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Abreviaturas

IC=Insuficiéncia Cardiaca

ICFER= Insuficiéncia Cardiaca com Fracdo de Ejecdo Reduzida
ICFEP= Insuficiéncia Cardiaca com Fracdo de Ejecdo Preservada
FE=Fracdo de Ejecéo

VE=Ventriculo Esquerdo

AE =Atrio Esquerdo

NT-proBNP = N-terminal do peptideo natriurético tipo B



Introducéo

Insuficiéncia cardiaca (IC) é uma sindrome clinica caracterizada por anormalidade na
estrututa e funcionamento cardiaco que resulta em aumento da pressao de enchimento do
ventriculo esquerdo ou prejuizo da ejecdo de sangue ao suprir as necessidade metabdlicas
teciduais corporais. A caracterizacao da fracdo de ejecao (FE) do ventriculo esquerdo (VE) é
parte fundamental na classificacdo classica de IC, permitindo a divisdo dos paciente em dois
grandes grupos com caracteristicas demograficas, comorbidades, prognéstico e resposta
terapéutica diferentes: IC com fracdo de ejecédo reduzida (ICFER) e IC com fragéo de ejecdo
preservada (ICFEP). 1 Além disso, é baseado na FE que a maioria dos ensaios clinicos em IC
selecionam seus pacientes. No entanto, o ponto de corte da FE para definigdo de ICFEP é
variavel dentre os ensaios clinicos (CHARM-Preserved Trial®: FE >40%, DIG-PEF”, I-Preserve”,
PARAMOUNT?® and TOPCAT': FE>45%; ALDO-DHF®: FE >55%). A classificacdo dos grupos
de IC baseado na FE, de acordo com o mais recente guideline americano, tem como ponto de
corte FE <40% para ICFER e FE>40% para ICFEP, sendo o grupo de paciente com FE entre 41

e 49%, considerado um grupo intermediario de ICFEP.

IC com fracdo de ejecdo preservada

ICFEP corresponde a aproximademente metade de todos os casos de IC. **2 A
prevaléncia € maior com o avancar da idade, em mulheres, pacientes com historia de hipertenséo
arterial e fibrilacdo atrial e com cardiopatia ndo isquémica. ICFEP constitui-se em um problema

de satde publica com prevaléncia e proporcéo de hospitalizagcbes em ascensdo, acompanhando o



aumento da prevaléncia das comorbidades relacionadas a essa sindrome e o envelhecimento das
populacdes.™ Estudo recente envolvendo um total de 110.621 pacientes, mostrou que 50% dos
pacientes admitidos em 275 diferentes hospitais americanos tinham diagnostico de ICFEP, sendo
que destes pacientes, 36% tinham fracéo de ejecdo >50% e 14% tinham fracdo de ejecéo entre 40
e 50%. Nesse estudo, no decorrer de 5 anos (2005 a 2010), houve um aumento de 33% para 39%
(p<0,0001) na proporc¢éo de pacientes hospitalizados por ICFEP, com concomitante reducéo na
proporcao de hospitalizacdes por ICFER.*

Enguanto os critérios diagnostico para ICFER sdo bem definidos, o diagndstico de ICFEP
é uma desafio, envolvendo primeiramente a exclusdo de uma variedade de causas ndo cardiacas
para os sintomas de IC. Enquanto a diretriz americana apenas cita critérios para definicdo de
ICFEP (sinais ou sintomas de IC, evidéncia de FE de VE normal e evidéncia de disfuncéo
diastélica)?, a diretriz européia de IC determina quatro critérios diagnésticos que devem ser
preenchidos para o diagnoéticos de ICFEP: sintomas tipicos de IC; sinais tipicos de IC; FE de VE
normal ou levemente reduzida com VE ndo dilatado; e alteracdo estrutural cardiaca (hipertrofia
de VE ou dilatagio de 4trio esquerdo) e/ou disfuncéo diastélica. A diretriz brasileira sugere um
fluxograma para melhor diagnoético de IC em seus dois grandes grupos, que envolve anamnese,
exame fisico e exames complementares , onde é destacado o papel do BNP ou NT-proBNP na
definicdo objetiva de congestdo.™

Apesar do pobre progndstico associado a ICFEP, dados de uma metanalise
contemporanea mostraram que o prognaéstico de pacientes com ICFEP ainda € melhor do que em
pacientes com ICFER (ICFEP 121 mortes por 1.000 pacientes-anos versus ICFER 141 mortes
por 1.000 pacientes-ano, 0 que representa um risco de morte 32% menor em ICFEP comparado a

ICFER em 3 anos). Essa metanalise ainda demonstrou que o risco de morte dos pacientes



analisados ndo aumentava de forma significativa em todo grupo de pacientes com FE acima de
40%, enquanto pacientes com FE <40%,apresentavam maior risco de morte, refor¢cando o ponto
de corte da FE acima de 40% nos ensaios clinicos farmacolégicos de ICFER.'® Deve-se ressaltar
que similarmente ao que ocorre em paciente com ICFER, o risco de morte em ICFEP aumenta
consideralmente apés hospitalizac&o por IC.}” O predominio de mortes por causa cardiovascular
versus nao-cardiovascular associado a ICFEP é varidvel conforme o tipo do estudo analisado:
estudos baseados em coortes da comunidade mostram maior proporcao de mortes por causa ndo-
cardiovascular enquanto ensaios clinicos mostram maior predominio de mortes por causa
cardiovascular, refletindo o perfil mais saudavel dos pacientes selecionados para 0s ensaios
clinicos.'®

Até o presente momento, ndo ha nenhuma terapia com comprovado efeito na reducédo de
mortalidade e hospitalizagdes atribuidas a ICFEP, apesar das inimeras intervencdes terapéuticas
com comprovado beneficio sobre sobrevida e hospitalizacdes dos pacientes com ICFER.™
Estudos recentes mostraram melhora de desfechos intermediarios atribuidos ao inibidor do
receptor da angiotensiona neprilisina (diminuicdo de peptideos natriuréticos e volume do atrio
esquerdo)® e a espironolactona (melhora da funcéo diastélica e hipertrofia de VE)® embora pelo
menos no caso da espironolactona, esse resultado ndo se reproduza em reducédo de mortalidade e
hospitalizagdes como desfecho primario em estudo clinico posterior (TOPCAT).” A semelhanca
de estudo prévio®, 0 TOPCAT mostrou apenas reducéo de hospitalizacdo por IC quando esse
componente foi avaliado isoladamente. Assim, 0 manejo para ICFEP ainda é limitado ao manejo
das comorbidades associadas e diuréticos.

Um dos poucos consensos que ha na sindrome da ICFEP é que esta é uma sindorme

heterogénea, onde 0s pacientes possuem comorbidades em comum, mas a maioria dos casos ndo



tem uma etiologia especifica primaria. A melhor compreensdo dos mecanismos fisopatogicos

associados a ICFEP podem ajudar na identificacdo de melhores alvos terapéuticos.

Mecanismos fisiopatoldgicos

O mecanismo fisiopatologico da ICFEP é complexo e ainda ndo completamente
entendido. Tradicionalmente, essa sindrome tem sido atribuida primariamente a anormalidades
da funcdo diastdlica, por isso a denominacao frequentemente utilizada de IC diastoélica.
Disfuncéo diastdlica inclui prolongamento do relaxamento ativo e aumento da complascéncia
passiva do VE, baseado em estudos que usaram mensuracdes invasivas desses parametros.?#* A
alteracdo na funcdo diastolica resultaria em um ineficiente esvaziamento do atrio esquerdo (AE)
e aumento das pressdes de enchimento do VE, com diminuicdo da capacidade do miocéardio em
suprir o aumento das demandas metabolicas teciduais durante o exercicio, aumento da presséo
pulmonar e sinais e sintomas de retencdo de liquidos. Na auséncia de patologias envolvendo
endocardio e pericardio, a alteracdo da funcéo diastélica tem sido atribuida a um aumento da
rigidez miocérdica, seja por alteracéo dos cardiomiécitos e/ou da matriz extracelular.?
Evidéncias atuais sugerem que o remodelamento miocardico observado na ICFEP esta
relacionado a presenca de um estado inflamatdrio nesses pacientes, decorrente a comorbidades
prevalentes nessa sindrome, como hipertensdo, obesidade, diabetes mellitus, doenca obstrutiva
cronica. 2 A ativacio do endotélio microvascular coronariano, induzida por esse estado
inflamatdrio, resultaria na producédo de espécies reativas de oxigénio e consequente reducao da
bio-disponibilidade de 6xido nitrico, guanosina monofosfato ciclica (GMPc) e proteina quinase
G. * Essa sequéncia de eventos estimularia hipertrofia de cardiomidcitos (via alteracdes da

proteina titina), fibrose interticial e consequente aumento rigidez miocardica. Na ICFEP, essa



sequéncia de eventos ndo consegue ser atenuada pela acao do peptideo atrial natriurético (BNP)-
que atuaria normalizando os componentes em faléncia decorrente do estresse oxidativo,
especialmente GMPc- ja que as moléculas de BNP encontram-se reduzidas na sua forma
biologicamente ativa e com maior resisténcia ao seu efeito nessa sindrome.®*

Recentemente, outros mecanismos fisiopatologicos, além da disfuncédo diastolica, tém
sido identificados como tendo um papel importante no desenvolvimento da ICFEP: aumento da
rigidez vascular sistémica e pulmonar, anormalidades do acomplamento ventriculo-arterial e
atenuacdo da vasodilatacdo sistémica durante o exercicio; prejuizo da reserva funcional sistélica
e diastolica do VE, seja por anormalidades no retorno venoso, na vasodilatacdo periférica, no
aumento da contratilidade miocérdica ou da frequéncia cardiaca; incompeténcia cronotrépica,
prejuizo na utilizacdo periférica de oxigénio.??%

Adicionalmente, evidéncias iniciais apontam para a presenca de alteracdo na funcéo

sistolica do VE presente na ICFEP"?°

, concomitante a FE preservada, como também a presenca
de dissincronia mecénica e sua associacao a ineficiéncia do processo contracéo e relaxamento
miocardico.?% Ainda, alteragdes na estrutura e funcionamento de outras cavidades cardiacas

além do VE, como o AE, podem contribuir para a sindrome da ICFEP.*

Disfuncéo sistélica e ICFEP

Por definigdo, a funcdo sistolica aferida pela FE do VE encontra-se dentro dos limites da
normalidade nos pacientes com ICFEP. No entanto, apesar dessa variavel ser a mais comumente
usada para avaliar a contratilidade miocardica na pratica clinica, a FE do VE e altamente

dependente das condicGes de pré-carga e pos-carga cardiaca e nao detecta alteragdes sutis da
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contratilidade miocardica.®*® Assim, para melhor compreens&o da contratilidade cardiaca nesses
pacientes, faz-se necessario a utilizacdo de outros parametros.

Estudos iniciais utilizando pardmetros como encurtamento médio-parietal do VE** e
deslocamento do plano étrio-ventricular durante a sistole ventricular® revelaram que pelo menos
uma parte (25 a 30%) dos pacientes com ICFEP mostravam disfungdo contrétil. Quando a fungéo
contrétil foi avaliada por Doppler tecidual, a anormalidade na funcéo sistdlica tornava-se
evidente nos pacientes com ICFEP e apresentava valores intermediérios entre pacientes com
ICFER e controles saudaveis ou pacientes assintomaticos com disfuncao diastdlica.?”*®

Mais recentemente, o surgimento da técnica do speckle-tracking através da analise de
imagens ecocardiogréficas no modo bi-dimensional tem permitido a avaliacdo da funcao
contrétil do VE independente do angulo de incidéncia da aquisi¢do da imagem, de forma mais
acurada que o Doppler tecidual e ndo limitado a avaliagdo da funcéo contratil no plano
longitudinal cardiaco.*” Com essa metodologia, é possivel avaliar as fibras miocardicas em seus
eixos de orientacdo especificos (fibras subendocardiacas e sua deformacéo longitudinal e fibras
subepicardicas e sua deformacéo circunferencial e radial). Estudos menores, unicéntricos e
envolvendo um pequeno nimero de pacientes mostraram a presenca de disfuncéo sistolica

usando speckle tracking em pacientes com ICFEP.%* Entretanto, ainda néo esta claramente

definido a frequéncia e magnitude da disfuncdo sistolica associada a ICFEP.

Dissincronia cardiaca e ICFEP
Em condicGes de normalidade, a contragéo ventricular ocorre de forma altamente
coordenada, com ativacdo do endocardio para o epicardio e do apice para a base, de maneira

quase coincidente em todas as regides do ventriculo esquerdo.*® A interferéncia nesse processo
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de ativacdo e contragdo do ventriculo esquerdo leva a dissincronia cardiaca resultando na
ineficiéncia mecéanica miocardica. Além disso, a heterogeneidade temporal da fungéo sistolica
pode interferir na relacdo coordenada entre encurtamento sistélico e posterior estiramento
diastélico das fibras miocardicas.** Um estudo com pacientes com ICFER estéaveis, comparou a
funcdo diastolica daqueles com dissincronia significativa (bloqueio de ramo esquerdo), com
aqueles sem dissincronia aparente. Aqueles pacientes com dissincronia cardiaca, revelaram
maior frequéncia de disfuncdo diastdlica grave, pressdo de enchimento de VE mais elevada e
maiores niveis séricos de NT-proBNP.*

Na ICFER, a presenca de dissincronia cardiaca € um preditor independente para eventos
adversos cardiovasculares, incluindo mortalidade® e a terapia de ressincronizacéo melhora a
sobrevida nesse pacientes.** Evidéncias iniciais sugerem a presenca de dissincronia cardiaca
também na ICFEP. Em 2010, Phan e colaboradores mostraram que pacientes com ICFEP (n=38)
possuiam maior dissincronia longitudinal que controles saudaveis com idade e sexo similares a
pacientes com ICFEP, mesmo naqueles pacientes com QRS <120ms (sem aparente dissincronia
elétrica).* Mais recentemente, outro grupo mostrou mostrou maior dissincronia em pacientes
com ICFEP (n=85) ainda que comparados a individuos assintomaticos com disfuncéo diastolica
do VE. Nesse estudo, a presenca de dissincronia cardiaca foi associada a prejuizo na funcédo
sistélica longitudinal do VE (aferida por speckle tracking), assim como a disfuncéo diastélica.*®
Entretando, é necessaria uma maior evidéncia de dissincronia de VE em ICFEP, usando uma
amostra maior e bem caracterizada de pacientes com ICFEP, de preferéncia vinda de multiplos

centros.
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Disfuncéo do atrio esquerdo e ICFEP

A maioria dos pacientes om ICFEP apresenta aumento do tamanho do atrio esquerdo
(AE), primariamente como um marcador de disfuncgdo diastélica e reflexo do aumento
prolongado da pressdo de enchimento do VE. A dilatagdo do AE est4 associada a aumento de
risco para morbidade e mortalidade cardiovascular.*”*® Entretando, dois grandes ensaios clinicos
(CHARM-Preserved and I-Preserve) mostraram que em torno de um terco dos pacientes com
ICFEP ndo apresentam qualquer alteragdo do tamanho do AE.**° Se esses pacientes sem
alteracdo estrutural do atrio esquerdo, j& apresentam alguma alteracdo da funcéo do atrio
esquerdo ainda é uma lacuna do conhecimento a ser preenchido.

O AE possue trés funcdes diferentes no ciclo cardiaco: durante a sistole do VE, o AE atua
como um reservatdrio de fluxo cardiaco; durante a diastole do VE, ap6s a abertura da valvula
mitral , 0 AE atua inicialmente como uma cavidade de conducao do fluxo cardiaco para o VE, e,
no fim dessa fase, 0 AE atua como uma bomba, impulsinando o fluxo cardiaco de forma ativa
para o VE.

Estdo surgindo evidéncias que o prejuizo da fungdo do AE seja mais um fator a contribuir
na fisiopatologia da ICFEP. Melenovsky e colaboradores mostraram, numa amostra pequena de
ICFEP (n=37), que além de alteracBes estruturais do AE, a disfuncdo do AE em suas trés fases
pdde diferenciar pacientes com ICFEP de hipertensos assintomaticos com hipertrofia de VE,
talvez sendo esse um fator que contribui para a transicdo de um estado assintomatico de alteracao
estrutural de VE para outro de evidente IC.*® Dois anos ap6s, outro grupo de pesquisadores
usando uma metodologia mais acurada para medir fungdo do AE (strain e strain rate) estudaram
a fase de reservatorio e funcdo de bomba do AE e mostraram que a disfungéo na fase de

reservatorio do AE conseguia diferenciar individuos com ICFEP (n=20) daqueles com disfuncéo
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diastélica assintomatica (n=19), o mesmo nao acontecendo pela analise estrutural do AE.*! Mais
recentemente, Morris e colaboradores, usando metodologia semelhante ao estudo anterior para
estudar a fungdo do AE (funcdo reservatorio e funcdo de bomba do AE), compararam uma
amostra maior de pacientes com ICFEP (n=119) e individuos assintométicos com disfuncéo
diastolica (n=301). Nesse estudo, a disfun¢do do AE nessas duas fases foi novamente reafirmada
no grupo com ICFEP, concomitante a alteracéo estrutural do AE.*

Novos estudos tornam-se necessarios para ampliar o conhecimento da funcdo do AE na
ICFEP em suas trés fases, principalmente nos subgrupos de pacientes sem alteracéo estrutural do

AE ou historia de fibrilacéo atrial.
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Hipoteses

1.A sincronia ventricular esquerda esta alterada em pacientes com ICFEP, sendo associada a

disfuncdo diastolica e sistdlica.

2.A funcdo sistdlica ventricular esquerda esta alterada em pacientes com ICFEP, quando aferida

por strain miocardico, sendo associada a niveis elevados do fragmento NT-proBNP

independente da funcéo diastolica.

3.A funcéo do atrio esquerdo esté alterada em pacientes com ICFEP, mesmo naqueles sem

aumento do AE ou historia de fibrilagdo atrial.
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Objetivos

1.Comparar a sincronia cardiaca em pacientes com ICFEP e controles saudaveis e avaliar se a
dissincronia cardiaca presente na ICFEP esta relacionada a prejuizo da funcédo diastolica e da

funcdo sistolica.

2.Determinar frequéncia e severidade da disfuncéo sistdlica aferida por strain miocéardico em
pacientes com ICFEP e comparar a funcéo sistolica destes pacientes com pacientes com
cardiopatia hipertensiva assintomatica e controles saudaveis. Determinar se o prejuizo da funcdo
sistolica entre os pacientes com ICFEP é correlacionado a variaveis clinicas, ecocardiogréficas e

niveis de NT-proBNP.

3.Comparar funcéo atrial esquerda em pacientes com ICFEP e controles saudaveis e determinar

as variaveis clinicas e ecocardiogréaficas que estdo associadas a diminui¢do do strain do atrio

esquerdo nesses pacientes.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) is a common and increasingly
prevalent health problem® affecting 30 to 55% of all patients with chronic heart failure.?® The
pathophysiological mechanisms underlying HFpEF are heterogeneous and complex. While
abnormalities of diastolic function including abnormal active relaxation and elevated passive
stiffness are most commonly implicated,®® abnormalities of LV systolic function have also been
described.**! Additionally mechanisms also appear to contribute to HFpEF, including impaired
LV systolic and diastolic functional reserve, pulmonary hypertension and abnormal pulmonary
vascular resistance, impaired peripheral oxygen utilization, arterial stiffness and abnormal
ventricular-vascular coupling, and chronotropic incompetence.*?

Cardiac dyssynchrony has been associated with a higher risk of adverse outcomes in heart
failure with reduced ejection fraction (HFrEF) and has also been associated with worse prognosis
following myocardial infarction.** Furthemore mechanical dyssynchrony and its associated
inefficiencies in myocardial contraction and relaxation have also been proposed to play a role in
HFpEF.***> We used baseline data from the The Prospective comparison of ARNI with ARB on
Management Of heart failUre with preserved ejectioN fraction (PARAMOUNT) Trial, a large
well-phenotyped cohort of HFpEF patients, to test the hypothesis that cardiac synchrony is
abnormal in HFpEF patients, and that this dyssynchrony is related to impaired diastolic as well
as systolic function.

Methods

Study Population

HFpEF Patients
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The PARAMOUNT trial (Clinicaltrials.gov NCT00887588) enrolled men and women
older than 40 years with left ventricular ejection fraction (LVEF) >45%, documented history of
heart failure with NYHA class I1-1V symptoms, and NT-proBNP levels >400 pg/mL at the
baseline visit.'® Patients were excluded if they had a previous LVEF less than 45% at any time,
isolated right heart failure due to pulmonary diseases, dyspnea due to non-cardiac causes such as
pulmonary diseases, anemia or severe obesity, primary valvular, coronary or cerebrovascular
disease. All of the 301 patients enrolled in the PARAMOUNT trial had a baseline
echocardiogram according to a study protocol. A total of 130 patients had apical two- and four-
chamber image quality sufficient for speckle tracking analysis, and were appropriate for LV
dyssynchrony analysis. Patients with non-DICOM images, missing view(s), poor image quality,
left bundle branch block, and/or paced rhythm were excluded (Figure 1).

Controls

A group of 40 healthy controls was retrospectively identified from the medical records of
the Brigham and Women’s Hospital (BWH). The search strategy targeted patients >55 years who
had an echocardiogram, and no ICD-9 code in their record for any of the following conditions:
hypertension, ischemic heart disease, cardiac arrhythmia, hypercholesterolemia, chronic
obstructive lung disease, diabetes mellitus, cerebrovascular disease, arterial vascular disease,
cancer .This group was further selected to have normal LV ejection fraction, no LV regional
motion abnormalities, normally sized cardiac chambers, no significant valvular disease and
suitable echocardiogram image quality. Controls had a similar age and gender distribution to the
HFpEF group. Our final sample was achieved from an initial searching including 2,000

participants. The study protocol was approved by the BWH Institutional Review Board.

Echocardiographic Analyses
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Standard echocardiographic and Doppler parameters were analyzed using an offline
analysis workstation at a core laboratory (Brigham and Women's Hospital, Boston MA, USA).
All measurements were made in triplicate in accordance with the recommendations of the

American Society of Echocardiography*’*®

and included LV diameter and volumes, LV wall
thickness, LV mass, LVEF, LA volume, mitral inflow propagation and lateral mitral annular
relaxation velocities.

Dyssynchrony and contractile function indices were measured using B-mode speckle-
tracking software (TomTec Imaging Systems, Unterschleissheim, Germany) that circumvents
angle dependency and identifies cardiac motion by tracking multiple reference points over time.
The endocardial borders were traced at the end-diastolic frame of 2D images acquired from the
apical two- and four-chamber views. End-diastole was defined by the QRS complex, or as the
frame after mitral valve closure. Speckles were tracked frame by frame throughout the LV
myocardium over the course of one cardiac cycle; basal, mid, and apical regions of interest were
then created. Thereafter each image was carefully inspected and the segments that failed to track
were manually adjusted. If more than 1 segment could not be tracked, if there was a lack of a full
cardiac cycle or significant foreshortening of the left ventricle, the measurements were
considered unreliable and the patient was excluded from the analysis. Mechanical dyssynchrony
of the LV was measured as the standard deviation of regional time-to-peak longitudinal strain (in
milliseconds) measured during systole, across the 12 anatomic wall segments of the apical four-
and two-chambers views (Figure 2).** Global longitudinal strain was calculated as the average
longitudinal strain across the apical two- and four-chamber views. For patients in sinus rhythm,
analyses were performed on a single cardiac cycle, while for patients in atrial fibrillation strain

values were averaged over 3 cardiac cycles. Intra-observer variability was assessed in 30
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randomly selected PARAMOUNT studies: coefficient of variation: 6.8%; intra-class correlation
coefficient was 0.95 (95% C1 0.91-0.98) for global longitudinal strain.
Statistical analysis

All normally distributed data were displayed as mean and standard deviation, and non-
normally distributed data were displayed as median and interquartile range. Categorical data
were shown as a total number and proportion. NT-proBNP was log-transformed before analysis.
Categorical variables were compared using X* tests and continuous variables were compared
using a two sided t-test with unequal variance.

We categorized the HFpEF patients in quartiles according to severity of dyssynchrony,
and applied trend tests across ordered groups to illustrate the association between dyssynchrony
and demographic characteristics, NTproBNP levels, QRS interval and echocardiographic
measures of cardiac structure and function. Correlations of categorical and continuous variables
were tested by Pearson’s coefficient. Multivariate linear regression analysis was performed to
adjust for significant clinical variables. All tests were two-sided and p-values of <0.05 were
considered statistically significant. Stata/SE version 12.1 (StataCorp, College Station, TX) was
used for all analysis.

Results
Patient characteristics

Patients with HFpEF were generally elderly, obese, and mostly women (62%) (Table 1).
Most of these patients were in NYHA functional class Il (77%), and had elevated NTproBNP
levels (median 867 pg/mL, IQR 482 to 1459 pg/mL). Although the majority of patients were
hypertensive (92%), their blood pressure was well controlled. Atrial fibrillation was present in 24

(18%) patients at the time of echocardiography. The mean QRS duration was 96.1+21.6ms and
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17 (13%) patients had QRS duration greater than or equal to 120ms. Patients included in this
analysis had slightly higher ejection fraction (59.6 + 7.2% vs. 56.6 + 7.9%, p<0.001), and had
higher systolic blood pressure (139 £ 15mmHg vs. 133 £ 15mmHg, p=0.002) than patients not
included, but were similar with respect to other baseline characteristics.

Compared with controls, patients with HFpEF had lower ejection fraction, though still
within the normal range, and global longitudinal strain was lower. HFpEF patients had also
higher left ventricular (LV) and left atrial (LA) volumes, lower mitral annular relaxation velocity
(E’) and higher E/E’ ratio compared to controls. The LV mass was not different between groups.
The relative wall thickness was higher in controls than HFpEF patients driven by higher LV end
diastolic diameter in the HFpEF group (Table 1). The elevated NT-proBNP, as inclusion criteria
in the PARAMOUNT trial, can favor patients with larger left ventricles. Indeed, in our study, LV
end diastolic diameter was significantly associated with NT-proBNP levels (p=0.03).

Cardiac Dyssynchrony

LV dyssynchrony was significantly worse in HFpEF patients compared with controls
(Figure 3). The difference between these groups persisted even when the analysis was restricted
to HFpEF patients in sinus rhythm (n=106; 56.4 + 33.5ms in controls vs. 97.6 £ 51.8ms in
HFpEF, p<0.001) or to 40 HFpEF patients (age and gender matched 1:1 with controls). Also, the
differences remain in a subset of HFpEF patients with EF >55% and QRS<100ms (n = 63; 56.4 +
33.5ms in controls vs. 88.5 + 55.8ms in HFpEF, p<0.001), and remained significant after
adjustment for age, gender, systolic blood pressure, LV mass index and ejection fraction
(p=0.013).

Amongst HFpEF patients, those with more dyssynchrony had wider QRS intervals,

higher LV mass indices, and progressively decreased mitral annular relaxation velocity (E’)
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compared to HFpEF patients in the lowest quartile of dyssynchrony (Table 2). LV ejection
fraction, global longitudinal strain, left atrial volume index, E/E’, and NT-proBNP did not differ
based on the degree of dyssynchrony. In a sensitivity analysis, the relationship between
dyssynchrony and E’ persisted even in patients with ejection fraction >55%, and after adjustment
for age, gender, systolic blood pressure, LV mass index and LV ejection fraction (Figure 4).
Discussion

We observed that HFpEF patients had greater LV dyssynchrony compared with healthy
controls and that dyssynchrony was present even in patients with LVEF >55% and narrow QRS.
In HFpEF patients, worse LV dyssynchrony was associated with a wider QRS interval, lower
mitral annular relaxation velocity, and higher LV mass. These findings suggest that
dyssynchrony may play a pathophysiologic role in HFpEF.

In addition to the acknowledged association between HFrEF and dyssynchrony, ™% LV
dyssynchrony has also been described in HFpEF. Studies using conventional Doppler
echocardiography parameters and Tissue Doppler (TDI) first demonstrated that mechanical
dyssynchrony is common in patients with HFpEF, regardless of QRS duration.'*#% Recently,
speckle tracking has emerged as a more robust technique to quantify dyssynchrony because
unlike Doppler it is angle independent.* Phan et al compared 33 HFpEF patients with a narrow
QRS (<120ms) to healthy controls, and showed greater dyssynchrony in the former.'* More
recently, speckle tracking was used to demonstrate that 85 HFpEF patients had greater
dyssynchrony than patients with asymptomatic LV diastolic dysfunction.™ Our study utilized
speckle tracking, all echocardiography measurements were performed using a core laboratory®

and included the largest sample of HFpEF patients to date. We further showed that greater
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dyssynchrony was present even in HFpEF patients with ejection fraction >55%*’ and a narrower
QRS (<100ms) than previously reported.

We found that greater LV dyssynchrony was most robustly associated with lower early
diastolic relaxation assessed by E’. The association remained strong even in a subset of patients
with robustly preserved ejection fraction. Temporal heterogeneity in systolic function may play
an important pathophysiological role in HFpEF by interrupting the normally tightly coordinated
relationship between systolic shortening and subsequent diastolic lengthening.® As
dyssynchrony increases, it can result in decreasing of systolic shortening which has been shown
to increase diastolic filling pressure.?”2* We did not find a relationship between the degree of LV
dyssynchrony and LV filling pressure (E/E”), which might result from our use of a narrower
range of patients, selected for elevated NTproBNP levels. The relationship seen between
mechanical dyssynchrony and increased LV mass suggests that LV hypertrophy and/or
interstitial fibrosis may be associated with dyssynchrony in HFpEF. Although there is a well-
described association between LV dyssynchrony and systolic dysfunction in HFrEF?* we could
not demonstrate one in our HFpEF cohort.

The degree of dyssynchrony observed in these HFpEF patients was considerably less than
typically observed in HFrEF patients being considered for cardiac resynchronization therapy
(CRT)**3! (126+7.8ms in HFrEF patients from MADIT-CRT>? vs 90.6+4.5ms in our HFpEF
cohort) and less than what has been previously observed in post-MI patients.®® To date, little
evidence exists to demonstrate CRT is beneficial in patients with preserved ejection fraction,
although one study showed a clinical and structural benefit from CRT in patients with mean

LVEF 43+7%.3* We therefore cannot rule out the possibility that dyssynchrony plays a
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pathophysiologic role in HFpEF, albeit in conjunction with other abnormalities of cardiac
function.

Some limitations of this analysis should be noted. Only half of the patients enrolled in the
PARAMOUNT trial had echocardiograms that were eligible for dyssynchrony evaluation by
combined two-chamber and four-chamber 2D speckle tracking analysis. While there were some
differences between the included cohort and those who could not be included - ejection fraction
was even higher in the patients analyzed. There is no gold standard to assess cardiac
dyssynchrony, but speckle tracking appears to be more accurate than Doppler-based
techniques.”* Because PARAMOUNT was a clinical trial, the generalizability of these findings
to HFpEF patients in the community may be limited due to the inclusion/exclusion criteria of the
PARAMOUNT trial.

In summary, we found greater LV mechanical dyssynchrony in HFpEF patients
compared with healthy controls, even among those with robustly preserved LVEF and no
significant electrical dyssynchrony. In HFpEF, greater mechanical dyssynchrony appears to be
associated with wider QRS, greater myocardial hypertrophy, and especially impaired diastolic,
but not systolic function, suggesting that mechanical dyssynchrony may play a pathophysiologic
role in HFpEF. The prognostic relevance of mechanical dyssynchrony and the potential role of
CRT in HFpEF remain to be determined.
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Table 1: Baseline characteristics of the study population

Controls HFpEF p value
(n=40) (n=130)

Age (years) 69 +7 71+9 0.11
Women, n (%) 31 (78) 80 (62) 0.06
NYHA II, n (%) - 100 (77)
NYHA 111, n (%) - 29 (22)
Previous Hospitalization for HF, n (%) 0 (0%) 64 (49)
History of Atrial Fibrillation, n (%) 0 (0%) 57 (44)
History of Hypertension, n (%) 0 (0%) 119 (92)
History of Diabetes, n (%) 0 (0%) 43 (33)
History of Myocardial Infarction, n (%) 0 (0%) 26 (20)
Heart Rate (beats per min) 69 + 12 69 + 14 0.96
Systolic Blood Pressure (mm HQ) 129 £ 15 139+ 15 0.002
Diastolic Blood Pressure (mm Hg) 74+ 10 78 £ 10 0.04
Body Mass Index (kg/m?) 25.9+4.0 30.2+5.9 <0.001
NT-proBNP (pg/mL) - 867 [482,1459]
Echocardiographic measures
LV Ejection Fraction (%) 65.2 £ 4.8 59.6 +7.3 <0.001
Global Longitudinal Strain (%) -200+£2.1 -15.1+£3.1 <0.001
LV End-Diastolic Volume (mL) 82.9+18.3 1119+ 279 <0.001
LV End-Systolic Volume (mL) 28.8+75 457+ 16.5 <0.001
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LV End-Diastolic Volume/BSA (mL/m?)
LV End-Systolic Volume/BSA (mL/m?)
Relative Wall Thickness (%)

LV Mass/BSA (g/m?)

LV Mass/Height*’ (g/m?*”)

E’ (cm/s)

E/E’

E/A

Left Atrial Volume/BSA (mL/m?)

471+94

166 +4.4

0.41 +0.07

80.3+ 175

37.2+8.3

8.8+21

8.3+3.2

0.93+0.22

21.7+5.6

60.3+13.4

246 +8.4

0.38 +0.08

77.4+216

38.4+11.2

7327

13.2+6.5

1.21+0.71

355+120

<0.001

<0.001

0.008

0.40

0.49

<0.001

<0.001

0.001

<0.001

Data are presented as n (%), mean + SD, median [IQR].

p values was calculated by t-test or X

NYHA= New York Heart Association. BSA= body surface area. E’= lateral mitral relaxation

velocity. E/E’=mitral inflow to mitral relaxation velocity ratio. E/A=early to late mitral inflow

velocity ratio.

34



Table 2 Characteristics of HFpEF patients by quartiles of left ventricular longitudinal dyssynchrony

Quartiles of LV longitudinal dyssynchrony

Better Worse

39.6 £7.2ms 64.0+£6.3ms 935+99ms 166.6+33.6ms pvalue

(n=33) (n=32) (n=33) (n=32) for trend
Age (years) 717 70+ 9 70+ 9 72+ 10 0.49
Women, n (%) 22 (67) 21 (66) 18 (55) 19 (59) 0.39
SBP (mm Hg) 136 + 14 135+ 17 141 + 16 141+ 14 0.10
NYHA III, n (%) 5 (15%) 8 (25%) 8 (24%) 8 (25%) 0.37
QRS (ms) 91 +13 97 +22 93+16 104 + 30 0.04
NT-proBNP(pg/mL) 911 834 863 867 0.75

[635,1314] [548,1397]  [407,1725] [439,1557]

LVEF (%) 599+70 59.4+6.1 58.8+ 7.5 60.4 £ 8.5 0.94
GL strain (%) -15.7+3.2 -15.3+34 -149+26 -14.6 £ 3.2 0.12
LV end-diastolic volume (mL) 108.4 + 29.7 108.6 +329 116.5+245 1141+241 0.25
LV end-systolic volume (mL) 44.0£18.0 443 +16.5 48.4 £ 14.6 46.1£17.3 0.43
LV mass/BSA (g/m?) 722+ 254 75.3%+20.3 79.5+184 826+21.1 0.04
RWT 0.36 +0.06 0.39+0.08 0.37 £ 0.07 0.40+0.11 0.14
E’ (cm/s) 81+28 8.0+£29 6.9+21 6.1+28 0.001
E/E’ 12.8+55 13.0+6.1 125+55 146 £ 8.7 0.36
LAV/BSA (mL/m?) 40.1+14.2 33.5+84 33.8+10.8 345+13.0 0.07

Data are presented as n (%), mean = SD, median [IQR].
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NYHA= New York Heart Association. SBP=systolic blood pressure LVEF= left ventricular ejection
fraction. GL strain=global longitudinal strain. RWT= relative wall thickness. E’= lateral mitral

relaxation velocity. E/E’=mitral inflow to mitral relaxation velocity ratio. LAV= left atrial volume.
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Legends

Figure 1 Feasibility of dyssynchrony evaluation by speckle-tracking analysis.

Figure 2 Two-dimensional speckle tracking imaging in the apical four-chamber view in a
healthy control patient (left panel) and a patient with HFpEF (right panel). Curves represent
longitudinal strain curves, which were used to measure left ventricular dyssynchrony and
contractile function.

Figure 3 Left ventricular dyssynchrony in HFpEF and healthy controls. Data are presented as
mean + SE.

Figure 4 Diastolic function by quartiles of severity of LV dyssynchrony in HFpEF (EF>55%).
Data are presented as mean + SE. P value adjusted by age, gender, systolic blood pressure, LV

mass, LV ejection fraction.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Abstract
Objectives: This study sought to determine the frequency and magnitude of impaired
systolic deformation in heart failure with preserved ejection fraction (HFpEF).
Background: Although diastolic dysfunction is widely considered a key
pathophysiologic mediator of HFpEF, the prevalence of concomitant systolic
dysfunction has not been clearly defined.
Methods: We assessed myocardial systolic and diastolic function in 219 HFpEF
patients from a contemporary HFpEF clinical trial. Myocardial deformation was
assessed using a vendor-independent 2-dimensional speckle-tracking software. The
frequency and severity of impaired deformation was assessed in HFpEF, and compared
to 50 normal controls free of cardiovascular disease and to 44 age- and sex-matched
hypertensive patients with diastolic dysfunction (hypertensive heart disease) but no HF.
Among HFpEF patients, clinical, echocardiographic, and biomarker correlates of left
ventricular strain were determined.
Results: The HFpEF patients had preserved left ventricular ejection fraction and
evidence of diastolic dysfunction. Compared to both normal controls and hypertensive
heart disease patients, the HFpEF patients demonstrated significantly lower longitudinal
strain (LS) (-20.0 £ 2.1 and -17.07 + 2.04 vs. -14.6 + 3.3, respectively, p < 0.0001 for
both) and circumferential strain (CS) (-27.1 + 3.1 and -30.1 + 3.5 vs. -22.9 + 5.9,
respectively; p < 0.0001 for both). In HFpEF, both LS and CS were related to LVEF
(LS, R =-0.46; p < 0.0001; CS, R=-0.51; p < 0.0001) but not to standard
echocardiographic measures of diastolic function (E’ or E/E’). Lower LS was modestly

associated with higher NT-proBNP, even after adjustment for 10 baseline covariates
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including LVEF, measures of diastolic function, and LV filling pressure (multivariable
adjusted p = 0.001).

Conclusions: Strain imaging detects impaired systolic function despite preserved global
LVEF in HFpEF that may contribute to the pathophysiology of the HFpEF syndrome.
(LCZ696 Compared to Valsartan in Patients With Chronic Heart Failure and Preserved
Left-ventricular Ejection Fraction; NCT00887588)

Heart failure with preserved ejection fraction (HFpEF) is a prevalent and
growing public health problem associated with significant morbidity and an increased
risk of in-hospital, short-term, and long-term mortality (1,2). Impairment in LV diastolic
function has been proposed as a key pathophysiologic mediator (3-5). However, the
role of concomitant systolic dysfunction despite preserved left ventricular ejection
fraction (LVEF) has not been well characterized, but may help inform future treatment
strategies by defining subphenotypes in this heterogeneous population. Indeed, prior
studies suggest that LV longitudinal function assessed by tissue Doppler imaging may
be impaired in HFpEF (6-11). However, tissue Doppler-based assessment of LV
longitudinal function is angle dependent and typically assesses only mitral annular
motion.

More recently, B-mode speckle tracking has allowed for quantitative assessment
of LV deformation, and abnormalities of strain and strain rate have been described in
HFpEF in several small single center studies (12-15). We employed myocardial
deformation imaging to determine the frequency, severity, and correlates of impaired
systolic function among patients with HFpEF enrolled in a contemporary multicenter
clinical trial. Specifically, we hypothesized that despite preserved LVEF, abnormal
strain would be prevalent in HFpEF, differentiate HFpEF from asymptomatic

hypertensive heart disease (HHD), and would relate to levels of Nterminal pro-brain
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natriuretic peptide (NT-proBNP), a soluble biomarker of myocardial wall stress with

prognostic relevance in HFpEF, independent of measures of diastolic function.

Methods

Patient population. The PARAMOUNT (Prospective Comparison of ARNI With ARB
on Management of Heart Failure With Preserved Ejection Fraction Trial) study enrolled
patients with signs and symptoms of heart failure (HF), New York Heart Association
class Il to 1V symptoms, LVEF _45%, and NT-proBNP level >400 pg/ml. Patients were
randomly allocated to receive either the angiotensinreceptor neprilysin inhibitor (ARNI)
LCZ696 or valsartan

over a period of 12 weeks. The study protocol was approved by all individual site
institutional review boards and ethics committees, and all recruited patients gave written
informed consent. Details of the inclusion and exclusion criteria, study design and
primary findings have been previously reported (16). Screening NT-proBNP was
established by a tabletop device at point of care, local laboratory, or central laboratory.
No NT-proBNP data were available for the HHD group or control population.

Control group. We screened the Brigham and Women’s Hospital’s echocardiography
database to retrospectively identify normal control subjects. Echocardiographic
examinations were clinically indicated for 1 of the following reasons: murmur,
evaluation of LV function, syncope, or atypical chest pain. Normal echocardiograms
were defined asnormal LV size and geometry, normal LVEF (>55%), normal left atrial
volume index (LAVi) (<29 ml/m2) (17),no stenotic valvular lesion, and no abnormal
valvular regurgitation. Electronic medical records were reviewed for prevalent
cardiovascular disease (stroke, coronary artery disease, myocardial infarction,

revascularization, heart failure, arrhythmia, peripheral artery disease), cardiovascular
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risk factors (hypertension, diabetes mellitus, hyperlipidemia, smoking, renal
dysfunction), systemic disease (such as cancer, infections, autoimmune disorders), or
any pharmacotherapy. Subjects were excluded if any of these were identified. In all,
2,100 echocardiographic examinations and medical records performed between 2010
and 2012 were screened to identify 50 controls of similar age and sex distribution as our
HFpEF cohort. Hypertensive group with diastolic dysfunction but no HF. We identified
44 patients with hypertension and diastolic dysfunction matched to the HFpEF
population for age and sex. They were selected from patients enrolled in the EXCEED
(Exforge Intensive Control of Hypertension to Evaluate Efficacy in Diastolic
dysfunction) trial. Details of the inclusion and exclusion criteria, study design, and
primary findings have been previously published (18,19). Briefly, the EXCEED trial
was a multicenter, open-label study of patients >45 years of age with a history of
uncontrolled systolic hypertension, preserved LVEF (>50%), and echocardiographic
evidence of diastolic dysfunction. Patients with HF symptoms, secondary hypertension,
diabetes, atrial fibrillation, a vascular event within the prior 6 months, serum creatinine
>2.0 mg/dl, or nephrotic syndrome were excluded. All participants underwent
echocardiography at enrollment, which was analyzed centrally by the same core
laboratory as the PARAMOUNT study (Brigham and Women’s Hospital, Boston,
Massachusetts). Echocardiographic analyses. All sonographers at participating sites
underwent central training in the details of the echocardiographic views and techniques
at study investigator meetings. Echocardiograms were performed at study enroliment
and were sent on digital storage media to the echocardiography core laboratory at
Brigham and Women’s Hospital. Conventional echocardiographic analysis including 2-
dimensional, Doppler, and tissue Doppler were performed by technicians blinded to

clinical information and treatment assignment using an offline analysis work station, as
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previously described in detail (20). Ventricular volumes were calculated by the
modified Simpson’s method using the apical 4- and 2-chamber views, and LVEF was
derived from volumes in the standard manner (17). The LV mass was calculated from
LV linear dimensions and indexed to body surface area as recommended by American
Society of Echocardiography guidelines. Left ventricular hypertrophy was defined as
LV mass indexed to body surface area (LVMi) >115 g/m2 in men or >95 g/m2 in
women. The relative wall thickness (RWT) was calculated from LV end-diastolic
dimension and posterior wall thickness. The left atrial (LA) volume was measured by
the biplanethe end-systolic frame preceding mitral valve opening, and was indexed to
body surface area to derive LAVi. Early transmitral velocity (E wave) was measured by
pulsed wave Doppler from the apical 4-chamber view with the sample volume
positioned at the tip of the mitral leaflets. Tissue Doppler derived peak longitudinal
systolic shortening velocity (S”) was obtained in the apical 4-chamber view at the lateral
and septal mitral annulus and averaged. Peak left ventricular relaxation velocity (E’)
was obtained from the lateral and septal mitral annulus and averaged. The E/E’ ratio
was calculated as E wave divided by E’ velocities. Diastolic dysfunction grade was
derived from mitral inflow E/A ratio, tissue Doppler septal E’, and deceleration time
(21). All measurements were performed in triplicate. Digitally acquired baseline
echocardiography images in Digital Imaging and Communications in Medicine
(DICOM) format with acceptable image quality were uploaded to the TomTec system
(Munich, Germany) for further deformational analyses (Cardiac Performance Analysis
software, TomTec). These methods have been validated against magnetic resonance
imaging and sonomicrometry (22,23), and we have previously reported excellent
reproducibility (24-26). A total of 219 patients of the total PARAMOUNT patient

population of 301 participants (73% of total enrolled) had adequate echocardiographic

55



image quality for deformational analysis by B-mode speckle tracking. Unacceptable
image quality was defined as lack of a full cardiac cycle, >1 segment dropout, digital
format other than DICOM, missing view, or significant foreshortening of the left
ventricle. As compared to the 219 patients with image quality adequate for strain
analysis, the 82 excluded patients were less frequently female (45% vs. 61%), had a
lower prevalence of chronic obstructive pulmonary disease (6% vs. 16%), a higher
prevalence of diabetes (49% vs. 34%), and a lower LVEF (56% vs. 59%, p= 0.006). No
significant differences were noted in other clinical or echocardiographic measures,
including age, NT-proBNP level, LV mass index, LAVi, E’, and E/E’. (Detailed
information on included and excluded patients are given in Online Table S1.) For
deformation analysis, endocardial borders were traced at the end-diastolic frame in
apical views and at an endsystolic frame in short-axis views. End diastole was defined
by the QRS complex or as the frame after mitral valve closure. The software tracks
speckles along the endocardial border throughout the cardiac cycle. Peak longitudinal
strain (LS) and peak circumferential strain (CS) were computed automatically
generating regional data from 6 segments and an average value for each view. For
patients in sinus rhythm, analyses were performed on a single cardiac cycle; and for
patients in atrial fibrillation, strain values were calculated as the average of 3 cardiac
cycles. Peak average LS was measured in the apical 4-chamber and apical 2-chamber
views (in 6 segments from each view) and averaged, and peak average CS was obtained
from 6 segments measured in the short-axis view at the midpapillary level. All strain
analysis on HFpEF, HHD, and normal control subjects were performed by a single
investigator. Intraobserver variability for LS and CS was assessed in a sample of 30

randomly selected patients. Coefficient of variation was 6.8% and 8.1% for LS and CS,
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respectively. Intraclass correlation coefficients were 0.95 for LS (95% confidence
interval: 0.91 to 0.98) and 0.94 for CS (95% confidence interval: 0.91 to 0.98).
Statistical analyses: Descriptive statistics for continuous variables are expressed as
mean and standard deviation for normally distributed variables and median and
interquartile range for non-normally distributed data. Categorical variables are presented
as percentages. Comparison of echocardiographic measures between HFpEF versus
HHD and normal controls was performed using Student t tests,Wilcoxon rank-sum tests,
or chi-square tests, as appropriate. The relationship between average LS and CS and
clinical characteristics, echocardiographic measures, electrocardiographic parameters,
and NT-proBNP was assessed using linear regression or nonparametric trend tests.
Abnormal LS and CS was defined as >1 SD or >2 SD below the mean value of normal
controls. The NT-proBNP was log-transformed due to its skewed distribution. Pearson
correlation coefficient was used to assess the relationships between log-transformed
NTproBNP and strain measures. Multivariable linear regression was used to determine
the relationship between strain measures and NT-proBNP after adjustment for potential
confounders. All p values were 2-sided, with p < 0.05 used to define statistical
significance. Statistical analyses were performed using STATA version 11.2 (Stata
Corp., College Station, Texas).

Results

Of 301 patients randomized in the PARAMOUNT study, 219 (73%) had
echocardiographic images in appropriate format and of adequate quality for speckle-
tracking analysis (Online Table S1). Baseline patient characteristics of the 219 included
patients are summarized in Table 1. The average age was 71 £ 9 years, and the majority
of patients were female, white, and had a history of hypertension. Half had a history of

prior HF hospitalization. In addition to diuretic use (100%), which was a required
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inclusion criterion, rates of therapy with an angiotensin-converting enzyme inhibitor or
angiotensin-receptor blocker (92%) and beta-blockers (80%) were high. The median
NTproBNP level was markedly elevated (894 pg/ml, interquartile range: 526 to 1,457
pg/ml).

Among the normal control group (n = 50), the mean age was 69 + 7 years, 68% were
female, the majority was white, and their mean body mass index was 25.9 + 3.9 kg/m2.
All patients in the control group were free of hypertension, diabetes, hyperlipidemia,
smoking, coronary artery disease, and structural or valvular heart disease, and were not
taking any cardiovascular medication. Echocardiographic analysis showed normal-sized
ventricles, wall thickness, and leftatrial size (LAVi 21.3 + 5.5 ml/m2). Left ventricular
ejection fraction was normal (61 £ 3%), and there was no evidence of diastolic
dysfunction (E’ lateral: 9.0 £ 2.2). Among the 44 age- and sex-matched HHD patients,
the average age was 71 + 8, 61% were female, the majority was white, and their mean
body mass index was 28.5 + 4.8 kg/m?. Mean blood pressure was 165/85 mm Hg.
Echocardiographic analysis showed normal-sized ventricles (mean leftventricular end-
diastolic volume 100 + 17 ml) with preserved LVEF (mean 56 + 3%). The LV mass
index was 73.5 + 16.1 g/m® By definition, all patients had evidence of diastolic
dysfunction with a mean E/E’ of 9.4 + 2.2 andLAVi of 26.6 = 3.7 ml/m2. (A
comprehensive summary of clinical and echocardiographic characteristics of the normal
control, the HHD, and the HFpEF group is provided in Online Table S2.) Conventional
2-dimensional and Doppler echocardiographic findings in the overall HFpEF cohort are
shown in Table 1. Diastolic dysfunction was present in 95% of patients, with 66%
having grade Il or 11l diastolic dysfunction. Median septal E/E’ was 14.7 (11.5 = 18.8)
and two-thirds presented with enlarged left atria using a cutoff of 29 ml/m2 (median

LAVi 33.9 (26.8 + 43.0) ml/m? (19). Despite the high prevalence of diastolic
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abnormalities and signs of increased LV filling pressure, LV volumes, mass, and
geometry were normal in most subjects, with only 15% demonstrating LV hypertrophy
and 21% demonstrating concentric remodeling or hypertrophy.

HFpEF versus controls. Although global systolic pump function (LVEF) did not differ
significantly between the PARAMOUNT study patients and normal controls (59 + 8%
versus 61 + 3%, respectively; p = 0.09), HFpEF patients demonstrated significantly
lower LS andCS (LS, p<0.0001; CS, p<0.0001) (Fig. 1, Table 2). We observed a
relationship between LVEF and both LS (Pearson correlation =-0.46, p<0.001) andCS
(Pearson correlation=-0.51, p<0.001). However, both LS and CS remained significantly
lower among HFpEF patients compared to controls after adjusting for LVEF (p < 0.001
for both LS and CS) (Fig. 1, Table 2) and after excluding subjects with LVEF <55% (p
< 0.0001 for LS, p = 0.0002 for CS). Patients with evidence of ischemic heart disease
had worse LS and CS as compared to those HFpEF patients without ischemic heart
disease. To further investigate the role of ischemic heart disease in the observed
differences in LV deformation, we performed a sensitivity analysis excluding all
patients with a history of myocardial infarction, coronary artery disease,
revascularization procedures, and anginal symptoms, and all patients with an LVEF
<55%. In the remaining 91 patients without any evidence of myocardial ischemia and
an LVEF <55%, both LS and CS remained significantly lower as compared to controls
(HFpEF vs. controls: LS, -15.7 [-18.0 to -13.8] vs. -19.9 [-21.3 to -18.3], p < 0.0001;
CS, -24.2 [-29.0 to -20.4] vs. -26.9 [-28.5 to -25.0], p = 0.0007).

HFpEF versus HHD. Compared to HHD, the HFpEF group demonstrated significantly
lower LS (p < 0.0001)and CS (p < 0.0001) (Fig. 1, Table 2). Interestingly, when
compared to controls, the HHD group demonstrated significantly lower LS (p < 0.0001)

but higher CS (p < 0.0001).
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Prevalence of abnormal strain in HFpEF. Abnormal LS and CS was present in 66.7%
and 40.4% of HFpEF patients, respectively, when abnormal was defined as >2 SD
below the mean value of controls (Table 2). In analyses stratified by LVEF (<50%, 50%
to 55%, and >55%), the proportion of patients with abnormal LS and CS was greatest in
the lowest LVEF category. The LS was more frequently abnormal than the CS, a pattern
that held across all LVEF categories (Table 2). The magnitude of impairment in LS was
also more prominent than the magnitude of impairment in CS (average relative
reduction compared to controls of 27% and 15%, respectively). Longitudinal strain in
HFpEF. Worse LS was significantly associated with nonwhite race, a history of HF
hospitalization, higher heart rate, ischemic etiology, and lower LVEF (Table 1). No
significant association was noted between LS and sex, cardiovascular comorbidities, or
pharmacotherapy. Importantly, LS was not associated with systolic or diastolic blood
pressure, and 70% of patients with normal blood pressure at the time of
echocardiography had abnormal LS. Worse LS was significantly associated with lower
LVEF (p <0.001), stroke volume (p = 0.003), and S’ (p = 0.009). The association with
LVEF remained significant when LVEF was stratified into categories (LVEF <50%, p <
0.001; LVEF 50% to 55%, p = 0.005; LVEF >55%, p < 0.001) (Table 1). Worse LS was
also associated with higher LV end-systolic volume index (p < 0.001), LV end-diastolic
volume index (p ¥ 0.03), and LV mass index (p ¥ 0.04). There was no association
between LS and echocardiographic measures of diastolic function (Table 1).
Circumferential strain in HFpEF. Patients with worse CS were more likely to have a
history of HF hospitalization, coronary heart disease, and prior myocardial infarction.
Worse CS was also associated with lower systolic blood pressure but not with age, race,
or heart rate. Like LS, lower CS was associated with lower LVEF, lower stroke volume,

and higher LV end-systolic volume index. The association with LVEF remained
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significant after stratification by LVEF category (LVEF <50%, p < 0.001; LVEF 50%
to 55%, p ¥4 0.012; LVEF >55%, p < 0.001) (Table 3). There was no association
between CS and S’ (p =0.40). Similar to LS, there was no association between CS and
measures of diastolic function. The CS was related to LV geometry, with worse CS
being significantly related to lower RWT (Table 3). Similarly, in a multivariable model
accounting for clinical covariates and echocardiographic measures of cardiac structure
and function, LV mass index was significantly associated with CS (p = 0.02).
Association of strain and NT-proBNP. Worse LS (modeled both as categorical
variable in quartiles and continuously) was associated with higher NT-proBNP levels,
both when modeled continuously (Pearson correlation 0.20, p = 0.005) (Fig. 2) and
categorically (as quartiles; p for trend = 0.005). The inverse relationship between LS
and NT-proBNP remained significant after adjusting for age, sex, systolic and diastolic
blood pressure, body mass index, LVEF, LAVi, E/E’, atrial fibrillation, and estimated
glomerular filtration rate (adjusted p = 0.001). This robust relationship also remained
significant when adjusting for E’ instead of E/E’ (p =0.001) or when adding E (p=
0.001) or S” (p = 0.002) to the model. In contrast to LS, contemporary measures of
diastolic function (E” and LAVi) were not independently associated with NT-proBNP,
nor was a history of ischemic heart disease or presence of EF <55%. The inverse
association of LS with NT-proBNP, however, remained significant in the subgroup of
patients without ischemic heart disease and with EF >55%. The CS was not associated
with NT-proBNP.

Discussion

Principal findings. This study of 219 patients with HFpEF enrolled in a contemporary
international multicenter clinical trial has 3 major findings. First, LV LS and CS are

significantly reduced in HFpEF compared to normal controls and to age- and sex-
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matched hypertensive patients with diastolic dysfunction. Second, the prevalence of
reduced LS and CS in HFpEF is high. Although LS and CS are significantly related to
LVEF, the impairment in LS and CS in HFpEF persists even when restricted to patients
with EF >55% or to patients without coronary heart disease. More than half of HFpEF
patients with an LVEF _55% had reduced LS. Neither LS nor CS were related to
standard echocardiographic measures of diastolic function (E’ or E/E’). Third, LS is
significantly and independently associated with NT-proBNP level, a prognostically
relevant biomarker in HFpEF.

Systolic dysfunction in HFpEF. Although LVEF is the most commonly used and
accepted measure of systolic function, it is highly load dependent and relatively
insensitive to subtle abnormalities of LV function (8,27). Indeed, some studies
involving select HFpEF patients have failed to demonstrate abnormalities in systolic
performance, reflected in stroke work, preload recruitable stroke work, and peak
(p)dP/dt (28). In contrast, several other studies evaluating multiple noninvasive
measures of LV systolic function by standard echocardiographic techniques, such as LV
midwall fractional shortening or mitral annular plane systolic displacement, indicate
that systolic function may not be uniformly normal in HFpEF (11,29). The reason for
these discrepancies are unclear but may be related to the systolic measures evaluated
and differences in the HFpEF patients studied. Early data employing tissue Doppler
suggest that longitudinal systolic function may be abnormal despite preserved LVEF in
conditions predisposing to HF and in HFpEF (6,11). However, tissue Doppler imaging
faces technical limitations including preload and afterload dependence and is limited in
its ability to assesses different planes of LV deformation other than longitudinal (30). In
addition, prior studies in HFpEF have been largely limited to single-center experiences

with small series of select patients (12-15). Speckle-tracking echocardiography is a
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relatively new technique, largely independent of angle of incidence, tethering, and
cardiac translation, which allows for quantification of myocardial deformation in
multiple planes. During systole, the components of LV deformation include longitudinal
shortening, radial thickening, and circumferential shortening (31). These planes of
deformation are thought to be related to LV myocardial fiber orientation, which is
primarily in the longitudinal direction subendocardially and primarily in an oblique
orientation subepicardially (32). Our findings demonstrate a high prevalence of
impaired LV longitudinal function in HFpEF, even among patients with LVEF >55%,
with worse LS significantly related to higher NT-proBNP levels even after adjusting for
LVEF and diastolic measures. NT-proBNP is a powerful prognostic discriminator in
HFpEF (33). Longitudinal strain predicts outcome in low LVEF patients independent of
LVEF (24,25). Whether impaired longitudinal deformation has prognostic significance
in HFpEF remains to be determined. Our data further suggest impairment in LV
circumferential deformation in HFpEF. Conditions predisposing to HFpEF, such as
hypertension or diabetes, are characterized by reduced longitudinal strain but an
increase in circumferential function (34-36), which has been proposed as a
compensatory mechanism to preserve LVEF (37). Our findings suggest that reduced LV
CS partially distinguishes patients with HFpEF from asymptomatic persons with similar
comorbidities. This hypothesis is also supported by prior studies demonstrating a
progressive decrease of global CS from normal to HFpEF to HFrEF groups even after
adjustment for LV end-systolic wall stress (12). The underlying pathophysiology in
patients with HFpEF has been commonly believed to involve impairment of diastolic
function, with increased passive chamber stiffness (38,39). However, the marked
phenotypic and pathophysiologic heterogeneity characterizing this syndrome is now

well recognized. Traditional noninvasive markers of diastolic dysfunction are absent in
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approximately one-third of patients enrolled in large HFpEF trials (40,41). Indeed, in
the PARAMOUNT trial, although the majority of patients demonstrated some
echocardiographic findings of diastolic abnormalities at rest, frankly elevated filling
pressuredbased on an E/E’ ratio >15-was present in only 49% of the patients. Similarly,
the prevalence of concentric ventricular remodeling was very low. These observations
suggest that abnormalities other than concentric hypertrophy and elevated filling
pressure (assessed as E/ E” >15 at rest) may contribute to the pathogenesis of HFpEF.
Our findings of lower LV strain, a measure of LV systolic function that was not
correlated with diastolic indices, and its independent association with NT-proBNP
suggest a contribution of systolic dysfunction despite preserved LVEF in at least a
subset of patients with HFpEF. Study limitations. Strain analysis was not possible in all
patients enrolled in the PARAMOUNT trial, although no significant systematic
differences were noted between patients included or excluded from this analysis.
Studies were performed at 65 sites and on echocardiography machines from a variety of
vendors. However, all studies were recorded digitally, and quantitative analysis was
performed centrally at a blinded core laboratory. All echocardiograms were performed
in a resting condition, which limits the ability to assess the relationship between LS and
impaired functional capacity, an important hallmark of the HFpEF syndrome. Patients
enrolled in this contemporary HFpEF clinical trial may not be representative of HFpEF
patients in the community, because of specific clinical trial inclusion and exclusion
criteria. Future studies with clinical outcomes will be essential to understand the clinical
relevance of our findings.

Conclusions

Systolic impairment in LV longitudinal and circumferential deformation is prevalent in

HFpEF. Worse LS, in particular, is associated with higher NT-proBNP. Our findings
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suggest that abnormalities of LV systolic function measured by strain imaging may
contribute to the HFpEF syndrome. These findings may help inform future studies to
identify pathophysiologically relevant subgroups of patients within this heterogeneous
syndrome.
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Tables

Table 1- Baseline Characteristics According to Quartiles of Longitudinal Strain
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Values are mean _ SD, median (interquartile range), or n. The p value for trend across quartiles

of longitudinal strain (LS) is averaged from apical 4- and 2-chamber views. BP = blood
pressure; E/E’ ratio = mitral inflow to mitral relaxation velocity ratio; eGFR = estimated

glomerular filtration rate; E’ lateral = lateral mitral relaxation velocity; E’ septal = septal mitral
relaxation velocity; HF= heart failure; LAVi = left atrial volume index; LBBB = left bundle
branch block; LVEDVi = left ventricular end-diastolic volume index; LVEF = left ventricular
ejection fraction; LVESVi =left ventricular end-systolic volume index; LVMi = left ventricular
mass index; M1 = myocardial infarction; NT-proBNP = N-terminal pro-brain natriuretic peptide;
RWT = relative wall thickness.
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Table 2 Percentage of Patients With Abnormal Strain
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*> 1 or 2 standard deviations from the mean value for normal controls. ¥ p < 0.001 when
adjusted for left ventricular ejection fraction (LVEF). EF = ejection fraction; HFpEF = heart
failure with preserved ejection fraction; HHD = hypertensive heart disease
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Table 3 Baseline Characteristics According to Quartiles of Circumferential Strain
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Values are mean + SD, median (interquartile range), or n. The p value for trend across quartiles
of CS (circumferential strain) is from the parasternal short-axis view. Abbreviations as in Table
1.
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Figures

Figure 1: Average Longitudinal and Circumferential Systolic Strain
I HFpEF
Controls HHD HFpEF overall

(n=50) (n=44) (n=219) LVEF 50-50%  LVEF 50-55%  LVEF >55%

L

. Strailn (%) .

#
-35 .i.

20 B | ongitudinal M Circumferential

Average longitudinal strain (red bars) and circumferential systolic strain (green bars) among
normal controls (n = 50), hypertensive heart disease (HHD) patients (n = 44), heart failure with
preserved ejection fraction (HFpEF) patients overall (n = 219), and in 3 categories HFpEF based
on left ventricular ejection fraction (LVEF). *p < 0.0001 compared to controls and between
HHD and HFpEF overall for longitudinal strain and circumferential strain. #p = 0.0002
compared to controls. TLVEF-adjusted p < 0.001 compared to controls.
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Figure 2 Association of Longitudinal Systolic Strain and NT-proBNP.
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Longitudinal Strain Quartiles

Worse longitudinal strain

Association of longitudinal systolic strain (quartiles) and N-terminal pro-brain natriuretic
peptide (NT-proBNP), geometric means and 95% confidence intervals. *Trend test performed
using log-transformed NT-proBNP data. TAnalysis adjusted for age, sex, systolic and diastolic
blood pressure, body mass index, E/E’, left ventricular ejection fraction, left atrial volume
index, atrial fibrillation, and estimated glomerular filtration rate.
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APPENDIX

Online Table S1:

Comparison of PARAMOUNT patients included versus excluded into the speckle

tracking analysis

Variable Included (n =219) Excluded (n =82) p Value
Age 72 (66, 78) 71 (66, 78) 0.83
Female, % 61 45 0.02
White, % 83 46 <0.001
Hypertension, % 92 98 0.11
DM, % 34 49 0.02
Renal disease, % 44 36 0.24
CHD, % 42 45 0.70
M1, % 19 24 0.34
Stroke, % 6 4 0.58
COPD, % 16 6 0.02
Heart rate 66 (60, 75) 70 (60, 79) 0.02
ECG AF, % 29 27 0.78
NT-pro BNP 894 (526, 1457) 693 (388, 1273) 0.10
Systolic BP, mmHg 135 (129, 144) 131 (125, 141) 0.01
Diastolic BP,

78 (71, 83) 78 (70, 82) 0.82
mmHg
BMI, kg/m? 29.7 (26.1, 33.6) 28.5 (25.9, 31.8) 0.17
LVEDVI, ml/m? 58.3 (50.4, 67.7) 59.1 (52.1, 73.6) 0.31
LVESVI, ml/m? 23.0 (19.0, 29.0) 27.4(21.1, 33.7) 0.03
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RWT

LVMI, g/m?
LVEF, %

Stroke volume, ml
E/E’

E’lateral, cm/sec

LAVI, ml/m?

0.37 (0.33, 0.40)
73.8 (63.2, 90.6)
59.2 (53.9, 63.6)
61.4 (52.7, 76.5)
14.6 (11.5, 18.5)
7.4 (5.3, 9.0)

33.5 (26.5, 43.0)

0.37 (0.31, 0.41)
81.8 (69.6, 91.7)
55.5 (49.6, 61.3)
61.6 (54.5, 72.8)
13.5 (8.8, 17.5)
7.6 (5.9, 10.6)

34.0 (24.5, 40.6)

0.71

0.14

0.006

0.90

0.10

0.23

0.80

*Data presented as median (IQR), p for comparison of included versus excluded.
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Online Table S2:

Clinical and echocardiographic characteristics of normal controls, HHD and

HFpEF
Controls HHD HFpEF
(n=50) (n=44) (n=219)
Age 69+7 718 71+9
Female, % 68 61 61
Hypertension, % 0 100 92
Diabetes, % 0 2 34
Renal disease, % 0 16 37
CHD, % 0 9 42
MI, % 0 NA 19

Systolic BP, mm Hg
Diastolic BP, mm Hg
BMI, kg/m?

BSA

HR, bpm

LVEF, %

LVEDVI, ml/m?
LAVi, ml/m?

E’ lateral, cm/sec

130 (118, 138)
74 (68, 84)
26.3 (22.1, 28.2)
1.75 (1.66, 1.89)
69.5 (62.5, 76.5)
61+3
44.5 (39.2, 54.4)
20.2 (17.9, 24.8)

9(7.7,10.7)

163 (154, 172)
87 (78, 92)
27.4 (26.0, 31.3)
1.81 (1.72, 2.0)
NA
56+3
52.9 (47.4, 59.7)
26.7 (23.6, 29.3)

7.5 (6.6, 7.9)

136 (128, 145)
80 (71, 84)
29.7 (26.1, 33.6)
1.85 (1.68, 2-0)
66 (60, 75)
59+8
58.4 (50.5, 67.9)
33.9 (26.8, 43.0)

7.4 (5.4, 9)

*Values presented as % for categorical variables and median (IQR) or mean + SD for

continuous variables.
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Abstract
Aims: Left atrial (LA) enlargement is present in the majority of heart failure with
preserved ejection fraction (HFpEF) patients and is a marker of risk. However, the
importance of LA function in HFpEF is less well understood.
Methods and Results: The PARAMOUNT trial enrolled HFpEF patients (LVEF > 45%,
NT-proBNP > 400 pg/ml). We assessed LA reservoir, conduit and pump function using
2D volume indices and speckle tracking echocardiography in 135 HFpEF patients in
sinus rhythm at the time of echocardiography and 40 healthy controls of similar age and
gender. LA strain was related to clinical characteristics and measures of cardiac structure
and function. Compared to controls, HFpEF patients had worse LA reservoir, conduit,
and pump function. The differences in systolic LA strain (Controls, 39.2 + 6.6% vs
HFpEF, 24.6 + 7.3%) between groups remained significant after adjustments and even in
the subsets of HFpEF patients with normal LA size or without a history of AF. Among
HFpEF patients, lower LA strain was associated with higher prevalence of prior HF
hospitalization and history of AF, as well as worse LV systolic function, higher LV mass
and LA volume. However, NT-proBNP and E/E’ were similar across the quartiles of LA
function.
Conclusions: In this HFpEF cohort, we observed impairment in all phases of LA
function, and LA strain was decreased independent of LA size or history of AF. LA
dysfunction may be a marker of severity and play a pathophysiologic role in HFpEF.
Clinical Trial Registration: (Clinicaltrials.gov NCT00887588)

Key words: Diastolic Heart Failure; Echocardiography; Atrial Strain
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Introduction

Heart failure with preserved ejection fraction (HFpEF) is common,*? particularly
among elderly, female, and hypertensive patients, and is frequently associated with atrial
fibrillation.>* This condition is also associated with increased mortality and hospital
readmission.>® The pathophysiologic mechanisms underlying HFpEF are heterogeneous
and incompletely understood. Traditionally, HFpEF has been attributed to abnormal left
ventricular (LV) diastolic function, including abnormalities in active relaxation and
passive stiffness.”® Left atrial (LA) enlargement is a recognized marker for LV diastolic
function and is independently associated with an increased risk for morbidity and
mortality.>** While increased LA size is present in the majority of HFpEF patients,
approximately one-third do not have LA enlargement.'®* The role of all 3 phases of LA
function in HFpEF patients is less well understood,™** particularly in those without a
history of atrial fibrillation (AF) and with normal LA size.

We used baseline data from the The Prospective comparison of ARNI with ARB
on Management Of heart failUre with preserved ejectioN fraction (PARAMOUNT) Trial,
a large well-phenotyped cohort of HFpEF patients, to test the hypothesis that LA function
is abnormal in HFpEF patients, even among patients without LA enlargement or history
of AF. We also sought to determine the clinical and echocardiographic correlates of
reduced LA strain in patients with HFpEF.

Methods

Study Population
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The PARAMOUNT trial (Clinicaltrials.gov NCT00887588) recruited patients
between Nov, 2009 and March, 2011 and was undertaken in 65 centers and 13 countries.
The trial enrolled men and women over 40 years of age, with LV ejection fraction
(LVEF) >45%, documented history of heart failure with NYHA class 1I-1V symptoms,
and NT-proBNP levels >400 pg/mL at the baseline visit.'® Patients were excluded if they
had a previous LVEF less than 45% at any time, isolated right heart failure due to
pulmonary diseases, dyspnea due to non-cardiac causes such as pulmonary diseases,
anemia or severe obesity, primary valvular, coronary or cerebrovascular disease. The
number of patients enrolled with AF was limited to approximately 25% of the total
sample, checked by ECG at screening. Of the 301 patients enrolled in the PARAMOUNT
trial, 135 patients were in sinus rhythm (SR) at the time of echocardiography and had
image quality sufficient for LA speckle tracking analysis (excluded patients: 75 in AF at
the time of echocardiography; 47 non-DICOM images; 44 missing view(s) and/or
unsuitable images for LA speckle tracking analysis). Among the 135 included patients,
32 self-reported a history of AF and/or were in AF according to the screening ECG
(performed one week before the echocardiogram), but were in SR at the time of
echocardiography.

A group of 40 healthy controls was retrospectively identified from the medical
records of the Brigham and Women’s Hospital (BWH). The search strategy targeted
patients >55 years who had an echocardiogram, and no ICD-9 code in their record for any
of the following conditions: hypertension, ischemic heart disease, cardiac arrhythmia,
hypercholesterolemia, chronic obstructive lung disease, diabetes mellitus,
cerebrovascular disease, arterial vascular disease, and cancer. This group was further
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selected to have normal LVEF, no LV regional motion abnormalities, normally sized
cardiac chambers, no significant valvular disease and suitable echocardiogram image
quality. Controls were of a similar age and gender distribution to the HFpEF group. Our
final control sample was achieved from an initial search including 2,000 patients. The

study protocol was approved by the BWH Institutional Review Board.

Echocardiographic Analyses

Standard echocardiographic and Doppler parameters were analyzed using an
offline analysis workstation at the Cardiovascular Imaging Core Lab at BWH, Boston,
MA. All pre-specified measurements in the PARAMOUNT trial were made in triplicate
in accordance with the recommendations of the American Society of Echocardiography
18617 and included LA and LV diameter and volumes, LV wall thickness, LV mass, LVEF,
mitral inflow propagation and lateral mitral annular relaxation velocities.

LA and LV function indices were measured using B-mode speckle-tracking
vendor-independent software with algorithms designed for the LV (TomTec Imaging
Systems, Unterschleissheim, Germany) that is angle independent and identifies cardiac
motion by tracking multiple reference points over time.*®*® The LA and LV endocardial
borders were traced at the end-diastolic frame of 2D images acquired from the 12
segments using apical 2- and 4-chamber views.'®* The PARAMOUNT echocardiography
protocol required the proper alignment of apical views, in order to capture the LA in full,
avoiding foreshortening of the chamber and to maintain a frame rate of 50-80 frames per
second during the acquisition. End-diastole was defined by the QRS complex or as the
frame after mitral valve closure. Speckles were tracked frame by frame throughout the
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LA and LV myocardium over the course of one cardiac cycle; basal, mid, and apical
regions of interest were then created. Semi-quantitative segment tracking was carefully
inspected for each image and manually adjusted as needed. If more than 2 segments
could not be tracked or there was a lack of a full cardiac cycle or significant
foreshortening of the cavity, the measurements were considered unreliable and the patient
was excluded from the analysis. For LV function analysis, global longitudinal strain was
calculated as the average LV longitudinal strain across the apical 4- and 2-chamber
views.?® From LA speckle tracking analysis, LA phasic function was estimated using
volumes and strain indices calculated as the average across the apical 4- and 2-chamber
views. LA volumes versus time curves were generated by calculating LA volume at each
phase of the cardiac cycle (LA maximal, LA pre-A, and LA minimum volumes) using the
single-plane Simpson’s method (Figure 1-left panel). From LA volumes, LA phasic
function was estimated as:
e LA emptying fraction (reservoir function) = [(LA maximum volume — LA minimal
volume)/LA maximum volume]*100.
e LA passive emptying fraction (conduit function) = [(LA maximum volume — LA pre-
A volume)/LA maximum volume]*100
LA active emptying fraction (pump function) = [(LA pre-A volume — LA minimal
volume)/LA pre-A volume]*100
Also LA reservoir function was estimated as LA expansion index (LA maximum volume
— LA minimal volume)/LA minimal volume]*100. From LA strain analysis, LA phasic
function was estimated using: peak strain during systole (systolic LA strain) to assess

reservoir function, early peak strain rate during diastole (LA passive strain rate) to assess
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conduit function, and late peak strain rate during diastole (LA active strain rate) to assess
pump function (Figure 1-middle and right panel). All strain analysis on HFpEF patients
and normal controls were performed by a single investigator.

Intra-observer variability for LA strain was assessed in 20 randomly selected
PARAMOUNT studies: coefficient of variation was 6.3% and intraclass correlation

coefficient was 0.86 (95% C1 0.75-0.98).

Statistical analysis

All normally distributed data were presented as mean and standard deviation
(continuous data) or as count and proportion (categorical data). Since NT-proBNP
distribution was skewed, it was displayed as median and interquartile range and was log-
transformed for analysis. Comparisons between groups were assessed using two- sample t
test with unequal variance or ANOVA (followed by Bonferroni correction) and 5 test.
After univariate screening, multivariable regression models were used to adjust for selected
clinically and statistically significant covariates (age, gender, heart rate, systolic blood
pressure, body mass index, left atrial volume index (LAVi), and LV global longitudinal
strain and E/E’).

Additionally, we categorized the HFpEF patients according to quartiles of LA
strain, and applied trend tests across ordered groups to assess the association between LA
dysfunction and demographic characteristics and echocardiographic measures of cardiac
structure and function. All statistical analyses were performed with STATA 12.0 (Stata
Corp, College Station, Texas). All tests were two-sided and p-values of <0.05 were
considered statistically significant.
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Results
Clinical characteristics

Patients with HFpEF were elderly, more frequently Caucasian (81%), female and
overweight. Most (92%) had arterial hypertension, but blood pressure was well controlled
(Table 1). All patients were using diuretics (inclusion criteria) and the majority of those
patients were using ACE inhibitor or ARB (93%) and b-blocker (81%). As compared to
the excluded HFpEF patients, the HFpEF patients included in this analysis had higher
systolic blood pressure (139+15mmHg vs 133+14mmHg, p<0.001), slightly higher LV
ejection fraction (59 £ 7% vs. 57+ 8%, p=0.04) and filling pressure (E/E’: 13.7 + 8.6 vs
11.7 £ 6.0, p=0.04). Also, fewer of the patients included had a history of AF (23% vs
56%, p<0.001), they had a lower heart rate (66 + 13 vs 72 £12, <0.001), and smaller
LAVi (33.4 £11.5vs 38.1 + 14.8, p=0.004) than patients not included, likely due to the
exclusion of patients with AF at the time of echocardiography.

Compared to controls, patients with HFpEF had similar LVEF, but lower LV
global longitudinal strain. HFpEF patients also had higher LV and LA volumes, lower
mitral annular relaxation velocities (E’ and A’) and higher E/E’ compared to controls.
There was no difference in LV mass between groups, even after adjusting for height*’.
The relative wall thickness was higher in controls than in HFpEF patients, which was
driven by larger LV end diastolic diameter in the HFpEF group (Table 1). The elevated
NT-proBNP, as inclusion criteria in the PARAMOUNT trial, can favor patients with
larger left ventricles. Indeed, in our study, LV end diastolic diameter was significantly
associated with NT-proBNP levels (p=0.04).

LA function
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LA reservoir (systolic LA strain and LA emptying fraction), LA conduit (LA
passive strain rate), and LA pump (LA active strain rate and LA active emptying fraction)
function were significantly lower in HFpEF patients than in controls. Also, LA expansion
index (another measurement of LA reservoir function) was significantly lower in our
HFpEF patients than in controls (114.4 + 7.6 in HFpEF versus 158.8 = 11.1 in controls,
p=0.002). The difference in LA reservoir function (measured by systolic LA strain)
between groups remained significant even after adjustment for age, gender, heart rate,
systolic blood pressure, BMI, LAVi, LV global longitudinal strain and E/E’(Figure 2). As
compared to controls, LA strain was lower even in the subset of HFpEF patients with
normal LAVi (n=52) (<29ml/m?) *® (Figure 3) and in the subset of HFpEF patients
without known history of AF (n=103) (Figure 4).

Among patients with HFpEF (n=135), those with lower systolic LA strain had a
higher prevalence of prior heart failure hospitalization, and history of AF, as well as worse
LV systolic function (measured by LVEF and LV global longitudinal strain), higher LV
mass and LAVi, when compared to patients with higher LA strain. However, NTproBNP
levels and E/E’ were similar across the quartiles of LA function (Table 2).

Discussion

We found that HFpEF patients had lower LA reservoir, conduit, and pump
function than healthy controls. LA reservoir function (measured by systolic LA strain)
remained significantly lower in the HFpEF group, even after adjustment for potential
confounders. LA reservoir dysfunction (measured by systolic LA strain) was also present
in HFpEF patients despite normal LA size and even among those without a known
history of AF. In HFpEF patients, lower systolic LA strain was associated with higher

89



prevalence of prior heart failure hospitalization and history of AF, as well as lower LV
ejection fraction and global longitudinal strain, higher LV mass and LAVi. These
findings suggest that LA dysfunction is prevalent in HFpEF and may contribute to its
pathophysiology.

LA dysfunction has previously been described in HFpEF patients.**?% Kurt et al
demonstrated lower LA reservoir and pump function in a small sample (n=20) of HFpEF
patients as compared with healthy controls.” In another 2D speckle tracking study of 119
HFpEF patients, LA reservoir and pump function were significantly more impaired in
HFpEF patients compared with asymptomatic patients with diastolic dysfunction.® LA
function estimated by strain analysis using speckle tracking is a direct measurement of
intrinsic LA myocardial deformation that is relatively independent of loading conditions
and geometric assumptions.**?* Moreover, LA strain by speckle tracking has high
feasibility and reproducibility.*® Our results in a relatively large well-defined HFpEF
group corroborate these prior studies and extend the findings of LA dysfunction to all 3
phases of LA function (reservoir, conduit and pump function) that may reflect an
advanced stage of this syndrome. Further, we found that LA strain was the more robust
measure of LA dysfunction in HFpEF patients in that it remained significantly different
from controls even after multivariable adjustments and in the subsets with normal LA
volume or without prior AF. These findings suggest that LA dysfunction may occur in
HFpEF patients independent of LA dilation or remodeling caused by AF. However, due
to the cross-sectional nature of this study we cannot conclusively discern whether early
LA dysfunction is a consequence of HFpEF, or if LA dysfunction is a mechanism that
contributes to an increased susceptibility to HFpEF.
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We also found that lower LA reservoir function as assessed by systolic LA strain
was associated with a higher prevalence of prior heart failure hospitalization and history
of AF. Previous studies showed that impaired LA function was a predictor of HF
hospitalization in patients with HF with reduced ejection fraction 2° and among patients
with coronary disease and preserved ejection fraction.?” Moreover, LA dysfunction has
been described in AF patients, even in paroxysmal AF during sinus rhythm,  which may
be attributable to LA wall fibrosis.”® Worse systolic LA function may also contribute to
increased incidence of AF in HFpEF patients.* We also observed that lower systolic LA
strain was related to worse LV systolic function, greater LV hypertrophy and LA
structural remodeling. Impaired LV longitudinal strain has been associated with worse
systolic LA strain due to the influence of downward motion of the mitral plane in the
diastolic phase of LA.*32 LV hypertrophy (LVVH) may also contribute to LA dysfunction
through pressure overload and increased LA wall tension; and worse LA strain has been
shown to differentiate pathological LVH from physiologic LVH. **3** Thus, worse LV
systolic function, greater LV hypertrophy and increased LA volume may play a
pathophysiologic role in LA dysfunction associated with HFpEF. Higher LV filling
pressures may lead to deterioration of LA function as a result of hemodynamic overload
and mechanical stretch of the LA wall.*>*® We did not find an independent association
between E/E’ or NT-proBNP with LA strain in our HFpEF group, which may be
secondary to the fact that all patients enrolled in PARAMOUNT were required to have an
elevated NT-proBNP.

Several limitations of our analysis should be noted. We analyzed a subset of the
patients enrolled in the PARAMOUNT trial due to technical and quality requirements for
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LA speckle tracking analysis and high prevalence of AF at time of echocardiography,
with some notable differences between the included and excluded patients. Although the
analyses of three-dimensional images may be a more accurate measurement, the protocol
of PARAMOUNT trial required only two-dimensional images.®” In addition, the
generalizability of these findings to HFpEF patients in the community may be limited
because of the inclusion/exclusion criteria of the overall PARAMOUNT trial.

In summary, LA dysfunction was present among HFpEF patients and impaired
LA reservoir function occurred regardless of LA size or history of AF. In HFpEF
patients, lower systolic LA strain was associated with higher prevalence of prior heart
failure hospitalization and history of AF, as well as worse LV systolic function, LV
hypertrophy and LA remodeling, suggesting that LA dysfunction may be a marker of
severity in HFpEF and may further play a pathophysiologic role in HFpEF. The
additional clinical and prognostic relevance of LA function in HFpEF remains to be
determined.
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Figure legends

Figure 1: Two-dimensional speckle tracking imaging in the apical four-chamber view in a
healthy patient.

Legend: Left panel presents left atrial (LA) phasic volumes (orange curve); middle panel
presents LA reservoir function measured by strain, and right panel presents LA conduit
function (first negative peak) and LA pump function (second negative peak) assessed by

strain rate.

Figure 2: Comparison of left atrial function (reservoir, conduit and pump function)
between healthy controls (gray bar) and HFpEF patients (black bar).

Legend: Data are shown as mean + SE

LA= left atrial.

*p value adjusted for age, gender, heart rate, systolic blood pressure, body mass index,

LA volume index, LV global longitudinal strain and E/E’.

Figure 3: Comparison of left atrial (LA) reservoir function (measured by systolic LA
strain) among healthy controls, and HFpEF patients with normal LA volume (<29ml/m?)
and with LA enlargement (>29ml/m?).

Legend: Data are shown as mean + SE.

*unadjusted p value (<0.01).
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+p value (< 0.01) adjusted for age, gender, heart rate, systolic blood pressure, body mass

index, LV global longitudinal strain and E/E’.

Figue 4: Comparison of LA reservoir function (measured by systolic LA strain) among
healthy controls, and HFpEF patients without and with known history of atrial fibrillation
(AF).

Legend: Data are shown as mean + SE.

*unadjusted p value (<0.001).

+p value (< 0.01) adjusted for age, gender, heart rate, systolic blood pressure, body mass

index, LV global longitudinal strain and E/E’.
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Table 1: Baseline characteristics of the study population

Controls HFpEF p value
(n=40) (n=135)

Age (years) 68 + 6 70+ 9 0.051
Women, n (%) 27 (68) 83 (61) 0.49
NYHA II, n (%) - 108 (81)
NYHA IIl, n (%) - 26 (19)
Previous Hospitalization for HF, n (%) 0 (0) 66 (50)
History of Atrial Fibrillation, n (%) 0 (0) 31 (23)
History of Hypertension, n (%) 0 (0) 123 (92)
History of Diabetes, n (%) 0 (0) 47 (35)
History of Myocardial Infarction, n (%) 0 (0) 30 (22)
Heart Rate (beats per min) 71+ 14 66 £ 13 0.04
Systolic Blood Pressure (mm Hg) 127 + 15 139 + 16 <0.001
Diastolic Blood Pressure (mm Hg) 7411 7811 0.04
Body Mass Index (kg/m?) 25.2+3.7 29.6 5.7 <0.001
NT-proBNP (pg/mL) -- 809 [446,1300]
Baseline treatments
ACE inhibitors or ARBs, n (%) 0(0) 125(93)
Diuretic, n (%) 0(0) 135 (100)
B Blockers, n (%) 0(0) 109(81)
Aldosterone Antagonists, n (%) 0(0) 24(18)
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Echocardiographic measures

LV Ejection Fraction (%)

Global Longitudinal Strain (%)

LV End-Diastolic Volume (mL)

LV End-Diastolic Volume /BSA (mL/m?)
LV End-Systolic Volume (mL)

LV End-Systolic Volume/BSA (mL/m?)
Relative Wall Thickness

LV Mass Index (g/m?)

LV Mass/height®’ (g/m?”)

E’ (cm/s)

A’ (cm/s)

E/E’

A wave (cm/s)

E/A

Left Atrial Volume Index (mL/m?)

60+ 3

-19.9+2.2

85.2+245

48.4+11.0

349+ 136

19.6 £6.5

0.42 +0.07

775+17.0

35.7+7.6

94+21

10.8+2.8

75%+25

72.2+18.0

0.95+0.23

21.1+£53

597

-15.0+34

1141+ 28.1

61.8 +14.3

47.3+16.4

255%8.5

0.38 +0.09

79.4+21.8

385+11.3

6.6+2.4

7225

13.7+8.6

74.0+£27.6

1.20+ 0.67

33.4+115

0.22

<0.001

<0.001

<0.001

<0.001

<0.001

0.004

0.57

0.09

<0.001

<0.001

<0.001

0.63

<0.001

<0.001

Data are presented as n (%) and mean + SD.

p values was calculated by ttest or X

NYHA= New York Heart Association. ACE= angiotensin-converting enzyme.

ARB-=angiotensin receptor blocker. E’= early lateral mitral relaxation velocity. A’= late

lateral mitral relaxation velocity. E/E’=mitral inflow to mitral relaxation velocity ratio.
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E/A=early to late mitral inflow velocity ratio. A= late mitral inflow velocity ratio. LA=

Left Atrial.
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Table 2: Characteristics of patients with HFpEF by quartiles of systolic LA strain

Quiartiles of systolic LA strain

Worse Better

15.7+29 222+1.3 269+15 341+43 p-for

(n=34) (n=34) (n=34) (n=33) trend

Age (years) 709 72+8 72+11 67 +8 0.18
Female, n (%) 19(56) 27(79) 18(53) 19(58) 0.57
BMI (kg/m?) 30.0+53 29.5+6.5 29.6 £5.6 29.3+54 0.67
HR (beats per min) 63+9 67 +12 67 +18 67 +13 0.17
SBP (mm Hg) 141 £ 17 139+ 15 135+ 19 140 + 13 0.66
Previous HF Hosp, n (%) 23(68) 19(56) 16(47) 8(26) 0.001
History of AF, n (%) 15(45) 5(15) 7(21) 4(12) 0.004
History of HTN, n (%) 29(88) 32(94) 31(91) 31(94) 0.48
History of DM, n (%) 11(33) 11(32) 13(38) 12(36) 0.68
History of M, n (%) 9(27) 3(9) 10(29) 8(24) 0.71
LVEF (%) 56.5+6.2 59.8+ 7.6 58.8+8.3 61.2+6.2 0.02

LV GLS (%) -135+30 -147+36 -153%+31 -16.7+3.1 <0.001
RWT 037+0.11 038+008 039+008 038+0.08 0.55
LV Mass Index (g/m?) 845+278 783+19.4 80.7+167 741+21.1  0.09
LV Mass/height®’ (g/m*’)  41.9+152 379+94 388+80 352+10.6 0.03

LAVi (mL/m?) 403+143 328+90 327+98 275+85  <0.001
E’ (cm/s) 6.7+ 3.0 6.3+1.7 6.9+26 6.3+£20 0.82
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E/E’ (cm/s) 156+143 140x65 125+55 12.7+4.8 0.14
NT-proBNP(pg/ml) 948 727 620 830 0.07

[601-1914] [499-1697]  [399-1004]  [374-1198]

Data are shown as mean + SD, median [IQR] or n (percentage).

BMI = Body Mass Index; HR=Heart Rate; SBP= Systolic Blood Pressure; LV= left
ventricular; LAVi= left atrial volume index; LVEF= left ventricular ejection fraction; LV
GLS = left ventricular global longitudinal strain; RWT= Relative Wall Thickness; E’=

early lateral mitral relaxation velocity
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Conclusdes
Nessa amostra relativamente grande e bem caracterizada de pacientes com Insuficiéncia
Cardiaca com Fracdo de Ejecdo Preservada, nds encontramos maior dissincronia mecénica do
ventriculo esquerdo, prejuizo na funcédo sistélica do ventriculo esquerdo quando avaliada pelo
strain na sua deformacdo longitudinal e circunferencial e disfuncdo do &trio esquerdo. Esse
mecanismos podem ter um papel na complexa e heterogénea fisiopatologia da ICFEP. A

relevancia clinica e prognostica de todos esses achados ainda estdo por ser determinadas.
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