearts or HF with adequate specificity
and sensitivity. These findings emphasize the importance of integrating
electrocardiographic and echocardiographic markers into routine evaluations for early
detection and management of MMVD-related complications. Furthermore, this is the

first paper evaluating RPT and IDI in dogs with MMVD.
Footnotes

a - Philips Affiniti 50 ultrasound system equipped with 2-4, 3-8 and 4-12 MHz phased-
array transducers, Andover, MA, USA.
b_ Siemens Acuson P500 ultrasound system equipped with 2-4 and 4-8 MHz phased-

array transducers, Issaquah, Washington, USA.

¢- RadiAnt DICOM Viewer - Poznan, Wielkopolskie , Poland.

d — INPulse — INCardio ICV2.1 - Floriandpolis, Santa Catarina, Brazil

¢-TEB ECG PC - Tecnologia Eletrénica Brasileira, Sdo Paulo, Sdo Paulo, Brazil.

f- Graphpad prism 5.0 Software
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Table 4. Markers of ventricular activation times and dyssynchrony in dogs with

normal size hearts and in dogs with dilated hearts.

Normal size hearts Dilated hearts P
RPT V1 (ms) 20.3 (15.5; 22.1) 22.7 (15; 23.3) 0.0928*
RPT V2 (ms) 24.3 (22; 26.7) 26.7 (24.2; 28.7) 0.0033*
RPT V3 (ms) 25 (£2.8) 27.3 (26; 29) 0.0004*
RPT V4 (ms) 25.5 (£3.4) 28 (27.3; 29.8) <0.0001*
RPT V5 (ms) 28 (26.2; 29.7) 29.3 (28.7; 30.9) 0.0005*
RPT V6 (ms) 28.7 (26.3; 30) 30.8 (30; 32.7) <0.0001*
IDI 13 (9; 21) 11 (8.3; 25.8) 0.9878*
L-RSb (ms) 40.3 (£ 8.7) 48 (39.2; 57.3) 0.0006*
L-RSp (ms) 64.2 (£16.1) 27.2 (65.6; 92.9) <0.0001*
S-RSb (ms) 40.3 (x10.6) 42.2 (36; 50) 0.2956*
S-RSp (ms) 55.3 (48.5; 75.4) 67 (55.5; 77.7) 0.0294*
R-RSb (ms) 37.1 (£13.9) 25 (17; 39.2) 0.0432*
R-RSp (ms) 63.8 (49.4; 84.8) 62.8 (53.9; 84.2) 0.9947*
Rpulm (ms) 26 (£9.9) 34.2 (£12.9) 0.0008**
RAo0 (ms) 31.4 (£11.9) 30.8 (£12.2) 0.8109**
Pulm-Ao (ms) -5.3 (x13.4) 3.4 (£14.2) 0.0032**
Intra-LVb (ms) 0(x10.2) -7.3 (£14.3) 0.0107**
Intra-LVp (ms) -1.9 (£18.3) -15.4 (£27.9) 0.0107**
Inter-Vb (ms) -4.1 (£13.7) -19.3 (-37.7; -10.7) 0.0002*
Inter-Vp (ms) 5.6 (£27) -14 (£40.2) 0.0119**

Results are presented as mean * standard deviation for normally distributed data or
median (interquartile range) for non-normally distributed data, based on the normality
test outcomes.

*Mann-Whitney test; **Unpaired t test; Inter-Vb: Mechanical interventricular
conduction delay using the beginning of the S’ wave; Inter-Vp: Mechanical
interventricular conduction delay using the peak of the S’ wave; Intra-LVb: Mechanical
intra-left ventricle conduction delay using the beginning of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the peak of the S’ wave; L-RSb:
Electromechanical delay measured in lateral mitral annulus; L-RSp: Electrosystolic
delay measured in lateral mitral annulus; Pulm-Ao Mechanical interventricular
dyssynchrony; Rao: Time intervals from the start of the QRS complex to the beginning
of the aortic flow; RPulm: Time intervals from the start of the QRS complex to the
beginning of the pulmonic flow; R-RSb: Electromechanical delay measured in lateral
tricuspid annulus; R-RSp: Electrosystolic delay measured in lateral tricuspid annulus;
S-RSb: Electromechanical delay measured septal mitral annulus; S-RSp:
Electrosystolic delay measured septal mitral annulus Inter-Vb; RPT: R-peak Time; IDI:
interventricular dyssynchrony index.
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Table 6. Logistic regression model for cardiac remodeling prediction in dogs with
MMVD

, Estimate Standard o . o
Variable ®) Error 95% CI Odds Ratio (95% CI)
Intercept -19.53 4.295 -29.1510-12.13 —

0.03707 to 1.068 (1.038 to
L-RSp 0.0655 0.01569 o ooose o)
RPT V4 0.1992 0.09456 0.03086 to 0.4085 1.232)(1.031 to
RPT V6 0.2889 0.1123 0.08052 to 0.5265 1.232)(1.084 to

L-RSp: Electrosystolic delay measured in lateral mitral annulus; RPT: R-peak
Time
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Table 7. Markers of ventricular activation times and dyssynchrony in dogs with

heart failure and dogs without heart failure.

No HF HF P
RPT V1 (ms) 20.8 (15.3; 22.8) 22.7 (14.8; 23.3) 0.2561*
RPT V2 (ms) 25.3 (22; 26.7) 27.3 (22.5; 29.3) 0.0928*
RPT V3 (ms) 26 (24.1; 27.3) 27.9 (#4.5) 0.0044*
RPT V4 (ms) 26.7 (24.3; 28) 29 (28; 31.3) <0.0001*
RPT V5 (ms) 28 (26.7; 29.3) 30.9 (¥2.6) <0.0001*
RPT V6 (ms) 28.8 (28; 30.4) 32 (30.2; 35) <0.0001*
IDI 12 (9; 22.5) 11.5 (10; 28.5) 0.4497*
L-RSb (ms) 41.7 (35; 50) 47.9 (x11.2) 0.0431*
L-RSp (ms) 71.3 (55.7; 86) 75.9 (x17.9) 0.3032*
S-RSb (ms) 41.3 (£10.7) 44 (30.5; 49.87) 0.9448*
S-RSp (ms) 57.7 (50; 75) 68.3 (58; 80.5) 0.0367*
R-RSb (ms) 34.3 (£15.6) 33.3 (17; 39.2) 0.6503*
R-RSp (ms) 63 (50; 84.3) 63 (54.4; 117) 0.6098*
Rpulm (ms) 26.8 (£9.7) 37.8 (x13.9) <0.0001**
RAo (ms) 30.3 (£11.8) 33.2 (x12.4) 0.2968*
Pulm-Ao (ms) -3.6 (£13.2) 4.7 (£15.7) 0.0108**
Intra-LVb (ms) 0 (-6.7; 5.3) -6.3 (x13.9) 0.3103*
Intra-LVp (ms) -10.1 (£23.9) -4.5 (£25.5) 0.4345*
Inter-Vb (ms) -5.8 (-19.9; 4) -16.7 (-27; -2.8) 0.3548*
Inter-Vp (ms) -5 (£32.4) -0.2 (+42.6) 0.5991**

Results are presented as mean + standard deviation or median (interquartile interval).

*Mann-Whitney test; **Unpaired t test; HF: heart failure; Inter-Vb: Mechanical
interventricular conduction delay using the beginning of the S’ wave; Inter-Vp:
Mechanical interventricular conduction delay using the peak of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the beginning of the S’ wave;
Intra-LVb: Mechanical intra-left ventricle conduction delay using the beginning of the
S’ wave; L-RSb: Electromechanical delay measured in lateral mitral annulus; L-RSp:
Electrosystolic delay measured in lateral mitral annulus; Pulm-Ao Mechanical
interventricular dyssynchrony; Rao: Time intervals from the start of the QRS complex
to the beginning of the aortic flow; RPulm: Time intervals from the start of the QRS
complex to the beginning of the pulmonic flow; R-RSb: Electromechanical delay
measured in lateral tricuspid annulus; R-RSp: Electrosystolic delay measured in lateral
tricuspid annulus; S-RSb: Electromechanical delay measured septal mitral annulus; S-
RSp: Electrosystolic delay measured septal mitral annulus Inter-Vb; RPT: R-peak
Time; IDI: interventricular dyssynchrony index.
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Table 9. Logistic regression model for HF prediction in dogs with MMVD

, Estimate Standard 95% CI (Profile : o
Variable ®) Error Likelihood) Odds Ratio (95% CI)
Intercept -16.51 3.748 -24.83 10 -9.989 —

RPTV4  0.3072 01098 012391005613 ') (715';)32 to
0.0002395 to 1.242 (1.000 to
RPT V6 0.2169 0.1103 0.4383 1.550)

RPT: R-peak Time
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Table 10. Markers of ventricular activation times and dyssynchrony in dogs with

arrhythmias and dogs with sinus rhythms.

No arrhytmia Arrhytmia P
RPT V1 (ms) 18 (14.9; 22.1) 22.4 (16) 0.0034*
RPT V2 (ms) 243 (21; 26.7) 27.3 (24.3; 32.2) 0.0039*
RPT V3 (ms) 25.3 (22; 26.7) 28.5 (£5.1) 0.0023*
RPT V4 (ms) 26.7 (24.3; 28) 28.7 (£6) 0.0255*
RPT V5 (ms) 28.7 (26.7; 30) 29.6 (£3.7) 0.0887*
RPT V6 (ms) 30 (28; 31) 33 (x3) 0.0002*
IDI (%) 15 (9; 25) 11 (6; 18) 0.1029*
L-RSb (ms) 39.3 (32.3; 47.3) 51.3 (x13.9) 0.0016*
L-RSp (ms) 62.8 (50.6; 76.1) 82.2 (+21.4) 0.0026*
S-RSb (ms) 38.7 (x10.4) 45.7 (£15.9) 0.0295**
S-RSp (ms) 57.7 (49.2; 70.3) 67 (54; 81.3) 0.0478*
R-RSb (ms) 35.5(21.8; 44.1) 27.7 (16.5; 38.7) 0.2408*
R-RSp (ms) 61.7 (51; 78.7) 61.8; 51.9; 77.6) 0.9851*
Rpulm (ms) 24 (16.1; 33.3) 32.9 (x13.5) 0.0172*
RAo0 (ms) 29.5 (x11) 30.3 (£17.2) 0.7922**
Pulm-Ao (ms) -4.2 (x12) 2.6 (x20) 0.0511**
Intra-LVb (ms) -0.3 (-6; 4.7) -6.7 (x14.2) 0.2112*
Intra-LVp (ms) 0.5(-15.4;7.2) -11.4 (£27.6) 0.2254*
Inter-Vb (ms) -4.7 (-17.3; 5.2) -18 (£26.4) 0.0151*
Inter-Vp (ms) 2.3 (£29.8) -16.9 (£39.7) 0.0335**

Results are presented as mean * standard deviation for normally distributed data or
median (interquartile range) for non-normally distributed data, based on the normality
test outcomes.(P>0.05).

*Mann-Whitney test; **Unpaired t test; HF: heart failure; Inter-Vb: Mechanical
interventricular conduction delay using the beginning of the S’ wave; Inter-Vp:
Mechanical interventricular conduction delay using the peak of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the beginning of the S’ wave;
Intra-LVb: Mechanical intra-left ventricle conduction delay using the beginning of the
S’ wave; L-RSb: Electromechanical delay measured in lateral mitral annulus; L-RSp:
Electrosystolic delay measured in lateral mitral annulus; Pulm-Ao Mechanical
interventricular dyssynchrony; Rao: Time intervals from the start of the QRS complex
to the beginning of the aortic flow; RPulm: Time intervals from the start of the QRS
complex to the beginning of the pulmonic flow; R-RSb: Electromechanical delay
measured in lateral tricuspid annulus; R-RSp: Electrosystolic delay measured in lateral
tricuspid annulus; S-RSb: Electromechanical delay measured septal mitral annulus; S-
RSp: Electrosystolic delay measured septal mitral annulus; RPT: R-peak Time; IDI:
interventricular dyssynchrony index.
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Table 12. Logistic regression model for arrhythmia prediction in dogs with MMVD

Variable Estimate Standard 95% CI (Profile Odds 95% CI (Odds
(B) Error Likelihood) Ratio Ratio)
'”t?éc)ept -14.51 3.446 -21.98 to -8.335 - -
0

L-RSp 0.02197 0.01138
RPT V6 0.3714 0.09838

0.00110 to 0.04669 1.022 1.001 to 1.048
0.1919 to 0.5811 1.450 1.21210 1.788

RPT: R-peak Time; L-RSp: Electrosystolic delay measured in lateral mitral

annulus.



Table 13. Markers of ventricular activation times and dyssynchrony in dogs with

supraventricular arrhythmias and dogs without it.

No arrhythmia Arrhythmia P

RPT V1 (ms) 18 (15; 22) 22.7 (18; 24.7) 0.0318*
RPT V2 (ms) 24.3 (21; 26.7) 27.3 (24.7; 32.7) 0.0064*
RPT V3 (ms) 25.3 (22; 27.2) 28.1 (£5.7) 0.0345*
RPT V4 (ms) 26.7 (24.3; 28) 29.5 (6) 0.025*
RPT V5 (ms) 28.7 (29.6; 30) 30.3 (¥2.8) 0.0584*
RPT V6 (ms) 30 (28; 31.3) 32.9 (£3.1) 0.0023*
IDI (%) 15 (9.8; 25) 14.5 (£9.2) 0.2750*
L-RSb (ms) 41 (33.3; 50) 53 (£12.9) 0.0023*
L-RSp (ms) 65.7 (63.9; 77.5) 89 (x17.2) <0.0001*
S-RSb (ms) 41.6 (£12.1) 49.7 (£17.5) 0.1049*
S-RSp (ms) 64 (51.3; 76.5) 79.4 (£23.3) 0.0137*
R-RSb (ms) 38 (27.7; 49.3) 33.3 (16; 54) 0.5157*
R-RSp (ms) 66.8 (56; 85) 63.7 (49; 110.8) 0.8723*
Rpulm (ms) 23.7 (17; 31.7) 35.4 (£12.6) 0.0026*
RAo0 (ms) 32.2 (24.3; 39) 34.5 (£17.4) 0.5040*
Pulm-Ao (ms) -6.7 (£12.7) 0.2 (£21.7) 0.0691**
Intra-LVb (ms) 0 (-5.3; 5.3) -5 (£15.1) 0.4847*
Intra-LVp (ms) 0.67 (-9; 7.3) -10.5 (£29.9) 0.2052*
Inter-Vb (ms) -3.8 (-15; 5.9) -12.9 (x28.4) 0.0992*
Inter-Vp (ms) 3.2 (-6.5; 14.6) -13.2 (#46.2) 0.1371*

Results are presented as mean * standard deviation for normally distributed data or
median (interquartile range) for non-normally distributed data, based on the normality
test outcomes.(P>0.05).

*Mann-Whitney test; **Unpaired t test; HF: heart failure; Inter-Vb: Mechanical
interventricular conduction delay using the beginning of the S’ wave; Inter-Vp:
Mechanical interventricular conduction delay using the peak of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the beginning of the S’ wave;
Intra-LVb: Mechanical intra-left ventricle conduction delay using the beginning of the
S’ wave; L-RSb: Electromechanical delay measured in lateral mitral annulus; L-RSp:
Electrosystolic delay measured in lateral mitral annulus; Pulm-Ao Mechanical
interventricular dyssynchrony; Rao: Time intervals from the start of the QRS complex
to the beginning of the aortic flow; RPulm: Time intervals from the start of the QRS
complex to the beginning of the pulmonic flow; R-RSb: Electromechanical delay
measured in lateral tricuspid annulus; R-RSp: Electrosystolic delay measured in lateral
tricuspid annulus; S-RSb: Electromechanical delay measured septal mitral annulus; S-
RSp: Electrosystolic delay measured septal mitral annulus Inter-Vb; RPT: R-peak
Time; IDI: interventricular dyssynchrony index.
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Table 15. Logistic regression model for supraventricular arrhythmia prediction in
dogs with MMVD
Parameter Estimate () 95% CI (B) Odds Ratio 95% CI (OR)
Intercept -18.49 -29.89 t0 -9.580 - -
L-RSb (ms)  0.05529 0.01022t0 0.1144  1.057 1.010to 1.121
RPT V6 (ms) 0.4407 0.1893 to 0.7426 1.554 1.208 to 2.101
RPT: R-peak Time; L-RSb: Electromechanical delay measured in lateral mitral
annulus.




Table 16. Markers of ventricular activation times and dyssynchrony in dogs with

ventricular arrhythmias and dogs without it.

No arrhytmia Arrhytmia P

RPT V1 (ms) 18 (15.7; 22.7) 25.3 (¢7.2) 0.0011*
RPT V2 (ms) 24.3 (21; 26.7) 27.8 (¢5.3) 0.1078*
RPT V3 (ms) 25.5 (22.8; 27.3) 31.8 (¢4.5) 0.0010**
RPT V4 (ms) 27 (24.3; 28) 29.6 (+8.6) 0.2539*
RPT V5 (ms) 29.3 (27; 30) 28.1 (¥4.9) 0.8041*
RPT V6 (ms) 30 (28; 31.8) 33.5 (x2.9) 0.0178*
IDI (%) 15 (9; 25) 4.4 (£19.2) 0.0557*
L-RSb (ms) 40.7(33; 49) 51.1 (x18.1) 0.2854*

L-RSp (ms) 64.3 (52.2; 80.3) 85 (43.5; 86.3) 0.8871
S-RSb (ms) 38 (32; 48) 41.1 (19.2) 0.7615*
S-RSp (ms) 59 (50; 74) 58.1 (¥9.2) 0.6808*
R-RSb (ms) 35.3 (21; 44.3) 26.3 (22.8; 86.2) 0.7846*
R-RSp (ms) 62.3 (51.5; 81.8) 84.8 (+43.5) 0.4617*
Rpulm (ms) 25(17.3; 34.7) 31.5 (£21.3) 0.6519*
RAo (ms) 30.3 (x11.9) 23.5 (¢13.5) 0.2135*
Pulm-Ao (ms) -3.7 (x13) 8.1 (£21.9) 0.0554**
Intra-LVb (ms) 0 (-6; 5.3) -10 (¥9.5) 0.1144*
Intra-LVp (ms) -0.7 (x-17.9; 7.5) -10.9 (£17.4) 0.5607*
Inter-Vb (ms) -7.7 (£18.9) -6 (+42.6) 0.8655**
Inter-Vp (ms) 0.3 (x32) 8.7 (£41.3) 0.6118**

Results are presented as mean * standard deviation for normally distributed data or
median (interquartile range) for non-normally distributed data, based on the normality
test outcomes.(P>0.05).

*Mann-Whitney test; **Unpaired t test; HF: heart failure; Inter-Vb: Mechanical
interventricular conduction delay using the beginning of the S’ wave; Inter-Vp:
Mechanical interventricular conduction delay using the peak of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the beginning of the S’ wave;
Intra-LVb: Mechanical intra-left ventricle conduction delay using the beginning of the
S’ wave; L-RSb: Electromechanical delay measured in lateral mitral annulus; L-RSp:
Electrosystolic delay measured in lateral mitral annulus; Pulm-Ao Mechanical
interventricular dyssynchrony; Rao: Time intervals from the start of the QRS complex
to the beginning of the aortic flow; RPulm: Time intervals from the start of the QRS
complex to the beginning of the pulmonic flow; R-RSb: Electromechanical delay
measured in lateral tricuspid annulus; R-RSp: Electrosystolic delay measured in lateral
tricuspid annulus; S-RSb: Electromechanical delay measured septal mitral annulus; S-
RSp: Electrosystolic delay measured septal mitral annulus Inter-Vb; RPT: R-peak
Time; IDI: interventricular dyssynchrony index.

15¢



‘anjeA aAnoipald aAnebaN :AdN ‘onjeA aAnoipald aAlNISOd :Add ‘DWI] Yead-Y :1dY ‘eAind ay) Japun eale :ONY

Sl 7L o 1 be 01 9480°90 vl 01 949506 008 ST< 0 &0 i
G0L 89 o g 0% oweros S8 owigez 009 LT gup gy gl
vie €8 o ' Ly o1 ohsz 0l Le8 o1 0495106 008 TE< 00 g0 i
82 VI8 5o 1o H9 oworoe L omagos 0% TS o0p o oy
0’85 Y o e esh o 9489 68 156 01 9450/06 0sL  e0e< b0 oo Lo
mwmw >o%nwo< m>z &>n_ uoo;__%___a_m%z_mon_ 10 %56 z_om\uwwaw 1D %856 bsm_\mwow %ﬁw d %< Xopul

"SelWyYIAyJLie JeinoLusA 1o} oljel sppo pue Aoeinooe ‘AdN ‘Add ‘Aloioads

‘AlANISUBS ‘BnjeA d ‘enjeA DNV oAnoadsal S}l pue auWl] UoIIoNPUOod JeNOLUSA JO JayJew yoes Joj senjeAa Jo-inD /L a|qel



15¢€

Table 18. Logistic regression model for ventricular arrhythmia prediction in dogs
with MMVD

Variable Estimate Standard 95% C! (Profile Odo]s 95% CI'(Odds
Error Likelihood) Ratio Ratio)

Intercept  -37.89 17.73 -82.62 10 -14.03 - -

V1 0.5129 0.3087 0.04630 to 1.244 1.670 1.047 to 3.469

V3 0.8259 0.3954 0.2736 to 1.817 2.284 1.3151t06.155

RPT: R-peak Time.
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Table 19. Intra-observer bias and difference in markers of ventricular conduction

times in dogs.

Bias SBliDa(s)f 95% Limits of Agreement P
Pulm-Ao (ms) -3.397 11 -25.74 t0 18.94 0.2735**
Intra-LVb (ms) 1.897 6.12 -10.1to 13.89 0.1235**
Intra- Intra-LVp (ms) 1.6 8.78 -15.61 to 18.81 0.6516*
observer Inter-Vb (ms) 5.283 18 -30 to 40.57 0.404*
Inter-Vp (ms) 4.563 13.19 -21.29 t0 30.42 0.1496*
IDI (%) 1.103 5.747 -10.16 to 12.37 0.8325*

*Mann-Whitney test; **Unpaired t test; Inter-Vb: Mechanical interventricular
conduction delay using the beginning of the S’ wave; Inter-Vp: Mechanical
interventricular conduction delay using the peak of the S’ wave; Intra-LVb: Mechanical
intra-left ventricle conduction delay using the beginning of the S’ wave; Intra-LVb:
Mechanical intra-left ventricle conduction delay using the beginning of the S’ wave;
Pulm-Ao . Mechanical interventricular dyssynchrony; IDI: interventricular
dyssynchrony index; SD: standard deviation
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" RPum
Interventricular mechanical dyssynchrony = RPulm - RAo

Figure 1. Mechanical interventricular dyssynchrony was defined as the difference
between RPulm (the time intervals in milliseconds from the start of the QRS complex
on the simultaneously acquired ECG to the beginning of the pulmonic flow acquired
using pulsed-wave Doppler) and RAo (the time intervals in milliseconds from the start
of the QRS complex on the simultaneously acquired ECG to the beginning of the aortic
flow acquired using pulsed-wave Doppler). Rao: Time intervals from the start of the
QRS complex to the beginning of the aortic flow; RPulm: Time intervals from the start
of the QRS complex to the beginning of the pulmonic flow.



Mechanical delay of left
intraventricular conduction

e s e
L-RSp

S-RSh

S=R3p Mechanical delay of
R-RSb interventricular conduction
i Inter-Vb = (R-RSb) - (L-RSb)

Inter-Vp = (R-RSp) - (L-RSp)

Figure 2. The time between the beginning of the QRS complex in ECG and the
beginning of S' wave in tissue Doppler traces was defined as the electromechanical
delay (RSb). The time between the beginning of the QRS complex in ECG and the
peak of S' wave in tissue Doppler traces was defined as the electrosystolic delay (RSp).
Both RSb and RSp were measured in three points: lateral mitral anulus (L-RSb, L-
RSp), septal mitral anulus (S-RSb, S-RSp), and lateral tricuspid annulus (R-RSb, R-
RSp). The difference between the S-RSb and L-RSb times, and between S-RSp and
L-RSp times was defined as the mechanical intra-left ventricle conduction delay (Intra-
LVb and Intra-LVp, respectively). The difference between the R-RSb and L-RSb times,
and between R-RSp and L-RSp times was defined as the mechanical interventricular
conduction delay (Inter-Vb and Inter-Vp, respectively). RSb: the electromechanical
delay; RSp: the electrosystolic delay; L-RSb: electromechanical delay measured in
lateral mitral annulus; L-RSp: electrosystolic delay measured in lateral mitral annulus;
R-RSb: electromechanical delay measured in lateral tricuspid annulus; R-RSp:
electrosystolic delay measured in lateral tricuspid annulus; S-RSb: electromechanical
delay measured in septal mitral annulus; S-RSp: electrosystolic delay measured in
septal mitral annulus; Intra-LVb: Mechanical intra-left ventricle conduction delay using
the beginning of the S’ wave; Intra-LVp: Mechanical intra-left ventricle conduction delay
using the peak of the S’ wave; Inter-Vb: Mechanical interventricular conduction delay
using the beginning of the S’ wave; Inter-Vp: Mechanical interventricular conduction
delay using the peak of the S’ wave

15¢
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IDI=  (RPTV5—RPT V1)

R-Peak Time (RPT) QRS complex duration
L
“BEEE e e

Figure 3. R-peak time (RPT) was measured in each precordial lead from the earliest
onset of the QRS complex to the peak of the R wave or, if present, R’ wave. The IDI
was determined, by calculating the absolute value of the difference between RPT in
leads V5 and V1, reflecting left and right ventricular electrical potentials, divided by the

QRS duration. RPT: R-peak time; IDI: the interventricular dyssynchrony index.
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Figure 4. Electrocardiographic indices of ventricular activation times in healthy dogs
and dogs with different stages of myxomatous mitral valve disease. Results are
presented in milliseconds. RPT: R-peak Time; IDI: interventricular dyssynchrony index.
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Figure 5. Echocardiographic indices of ventricular activation times in healthy dogs
and dogs with different stages of myxomatous mitral valve disease. Results are
presented in milliseconds. L-RSb: Electromechanical delay measured in lateral mitral
annulus; L-RSp: Electrosystolic delay measured in lateral mitral annulus; Rao: Time
intervals from the start of the QRS complex to the beginning of the aortic flow; RPulm:
Time intervals from the start of the QRS complex to the beginning of the pulmonic flow;
R-RSb: Electromechanical delay measured in lateral tricuspid annulus; R-RSp:
Electrosystolic delay measured in lateral tricuspid annulus; S-RSb: Electromechanical
delay measured septal mitral annulus; S-RSp: Electrosystolic delay measured septal
mitral annulus Inter-Vb
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Figure 6. Indices of mechanical ventricular dyssynchrony in healthy dogs and dogs
with different stages of myxomatous mitral valve disease. Results are presented in
milliseconds. Inter-Vb: Mechanical interventricular conduction delay using the
beginning of the S’ wave; Inter-Vp: Mechanical interventricular conduction delay using
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the peak of the S’ wave; Intra-LVb: Mechanical intra-left ventricle conduction delay
using the beginning of the S’ wave; Intra-LVp: Mechanical intra-left ventricle conduction
delay using the peak of the S’ wave; Puim-Ao : Mechanical interventricular
dyssynchrony.
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ROC curve: Cardiomegaly

100~
— L-RSb (AUC 0.71)
80- — L-RSp (AUC 0.76)
— Inter-Vb (AUC 0.74)
60-
40-
20
0+ I I |

| |
0 20 40 60 80 100
100% - Specificity%

Figure 7. Receiver operating characteristic curves constructed to assess
sensitivity and specificity of echocardiographic and electrocardiographic markers of
ventricular activation for differentiation of dogs presenting cardiomegaly and dogs with
normal cardiac size. ROC: Receiver operating characteristic curve; L-RSb:
Electromechanical delay measured in lateral mitral annulus; L-RSp: Electrosystolic
delay measured in lateral mitral annulus; Inter-Vb: Mechanical interventricular
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conduction delay using the beginning of the S’ wave.



ROC curve - Heart Failure
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Figure 8. Receiver operating characteristic curves constructed to assess
sensitivity and specificity of echocardiographic and electrocardiographic markers of
ventricular activation for differentiation of dogs presenting heart failure and
asymptomatic dogs. ROC: Receiver operating characteristic curve; RPT: R-peak Time.
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ROC curve - Arrhythmias
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— RPT V1 (AUC 0.73)
—— RPT V2 (AUC 0.73)
—~ RPT V3 (AUC 0.75)
— RPT V6 (AUC 0.79)

—— L-RSb (AUC 0.75)
—— L-RSp (AUC 0.73)
—— Inter-Vb (AUC 0.71)

Figure 9. Receiver operating characteristic curves constructed to assess
sensitivity and specificity of echocardiographic markers of ventricular activation for
differentiation of dogs presenting arrhythmias and dogs without it. ROC: Receiver
operating characteristic curve; L-RSb: Electromechanical delay measured in lateral
mitral annulus; L-RSp: Electrosystolic delay measured in lateral mitral annulus; Inter-
Vb: Mechanical interventricular conduction delay using the beginning of the S’ wave; ;
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RPT: R-peak Time.
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ROC curve
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Figure 10. Receiver operating characteristic curves constructed to assess
sensitivity and specificity of echocardiographic and electrocardiographic markers of
ventricular activation for differentiation of dogs presenting supraventricular arrhythmias
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and dogs without it. ROC: Receiver operating characteristic curve; L-RSb:
Electromechanical delay measured in lateral mitral annulus; L-RSp: Electrosystolic
delay measured in lateral mitral annulus; RPulm: Time intervals from the start of the
QRS complex to the beginning of the pulmonic flow; RPT: R-peak Time.
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FINAL CONSIDERATIONS

Summary of Key Findings

The two papers address complementary aspects of cardiac activation
heterogeneity in dogs with Myxomatous Mitral Valve Disease (MMVD). The first paper
focused on atrial activation markers, while the second investigated ventricular
activation markers. Both studies demonstrated that indices of electrical and
mechanical activation can provide valuable insights into the progression of MMVD and
its clinical implications.

In the first paper, atrial activation indices, such as P DII, S-PAp, and Pmax,
proved useful in identifying cardiac changes and heart failure (HF). Although some
indices showed high areas under the curve (AUC), the variation in clinical relevance of
others highlights the need for a more detailed analysis of markers in different clinical
contexts. In the second paper, ventricular activation times revealed an increase with
disease progression and associated mechanical heterogeneity. These data were
valuable for understanding how changes in ventricular activation correlate with disease
stages and HF.

Additional Discussion and Critical Observations

While the findings of the papers are promising, it is important to consider some
limitations and areas for future research. The methodology used, including
electrocardiography and echocardiography, proved effective for assessing activation
indices, but data interpretation may be influenced by variables such as variability
between dogs and the complexity of MMVD. Integrating other diagnostic techniques,
such as cardiac magnetic resonance imaging or long-term monitoring, could provide a
more comprehensive view.

Additionally, the clinical application of the indices identified in the papers needs
validation across different dog populations and clinical conditions. The accuracy and
sensitivity of the markers should be tested in further studies to confirm their utility and
effectiveness in veterinary clinical practice.

Clinical Implications and Future Directions

The findings of this thesis have significant implications for the management of
MMVD in dogs. The identification of non-invasive cardiac activation markers may
enhance the evaluation of disease progression and assist in monitoring cardiac

remodeling. The potential to use these markers to predict arrhythmias and other
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complications offers a valuable tool for veterinary clinicians.

Future studies are recommended to focus on validating the identified indices,
exploring their applicability in various stages of the disease and in diverse dog
populations. Furthermore, investigating other activation parameters and their
integration with clinical data could provide a more comprehensive understanding of
MMVD and improve treatment strategies.

Conclusion

In summary, the studies conducted provide a significant contribution to
understanding cardiac activation heterogeneity in MMVD in dogs. Integrating
electrocardiographic and echocardiographic markers has proven to be a promising
approach for monitoring and managing the disease. Continued research in this area is
crucial to improving diagnostic accuracy and expanding therapeutic options available
for MMVD in dogs.
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