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RESUMO



A hipertrofia dos cardiomiocitos e a expansdo da matriz extracelular sdo fatores
importantes para o desenvolvimento da insuficiéncia cardiaca. Até o momento
nenhum método nao invasivo é capaz de caracterizar conjuntamente a hipertrofia
de cardiomiécitos e a expansao da matriz extracelular. O objetivo desse estudo foi
de validar um método derivado da ressonancia magnética cardiaca (RMC) para a
avaliacdo conjunta da hipertrofia dos cardiomiocitos e da expansao da matriz
extracelular. Camundongos adultos foram submetidos a 7 semanas de tratamento
com L-NG-Nitroarginine Methyl Ester (L-NAME) para inducédo de hipertensao e
hipertrofia ventricular. Outro grupo de camundongos foi submetido a bandagem
cirurgica da aorta ascendente. Os animais tratados com L-NAME foram estudados
pela RMC antes e ap6s 7 semanas de tratamento com L-NAME. Os animais
submetidos a bandagem da aorta foram estudados com 2, 4 e 7 semanas apoés a
bandagem. O tempo T1 foi mensurado no coracdo antes e depois da
administracdo de contraste paramagnético extracelular, gadolinio. O tempo de
vida intracelular das moléculas de agua (TVIMA), um parametro dependente ao
tamanho da celular, e a fracdo do volume extracelular (FVEC), um parametro
relacionado com o tecido conectivo extracelular, foram determinados utilizando um
modelo de dois compartimentos, considerando a troca de agua pela membrana
celular dos cardiomiocitos. Os diametros menor (Dminor) € maior (Dmajor) dos
cardiomiécitos foram medidos nos coragdes explantados corados com aglutinina

contra gérmen de trigo (FITC-wheat germ agglutinin).

TVIMA apresentou forte correlagdo com a relagdo do volume-pela-superficie dos
cardiomiécitos (r=0,78, P<0,001) e do volume (r=0,78, P<0,001) dos
cardiomiécitos determinados pela histologia. Os diametros e o volume dos
cardiomiécitos foram significativamente maior nos animais trados com L-NAME
(P<0,001). Os camundongos submetidos a bandagem da aorta apresentavam
sinais precoces de aumento do tamanho dos cardiomiécitos, determinado tanto
pela RMC como pela histologia. Animais expostos a bandagem da aorta
demonstraram aumento significante no volume e da relacdo volume-pela-

superficie dos cardiomidcitos, assim com ocorreu com TVIMA.
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A determinacdo do TVIMA e da FVEC pela RMC é capaz de quantificar dois
importantes componentes do remodelamento cardiaco: a hipertrofia dos

cardiomiécitos e a expansao da matriz extracelular.
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ABSTRACT



Cardiomyocyte hypertrophy is a critical precursor to the development of heart
failure. Methods to phenotype cellular hypertrophy non-invasively are limited.
The goal was to validate a CMR-based approach for the combined assessment of
extracellular matrix expansion and cardiomyocyte hypertrophy. Two murine models
of pressure-overload, hypertension induced by L-NG-Nitroarginine Methyl Ester
(L-NAME) and transaortic constriction (TAC), were imaged by CMR at baseline
and 7-weeks after L-NAME treatment, and up to 7 weeks following TAC.
T1 relaxation times were measured before and after gadolinium contrast.
The intracellular lifetime of water (1), a cell size dependent parameter,
and extracellular volume fraction (ECV), a parameter linked to interstitial
connective tissue, were determined with a model for transcytolemmal water
exchange. Minor (Dmin) and major (Dmg) cell-diameters were measured on

FITC-wheat germ agglutinin stained sections.

Tic, correlated strongly with histologic cardiomyocyte volume-to-surface ratio
(r=0.78, P<0.001) and cell volume (r=0.75; P<0.001). Histological cardiomyocyte
diameters and cell volume were higher in mice treated with L-NAME for 7 weeks
compared to controls (P<0.001). In the TAC model, there was an early increase in
cell volume and cardiomyocyte size using both CMR and histology without early
fibrosis. Mice exposed to TAC demonstrated a significant, longitudinal, and parallel
increase in histological cell volume, volume-to-surface ratio, and T1i; between 2 and
7 weeks after TAC.

The intracellular lifetime (1ic) measured by contrast-enhanced CMR is a sensitive,
non-invasive measure of cardiomyocyte hypertrophy that can longitudinally track

hypertrophy and myocardial remodeling.
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1.1- Hipertrofia miocardica

O mauasculo cardiaco é capaz de crescer em reposta a diversos
estimulos. O exercicio fisico, a gravidez e o crescimento apds o nascimento
promovem o crescimento e a hipertrofia fisiol6gica do musculo cardiaco, enquanto
que a ativagdo neuro-humoral, a hipertensdo arterial e a lesdo miocardica causam
a hipertrofia miocardica patoldgica (1). A hipertrofia miocérdica patolégica esta
associada a uma série alteragdes estruturais dos cardiomidcitos e de outros
elementos como a matriz de estroma extracelular (2,3). Ao contrario do que ocorre
na hipertrofia fisiolégica, a hipertrofia ventricular esquerda (HVE) patol6gica esta
associada a um progndstico desfavoravel e ao aumento do risco para eventos
cardiovasculares em geral. Por exemplo, em pacientes hipertensos, a HVE é um
fator de risco independente para ocorréncia de eventos cardiovasculares e de
insuficiéncia cardiaca (3), além de morte por qualquer causa(4).

Nos ultimos anos, diferentes grupos relataram que as alteracdes
patolégicas presentes na cardiopatia por hipertensdao constituem mais do que o
aumento da massa ventricular esquerda isoladamente (5-11). Esses dados tem
dado suporte ao conceito de que a HVE é um marcador precoce, e em algumas
circunstancias, pré-clinico de doenga do musculo cardiaco (12).

1.2- Definicoes

A hipertrofia miocardica fisiolégica pode ocorrer durante o crescimento
normal dos individuos, durante a gravidez e em resposta a certos estimulos entre
estes o exercicio fisico. No caso da hipertrofia fisiolégica, a fungdo cardiaca é
normal e ndo existe associacao direta com o desenvolvimento subsequente de
insuficiéncia cardiaca (13,14). Ao contrario da hipertrofia fisiologica, a HVE
patolégica é causada por diversos estimulos, especialmente os biomecanicos e
neuro-humorais (15). A HVE miocardica esta diretamente relacionada aos niveis

de pressao arterial, apesar de outros fatores, como sexo, etnia, obesidade,
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diabetes, consumo de sal e estimulos mediados pelo sistema renina-angiotensina-
aldosterona e sistema nervoso simpatico, também desempenham papel
importante em sua génese (14). A HVE miocardica se caracteriza por alteracoes
estruturais, funcionais e metabdlicas do miocardio, as quais incluem aumento no
volume dos cardiomiocitos, aumento na espessura da parede das artérias
coronarias, rarefacao relativa de capilares, fibrose intersticial extracelular, além de
modificagcdes no metabolismo energético, na contratilidade e no relaxamento do
miocardio (16,17). Classicamente, as alteracbes morfoldégicas do ventriculo
esquerdo induzidas pela hipertensao arterial podem ser divididas em trés padrdes
geomeétricos principais (18,19): 1- Remodelamento concéntrico (aumento da
espessura relativa da parede ventricular com massa miocardica normal);
2- HVE concéntrica (aumento da espessura relativa da parede ventricular e da
massa miocardica); 3- HVE excéntrica (aumento da massa miocardica com
elevacao do volume da cavidade ventricular). A HVE concéntrica é o padrao
geomeétrico ventricular mais associado a progressao para insuficiéncia cardiaca
com sintomas (20). Mesmo em pacientes com massa ventricular esquerda normal,
a definicdo da geometria do ventriculo esquerdo, em particular, o remodelamento
concéntrico, € um importante marcador de risco cardiovascular (21). Embora a
sobrecarga pressorica seja o principal fator determinante para o remodelamento
ventricular e para a HVE, fatores como a ingestdo de sal, ativacdo da atividade
simpatica, niveis de neurohorménios, fatores autdcrinos e paracrinos, etilismo,
obesidade, diabetes mellitus, exercicio fisico e estresse oxidativo também podem
contribuir para o aumento exacerbado da massa do mdsculo cardiaco em

pacientes hipertensos (15).

1.3- Importancia clinica da hipertrofia miocardica

O conceito de que a HVE é uma resposta adaptativa a sobrecarga
hemodinamica, podendo evoluir para disfuncado ventricular é antiga. Relatos de
Austin Flint, publicados em 1870 (22), descrevem claramente a relacdo entre
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sobrecarga hemodindmica e o aumento da massa do ventriculo esquerdo.
Austin Flint ainda sugeriu que a hipertrofia do miocardio era um fator de protecao
para o desenvolvimento de dilatacdo e disfuncdo miocardica. Alguns anos mais
tarde, Willian Osler (23) evidenciou que a desadaptacao ocorre frequentemente,
sendo que é antecedida pela hipertrofia do musculo cardiaco.

Atualmente a HVE nado é considerada apenas uma resposta
compensatéria incidental secundaria a hipertensdo arterial sistémica, sendo
reconhecida como um importante marcador de risco para doencga cardiovascular.
Recentes estudos populacionais indicam que cada incremento de 39g na massa
ventricular esquerda por metro quadrado confere 40% de aumento no risco de
ocorréncia de eventos cardiovasculares (24). Observacgoes clinicas documentaram
a relacao da HVE com a progressao para disfuncdo do musculo cardiaco e para
insuficiéncia cardiaca. Estudos epidemiol6gicos observacionais com pacientes
hipertensos, mostraram existir relacdo inversa da massa ventricular esquerda com
a desempenho sistélica do musculo cardiaco, avaliada pela fracdo de ejecédo do
ventriculo esquerdo (25-27). Além disso, ensaios clinicos prospectivos
evidenciaram que intervencdes farmacologicas podem induzir a regressao da HVE
e em paralelo melhorar os indices de desempenho sistélica do ventriculo esquerdo
(28-30). O aumento da massa do musculo cardiaco também apresenta intima
associagao com a disfuncao diastolica do ventriculo esquerdo (30-32).

O Framingham Heart Study forneceu dados consistentes e inequivocos
da associacdo da HVE com o desenvolvimento de insuficiéncia cardiaca (33).
Nesse estudo, mais de 5 mil pacientes adultos foram seguidos por cerca de
30 anos, sendo que a presenca de HVE no ecocardiograma foi um dos mais
importantes fatores associados ao desenvolvimento de insuficiéncia cardiaca com
sintomas clinicos. Os individuos com sinais de HVE ao eletrocardiograma de
repouso apresentavam risco de apresentar insuficiéncia cardiaca duas a cinco
vezes maior que a populacado saudavel sem HVE. Uma interessante analise do
estudo Cardiovascular Health Study, que seguiu mais de 2 mil pacientes sem

antecedente de infarto do miocardio e com idade avangada, forneceu evidéncias
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que o aumento da massa do ventriculo esquerdo é um fator de risco independente

para ocorréncia de insuficiéncia cardiaca sistolica e diastdlica (3).

1.4- Sobrecarga pressorica: consequéncias no musculo cardiaco

Um componente fundamental da resposta do cardiomiécitos ao
aumento da pressdo hemodinamica a que sao submetidos, é a diminuicdo da
velocidade maxima de encurtamento, com consequente diminuicdo do calor
produzido por grama de musculo durante contragdo ativa (10). Estudos de
termodinamica sugerem que esta diminuicdo ocorre devido ao aumento no
recrutamento de cadeias de miosina. Enquanto a diminuicdo da velocidade
maxima de encurtamento € um evento benéfico ao nivel dos cardiomidcitos,
permitindo que as fibras cardiacas se mobilizem a um custo energético normal;
ao nivel do coracdo como um todo, a diminuigdo da velocidade maxima de
encurtamento € um dos primeiros fatores para o desenvolvimento da disfungéao ou
faléncia (34). Outro componente conhecido da resposta dos cardiomiécitos a
sobrecarga pressoérica incluiu modificagdes quantitativas, levando ao aumento do
tamanho celular, com consequente aumento das unidades de contracao (35,36).

Nas ultimas duas décadas diversos estudos demonstraram que a
hipertrofia dos cardiomidcitos ndo é a unica alteracdo da doenca cardiaca
hipertensiva. Sabemos hoje, que uma série de alteracbes ocorrem em
componentes cardiacos ndo musculares. As principais alteragdes estao
representadas na Tabela 1. Um componente importante da fisiopatologia da
doenca cardiaca hipertensiva é a isquemia subendocardica, induzida pelo
aumento da massa ventricular esquerda e pela alteracdo na microcirculagao
coronariana, com a consequente diminui¢cdo da reserva do fluxo coronariano (37).
A alteracao da microcirculacao é ainda agravada por altera¢des na funcionalidade
vascular, que esta frequentemente presente na hipertensdo arterial, causando
vasoconstricdo por disfuncdo endotelial pela reducdo da producdo de
oxido nitrico (38). O aumento da rigidez arterial que acelera a velocidade da onda
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de pulso adrtica, aumenta a pressao de esvaziamento do ventriculo esquerdo e a
pressdo de pulso central, diminuindo a pressdao sanguinea diastélica e

consequentemente a perfusdo coronariana (39).

Tabela 1- Componentes fisiopatoldégicos do remodelamento da doenca cardiaca
hipertensiva

Componentes Impacto fisiopatologico

] Rarefagéo capilar _
Ao nivel vascular _ _ Redugéo da RFC
Alteracles arteriolares

] Fibrose intersticial Disfungéo diastdlica
Ao nivel extracelular , _ o
Fibrose perivascular Arritmia
] o Hipertrofia Reducdo RFC
Ao nivel do cardiomidcito _ o o
Aumento da apoptose Disfuncao sistolica/diastolica
Ao nivel de todo 6rgéo Remodelamento Dessincronia ventricular

RFC: reserva de fluxo coronariano

A deposicdo exagerada de fibras de colageno tipo | e Il resulta no
aumento da fibrose intersticial e perivascular miocardica (40). Por sua vez a
fibrose intersticial aumenta a rigidez das paredes ventriculares, levando a
disfuncao diastdlica (41), além da alteracdo dos potenciais elétricos no musculo
cardiaco, o que predispde a arritmias ventriculares (42,43). O aumento da matriz
de estroma extracelular também contribui para a queda da reserva do fluxo
coronariano, devido a redugdo da distendibilidade das paredes do ventriculo
esquerdo (44). A fibrose intersticial é resultado da alteracdo de um complexo
processo que controla o metabolismo do colageno pelos fibroblastos e pelos
miofibrolastos sob a influéncia de fatores pro-fibréticos (45). Estudos mais
recentes sugerem também que a fibrose perivascular pode ser secundaria a
resposta reparadora dos fibroblastos a infiltragdo local de células inflamatérias e

moléculas de adesao ao endotélio vascular (46).
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A apoptose dos cardiomiécitos esta significativamente elevada nos
pacientes com cardiopatia hipertensiva (47,48), especialmente quando a
insuficiéncia cardiaca com reducdo da fracdo de ejecdo esta presente (49).
Evidéncias apontam que a apoptose pode contribuir para a perda da funcao
contratil do musculo cardiaco por dois mecanismos: morte celular ou por induzir

alteragdes em organelas intracelulares envolvidas na obtengéo de energia (50).

Todas as alteragdes descritas do remodelamento cardiaco podem
causar retardo na ativagdo elétrica dos cardiomiécitos, que culmina com a
dispersao da ativacao elétrica regional do musculo cardiaco, causando disturbios
de conducdo e dessincroniza da despolarizacdao ventricular (51). A dissincronia
ventricular elétrica e mecanica piora a performance sistélica do ventriculo

esquerdo, sendo também um marcador prognostico na insuficiéncia cardiaca (52).

1.5- Ressonancia magnética cardiaca

A técnica do realce tardio (RT) apds injecao de gadolinio-DTPA pela
ressonancia magnética cardiovascular (RMC) se tornou o método de escolha para
deteccdo de necrose e fibrose miocardica com alta resolucdo (53,54).
O realce tardio é baseado na identificacdo de areas focais e densas de realce
relativas a areas normais do miocardico. Em diversas condi¢cdes clinicas,
tais como na cardiopatia isquémica, cardiopatia dilatada n&o isquémica,
cardiopatia diabética, cardiopatia hipertensiva e até mesmo na cardiopatia
secundaria ao uso quimioterapicos, a presenca de fibrose foi comprovada como
um marcador do remodelamento ventricular (55-59). Sabemos que o RT pode
estar ausente ou apenas oferecer uma quantificagdo parcial da extensdo do
acometimento miocardico, sendo que isto é particularmente verdade em condicbes
em que a lesdo cardiaca é difusa, como é o caso da cardiopatia hipertensiva.
A presencga de fibrose intersticial € um fator de risco independente para morte
subita (60) e insuficiéncia cardiaca (61), sendo que até a presente data nenhum
método de imagem nao-invasivo, incluindo o RT pela RMC, consegue detectar a

fibrose intersticial de forma precisa. Mais recentemente, o Dr. Jerosch-Herold
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descreveu uma técnica baseada na determinacdo da distribuicao relativa do
volume de gadolinio injetado e nas mudangas no T1 do miocéardio para quantificar
o volume extracelular do miocardio como um marcador de fibrose e
remodelamento. Como o tecido fibrético € o principal constituinte do espaco
intersticial, Jerosch-Herold introduziu o termo “indice de fibrose” se referindo a
fracdo do volume da matriz extracelular (FVEC). Foi demonstrado que através da
medida do coeficiente de particdo do gadolinio no miocardio (Lgp) (formula 1), era
possivel estimar precisamente o FVEC e determinar o “indice de fibrose” como um
marcador objetivo de remodelamento cardiaco (62). O “index de fibrose” € uma
medida continua e quantitativa do remodelamento extracelular, podendo ir desde o
miocardio normal, passando pelo miocardio com fibrose intersticial, indo até
fibrose difusa extensa com miocéardio nao viavel e cicatriz (Figura 1). O “index de
fiborose” é derivado do coeficiente de particio do gadolinio no miocardio,
corrigindo para concentracdo do gadolinio no sangue com a medida do
hematécrito. Como o colageno é o constituinte sélido predominante do FVEC,
o valor do coeficiente de particdo se correlacionou muito bem com o volume de
colageno pela biopsia cardiaca, como foi demonstrado por Flett e colaboradores
(63). Dessa forma o “indice de fibrose” parece ser um marcador extremamente
sensivel e potencialmente precoce, com possiveis aplicacbes em qualquer
cardiomiopatia que envolva aumento de FVEC. Mais recentemente nosso grupo
demonstrou a utilidade da quantificacdo do FVEC pela RMC em algumas
condicdes clinicas, como na suspeita de doenca cardiaca por depoésito (64) e na
cardiotoxicidade pelo uso de quimioterapicos derivados da antraciclina (65).
Devido aos elevados custos e aos riscos inerentes de complicagdo da biopsia
cardiaca, a determinacao da FVEC parece ser uma alternativa muito interessante
e nao-invasiva para quantificacdo do grau de remodelamento cardiaco.
Além disso, até o momento, a avaliacdo nao-invasiva da doenga cardiaca
hipertensiva se restringiu apenas a uma avaliacdo morfoldégica e funcional |,
sendo que nao resta duvidas que as alteracbes morfolégicas e funcionais sao
eventos tardios e apenas refletem a manifestacdo de um complexo processo na

perspectiva da piora da fungéo ventricular.
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Figura 1- Espectro da fibrose miocardica

O coeficiente de particdo do gadolinio-DTPA(AGd), no miocardio em
combinacao com o hematoécrito sanguineo fornece a medida continua da fracéo do
volume extra celular, ou “indice de fibrose” (C). O realce tardio (B) é capaz de
detectar apenas areas com fibrose densa, enquanto que o “indice da fibrose”

consegue identificar um amplo espectro da fibrose miocardica (A).
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1.6- Fibrose intersticial difusa e quantificacao do T1 pela RMC

A primeira evidéncia de que a medida do coeficiente de particdo do
gadolinio-DTPA no miocardio (Agp) poderia ser util para caracterizar o
remodelamento da matriz extracelular em pacientes com cardiopatia dilatada
nao-isquémica foi publicado pelo Dr. Jerosch-Herold (66). Neste grupo de
pacientes, o coeficiente de particdo do gadolinio (Agp) € a FVEC mostraram intima
e robusta associacdo com o grau de dilatacdo ventricular assim como com o grau
de disfuncao sistélica do ventriculo esquerdo. Em seguida, um recente estudo do
grupo liderado pelo Dr. Manning confirmou que a medicao dos valores de T1 apés
a infusdo de gadolinio era significativamente maior em pacientes com cardiopatia
dilatada, quando comparado com voluntarios sadios (67,68). Cumpre salientar que
existem diversas vantagens na quantificacdo do Agp sobre a simples medida do
T1 apéds injegdo de gadolinio. Ao invés de apenas refletir o volume extracelular,
a quantificacao do Agp depende também de varios outros fatores como a taxa de
difusdo do contraste do sangue, a dosagem do contrate e o tempo em que as
medidas sao realizadas. Dessa forma como o Agp leva em consideracdo o
“arterial input” do contraste, permitindo a quantificacdo de propriedades do tecido
cardiaco independentemente da dosagem do contraste, do tempo, do equilibrio
entre sangue-tecido, além de dados hemodindmicos da pressao arterial e
frequéncia cardiaca. Em outra publicacdo, a simples medicdo do T1 apéds a
administracdo de gadolinio identificou claramente pacientes com insuficiéncia
cardiaca quando comparados a controles sem doenca cardiaca (60). Neste estudo
os valores anormais de T1 apresentam correlacdo com a expansao da matriz
extracelular. Os valores de T1 também apresentaram correlagcdo com o grau de
disfuncao diastélica e com a quantidade de colageno por biépsia miocérdica.
Também foi demonstrado que esta associagdo se mantinha mesmo quando os
autores ajustavam para idade, frequéncia cardiaca e indice cardiaco.
Conforme discutido no editorial que acompanhou a publicacao (69), esse método
se mostrou muito promissor, sendo “a préxima fronteira para um melhor

entendimento da disfuncdao miocardica”. Flett et al (70) mais recentemente usaram
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a abordagem semelhante a previamente descrida por Jerosch-Herold para a
quantificagdo da FVEC, com excegdo do fato de Flett ter utilizado infusdo
constante de contraste. O estudo publicado por Flett et al validou a quantificacao
da FVEC do miocardio contra a medida do volume de colageno obtido pela bidpsia
endomiocardica, sendo que os autores reportaram um elevado grau de correlagao
entre essas duas medidas. No presente estudo iremos utilizar a técnica baseada
na injecdo de multiplas pequenas doses de gadolinio, o que propicia medidas de
T1 em diferentes concentracées de contrate circulante, proporcionando medidas

de T1 muito mais precisas e reprodutiveis.

1.7- Quantificacao da medida do coeficiente de particao do gadolinio no

miocardico

O coeficiente de particdo para um tracador no miocardio € definido
como a razao da concentracao do referido tragador no tecido e no sangue em
equilibrio. Em equilibrio, a concentracdo de um contraste extracelular, como é o
caso do gadolinio, no espaco intersticial deve ser igual a concentracao desse
contraste no sangue. Em termos de volumes especificos (volume normalizado
pelo peso do tecido, expresso em ml/g) do intersticio (Viners) € do plasma (Vpiasma),
€ possivel expressar o coeficiente de particao para um tragcador ou contraste

extracelular como:
A= (Vinters + Vp/azsmaz)/(1 'HCt) (1 )

Onde Hct é o hematécrito do sangue. Os contrastes utilizados em
ressonancia magnética tipicamente detectam seu efeito no sinal do H'.
Dessa forma o coeficiente de particdo do gadolinio no miocardio pode ser
calculado a partir da razdo entre mudancas de R1 (R1=1/T1) no tecido sobre a
mudanca de R1 no sangue. Diversas estratégias ja foram propostas para a
medida do coeficiente de particao do gadolinio no miocardio pela RMC, sendo que
a maioria desses estudos foi realizada em voluntarios sem cardiopatia (58),
ou em pacientes com cardiopatia isquémica (71).
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Os estudos iniciais in-vivo assumiram a necessidade de um longo
periodo para obtencdo de equilibrio apdés administracdo de gadolinio entre o
sangue e o tecido cardiaco (58,72,73). Apenas recentemente ficou comprovado
ser possivel a medida do coeficiente de particao do gadolinio no miocardio apés
Unica administragdo de contraste paramagnético extracelular (0.2mmol por peso
em Kg), através da aquisicdo combinada de imagens ponderadas em T1,
medindo as mudangas na intensidade de sinal cerca de 30 minutos apdés a injecao
do contraste (71).

1.8- Tempo de vida Intracelular da agua pela RMC para detectar hipertrofia a

nivel celular

Os cardiomiécitos sao células alongadas, proximas da forma cilindrica
(74,75). O tempo de vida intracelular das moléculas de 4gua (TVIMA) é definido
como o tempo médio para as moléculas de agua cruzarem as membranas
celulares (Figura 2). Sabemos que moléculas de éagua podem atravessar
livremente a membrana celular entre o espaco intersticial (extracelular) e o espaco
intracelular, sendo que o tempo médio de vida da agua intracelular € o tempo de

difusdo para atingir a membrana celular.
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Figura 2- Tempo de vida intracelular das moléculas de agua

A medida do TVIMA esta diretamente relacionada ao tamanho e ao
volume das células (76). Pela equacdo da difusdo de Einstein (citado por 77),
temos que S é a distancia de difusdo, D é o coeficiente de difusdo intracelular do

plasma e t € o tempo de difuséo:

S’=6Dxt(2)
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O TVIMA teoricamente muda linearmente com relagdo volume para
superficie. Para uma célula alongada, quase cilindrica, o TVIMA é em uma

primeira aproximagao o diametro menor da célula.

No miocardio, a determinacao do tempo T1 apds a administracao de um
contraste extracelular como o gadolinio-DTPA pode ser usada para investigar o
TVIMA (76).

Estudos com modelos animais de hipertrofia cardiaca demonstraram
que o aumento do volume dos cardiomiocitos € um marcador precoce do
remodelamento cardiaco, ocorrendo em resposta a sobrecarga mecanica,
na transicdo para insuficiéncia cardiaca (13,78,79). Ao nivel macroscédpico,
0 aumento da espessura e da massa do ventriculo esquerdo é o resultado da
hipertrofia dos cardiomiécitos em conjunto com a expansdao da matriz
extracelular (80), sendo que ambos estes fatores desempenham importante papel
na transicao de hipertrofia compensada para insuficiéncia cardica com sintomas

clinicos (81).

Apesar da grande importancia da hipertrofia dos cardiomidcitos e da
expansao da matriz extracelular no complexo processo de remodelamento
cardiaco, nenhum método de imagem até a presente data, € capaz de quantificar
longitudinalmente essas duas alteragées no miocardio. Um método nao invasivo
com a propriedade de identificar e quantificar o hipertrofia de cardiomidcitos e a
expansao da matriz extracelular pode, além de detectar eventos precoces do
remodelamento cardiaco, seguir longitudinalmente o eventual efeito de

intervengodes terapéuticas nesses dois marcadores do remodelamento cardiaco.

Dessa forma a hipbétese desse estudo é que a determinacdao conjunta
da FVEC e do TVIMA pela RMC, através da obtencédo de imagens ponderadas em
T1 antes e depois da administracdo de gadolinio, permite a caracterizacao de dois
importantes componentes do remodelamento do muasculo cardiaco,

a hipertrofia dos cardiomidcitos e a expansao da matriz extracelular.
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2- OBJETIVO



O presente estudo tem como objetivo desenvolver e validar uma técnica
derivada da RMC para quantificacao conjunta da expansao do espaco extracelular

no miocardio, assim como da hipertrofia dos cardiomiécitos.
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Os resultados da presente tese estdo apresentados nos seguintes

artigos:

1- “Role of transcytolemmal water-exchange in magnetic resonance
measurements of diffuse myocardial fibrosis in hypertensive heart disease.”,
publicado no Circulation Cardiovascular Imaging em Janeiro de 2013
(doi: 10.1161/CIRCIMAGING.112.979815).

2- “Quantification of Cardiomyocyte Hypertrophy by Cardiac Magnetic Resonance:
Implications on Early Cardiac Remodeling”, submetido para publicacdo no
Circulation e atualmente em revisdo (CIRCULATIONAHA/2012/000438).
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Role of Transcytolemmal Water-Exchange in Magnetic
Resonance Measurements of Diffuse Myocardial Fibrosis in
Hypertensive Heart Disease

Otavio R. Coelho-Filho, MD, MPH: Francois-Pierre Mongeon, MD, SM: Richard Mitchell, MD, PhD;
Heitor Moreno, Jr, MD, PhD: Wilson Nadruz, Jr, MD, PhD; Raymond Kwong, MD, MPH;
Michael Jerosch-Herold, PhD

Background—The myocardial extracellular volume fraction (MECVF) has been used to detect diffuse fibrosis. Estimation
of MECVF relies on quantification of the T1 relaxation time after contrast enhancement, which can be sensitive to
equilibrinm transcytolemmal water-exchange. We hypothesized that MECVF, quantified with a parsimonious 2-space
waler-exchange model, correlates positively with the connective tissue volume fraction in a rodent model of hypertensive
heart disease, whereas the widely used analysis based on assuming fast transcytolemmal water-exchange could result in
a significant underestimate of MECVE.

Methods and Results—No-nitro-L-arginine-methyl-ester (L-NAME) or placebo was administered to 22 and 15 wild-type mice,
respectively. MECVE was measured at baseline and 7-week follow-up by pre- and postcontrast T'1 cardiac magnetic resonance
imaging at 4.7 T, using a 2-space water-exchange model. Connective tissue volume fraction was quantified, using Masson
trichrome stain. L-NAME induced hypertrophy (weight-indexed left-ventricular mass 2.2+0.3 versus 4.1£0.4 ug/g, P<0.001),
and increased connective tissue volume fraction (8.6%=1.5 versus 2.58%=0.6, P<0.001), were compared with controls.
MECVF was higher in L-NAME-treated animals (0.43+0.09 versus 0.26+0.03, P<0.001), and correlated with connective
tissue volume fraction and weight-indexed left-ventricular mass (r=0.842 and r=0.737, respectively. both P<0.0001).
Neglecting transcytolemmal water-exchange caused a significant underestimate of MECVF changes. Ten patients with history
of hypertension had significantly higher MECVF (0.446+0.063) compared with healthy controls (0.307+0.030, P<0.001).

Conclusions—Cardiac magnetic resonance allowed detection of myocardial extracellular matrix expansion in a mouse model
and in patients with a history of hypertension. Accounting for the effects of transcytolemmal water-exchange can result in
a substantial difference of MECVE, compared with assuming fast transcytolemmal water-exchange. (Cire Cardiovase
Tmaging. 2013:6:134-141.)

Key Words: cardiac magnetic resonance m extracellular volume fraction m gadolinium-DTPA m mice m myocardial
fibrosis m Now-nitro-L-arginine-methyl-ester m transeytolemmal m water-exchange

ate gadohnium enhancement imagng (LLGE) has become

the method of choice to detect myocardial necrosis and
scar with cardiac magnetic resonance (CMR), yet LGE may
provide only a partial measure of fibrosis extent and burden,
as it relies on a difference in signal intensity that may not exist
in the case of diffuse and generalized fibrosis.

Clinical Perspective on p 141

Conditions such as nonischemic dilated, diabetic, and
hypertrophic cardiomyopathies, along with hypertensive and
valvular heart disease, have shown ample histopathologic
evidence of diffuse fibrosis.'~* Diffuse myocardial fibrosis is an
important, yet poorly characterized substrate for sudden cardiac

death.* It 1s associated with the development of heart failure in
hypertensive patients” and may regress under treatment.”

A shorter myocardial T after administration of an extracel-
lular gadolinium-based contrast agent indicates extracellular
matrix expansion and is associated with accumulation of con-
nective tissue in the myocardium.” Flett et al® demonstrated
that the extracellular volume correlates with the collagen vol-
ume fraction in patients with aortic stenosis and hypertrophic
cardiomyopathy.

CMR estimation of extracellular matrix expansion relies on
the indirect detection of contrast in tissue and on its effect on
T1 relaxation times. T1 of tissue represents the time constant
for the inversion recovery of water within the entire tissue
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space, not only the space permeated by contrast. [n structures
where contrast agents are confined to subspaces, while water
diffuses between all the subspaces, T1 depends on the rate at
which water exchanges between the spaces with and without
contrast, eg, across the cytolemimal barrier between extra- and
intracellular spaces.* "

Previous CMR studies of the myocardial extracellular volume
fraction (MECVF) in aortic stenosis and hypertrophic cardiomy-
opathy,” idiopathic dilated cardiomyopathy,” congenital heart
disease,”” and lLealthy volunteers'® were all based on assuming
fast ranscytolemnal water-exchange, which predicts a linear rela-
tionship between the relaxation rates, R1 (=1/T1), in myocar-
dium and blood, before and after contrast enhancement. When
the myocardial relaxation times are sufficiently reduced by
contrast administration,”! the relationship between R1 in myo-
cardial fissue and R1 in blood will change from linear to sub-
linear."! Continuing to assume, that after contrast administration
the transeytolernmal water-exchange remains fast, can result in
a significant underestimate of MECVE. By measuring myocar-
dial R1 after consecutive contrast injections, one can detect the
deviation from a linear relationship for R1 in myocardium and
blood, and determine the underestimate of MECVE resulting
from the assumption of fast ranscytolemmal water-exchange.

We hypothesized that MECVE, quantified with a parsi-
monious 2-space water-exchange (2SX) model,'' correlates
positively with the connective tissue volume fraction (CTVF)
in a rodent model of hypertensive heart disease, induced by
chronie nhibition of NO biosynthesis with No-nitro-L.-
arginine-methyl-ester (L-NAME), whereas the widely used
analysis based on assuming fast exchange (FX) across the cyto-
lemmal barrier could result in & loss of sensitivity to MECVF
expansion. The same CMR approach was also tested in hyper-
tensive patients without overt signs of myocardial hypertrophy,
and volunteers, to determine whether MECVF could be used
as an early marker of adverse extracellular matrix remodeling.

Methods

Animal Experimental Groups

Thirty-seven male wild-type mice (mean body-weight 37.6£2.5 g,
range 30-40 g, Taconic, Germantown, NY) were randomly assigned
to 1 of 2 experimental groups: (1) Flacebo-treated {(control group;
n=13), receiving tap water alone for 7 weeks, and (2) L-NAME-
treated (L-NAME group: n=22) with L-NAME in the drinking water
(3 mg/mL; Sigma) for 7 weeks. Animals were kept under standard
conditions and had nomal food and water ad libitum. Noninvasive
tail blood pressures were obtained at baseline and weekly after treat-
ment started, using a volume-pressure recording tail-cuff technique'®
(CODA-1, Kent Scientific, Torrington, CT). CMR was performed
at baseline and after 7 weeks of treatment. Retro-orbital blood sam
pling was performed immediately after each CMR study for hema-
tocrit determination (1-STAT, Abbott, I1.). Amimals were killed after
the second CMR study, and the hearts were excised for histologi-
cal analysis. The study protocol and animal care conformed with the
Guide for the Care and Use of Laboratory Animals from the National
Institutes of Health (NIH Publication No. 85-23, Revised 1996). The
study protocol was approved by the Standing Committee on Animal
Care and Use at Harvard University.

Histological Analysis

Heart tissues were fixed with buffered 10% formalin solution {Fisher
Scientific, Pittsburgh, PA). Short-axis cuts (=1 mm thickness) of for-
malin fixed tissue were processed, embedded in paraffin, and stained
with standard hematoxylin, eosin, and Masson trichrome. All sections
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were scanned with ScanScope scanners (Apenio Technologies, Inc:
Vista, CA). Whole slide images were downsampled to a resclution
of 1.0 um/pixel. Pixels stained in blue with Masson trichrome were
identified for quantification of CTVF, using a semiautomatic pixel
color intensity algorithm.

Patient Population

CMR was performed on 8 consecutive patients referred clinically
with a diagnosis of hypertension (HTN) and evidence of hyperten-
sive hearl disease defined as increased wall thickness or left atrial
enlargement, confinned by CMR. Patients were also required to have
normal left-ventricular (LV) systolic function 250%, no LGE and no
significant valvular heart disease. All CMR studies were clinically re-
quested and indicated, and no patient received gadolinium for the sole
purpose of the study, Our institutional review board approved this
study for review of patient’s records. In addition, CMR data from 12
healthy volunteers using identical imaging parameters were oblained
as control group. Healthy volunteers had signed informed consent
for the institutional review board-approved research protocol before
undergoing CMR.

Clinical, Electrocardiographic Data

Climeal history was collected at the ime of CMR. Electrocardiograms
closest in time to CMR were reviewed. LV filling pressure was as
sessed by Gizsue Doppler imaging using the ratio (=15) of the peak
velocity of the mitral E wave to the peak velocity of the E’ wave of the
basal lateral, and septal wall (mitral annulug). A decreasing peak ve-
locity of the E' wave at the mitral annulus by tissue Doppler imaging
was also used as an indicator of the severity of diastolic dysfunction.*

CMR Imaging Protocols

Mice

Animals were imaged supine under isofluorane anesthesia
(induction 4%-5%; maintenance 1%-2.5% in oxygen from a
precision vaporizer) in a 4.7-T MRI system (BioSpec 47/40,
Bruker BioSpin, Billerica, MA). Mice were placed in a special
cradle, ECG electrodes fixed to front and back paws, using
electrode gel to optimize electric contact. For ventricular
size and function, cine gradient-echo images were acquired
{repetition time ['TR]=5.9 ms; echo time [TE]=2.2 ms; tempo-
ral resolution =20-30) ms; in-plane spatial resolution 100-120
x 180-210 pm; | mm thick) in multiple parallel short-axis.
Gadolinium  diethylenetriamine pent-acetic acid (IDTPA,
Magnevist, Berlex, Wayne, NJ) was injected subcutaneously
in multiple steps up to a cumulative dose of 0.5 mmolkg. T1
was measured precontrast, and after each of 4 to 5 contrast
injections with a modified Look-Locker technique, no earlier
than 6 minutes after each contrast administration, using the
following parameters: TR =2.5 ms; TE =1.8 ms; flip angle
=15% in-plane resolution 190 pm, slice thickness 1 mm;
repetition time per segment: 22 ms; number of averages: 6
{precontrast), or 4 (postcontrast). An adiabatic hyperbolic
secant pulse was appled for nonslice-selective magnetization
inversion before each Look-Locker magnetization-recovery
read-out. The accuracy of the T1 measurements was tested in
gadolnium-doped phantoms, against the standard mversion
recovery spin-echo technique.

Patients

Patients were studied supine position in a 3.0°T MRI sysem (Tim
Trio, Siemens Medical Systems, Malvern, PA). For LV size and func
tion, a cine steady-slate free-precession sequence was used (TR =3.4
ms; TE =12 ms, temporal resolution =40-50 ms; in-plane spatial
resolution =1.5-1.8 x 1.8-2.1 mm; slice=8 mm; no gaps) in multiple
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parallel short-axis. An inversion recovery-prepared fast gradient-
echo sequence, inggered every other heartbeat, was used to assess
for LGE in all short-axis locations, matching those for cine imaging
10 minutes after of a cumulative dose of 0.15 mmol/kg of gadolim
um DTPA (Magnevist, Berlex, Wayne, NJ). T1 measurements were
performed with a modified Look-Locker sequence' with a nonslice-
selective adiabatic inversion pulse, followed by segmented gradient
echo acquisition for 17 cardiac phases/times after inversion (TI's),
spread over 1 to 2 cardiac cycles (lemporal resolution 105 ms precon-
trast, and 54 ms postcontrast, slice thickness 8 mm, TR >3 R-wave
to R-wave (RR) intervals precontrast, and 2 RR intervals postcon
trast). The Look-Locker sequence was repeated in the same mid LV
short-axis slice, once before, and 3 additional times after the injection
of gadolinium, starting at 4 minutes after injection and spanning a
30-minute period. Acquisition time with breath-holding was <20 &/
slice.

Quantification of Global and Segmental MECVF

For Look-Locker images, the endo- and epicardial borders of the
LV were manually drawn (QMass MR 7.1 software, Medis, The
Netherlands). The signal intensity versus time curves for each seg
ment and the bleod pool were used to determine segmental T1 by
nonlinear least-squares fitting to an analytic expression for the mag
nitude signal measured during the inversion recovery, and correction
for the radiofrequency pulse effects on the inversion recovery. The
reciprocal of T1 (R1) was used to plot the myocardial R1 against the
R1 in the blood pool and fit with a 25X model of equilibrium trans-
cytolemmal water-exchange, originally developed by Landis et al.!'1*
{This model was oniginally referred to as a 2-site model, where the
sites can be identified in the present application as the exira- and in
tracellular spaces, respectively.) In the limit of FX, the analytic model
used for the data fits can be well approximated by a linear relation
ship.*" (FX is defined as the regimen where the rate of transcytolem-
mal water-exchange is much higher than the difference of R1's in
the intra- and extracellular spaces.) In the FX limit, the slope of the
linear relationship between myocardial R1 and blood pool R1 defines
the partition ceefficient for gadolinium, 3., MECVF was obtained
by multiplying each of the segmental &, by (I-hematocrit in per
cent/100), In the 28X,141¢ the MECVE, and the intracellular lifetime
are adjustable parameters, optimized with a nonlinear orthogonal
distance regression algorithm, and blood hematocrit was fixed at the
measured value, The results obtained with the 28X model were com-
pared with the MECVF esimates from the more common FX model.

Cine CMR Assessment

Manually traced epicardial and endocardial borders of matching
short-axis cine locations at end systole and end diastole were used Lo
determine the LV ejection fraction, LV end-diastolic volume index.
LV end-systolic volume index, and LV myocardial mass (end diastole
only). Lefl atnal area were traced in 4-chamber and 2-chamber views
in human subjects to calculate the biplane left atrial volume, which
was indexed to body surface area.

Statistical Analyses

Continuous data were expressed as means2SD. Continuous variables
were compared between different groups using ¢ tests. Paired ! test
was used to compare continuous measu ts at baseline and fol-
low-up within a gronp, Bland-Altman analysis was used to compare
2 methods {eg, for estimating MECVF, or measuring R1), and obtain
the 5% and 95% limits of agreement. Multivaniate linear regression
analysis was performed to assess the association of the difference of
MECVF values from 25X and FX models, with the maximaom R1 in
blood and the LV mass index. A log-likelihood ratio test was used to
compare the fite with the 28X and FX models. The likelihood ratio
was tested for statistical significance by assuming that it is asymptoti-
cally 3 distributed with degrees of freedom equal to the difference in
adjustable parameters between models,

Dichotomous data were compared using a Fisher exact test when
possible, and with a y* test otherwise. Spearman rank correlation was
used o assess statistical dependence between variables. All analy-
ses were performed with SAS 9.2 (SAS Institute, Inc, Cary, NC) and
R (version 2.13.1, R Foundation for Statistical Computing, Vienna,
Aunstria, 2011, URL: http:/fwww.R-project.org).

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agreed to the artucle
as wrillen,

Results

Animal Hemodynamic Data

Table | summarizes the hemodynamic and lefi-ventricular
parameters for the L-NAME and control groups. At baseline,
control, and L-NAME groups did not show any significant
differences in body-weight, blood pressure, heart rate, and
CMR-derived data (Table 1).""" The chronic administration
of L-NAME was associated with a significant increase in the
mean blood pressure.!™*

Table 1. Baseline and Follow-Up Characteristics and CMR Data
Baseline -week

Charactenstics Contral (n=15) L-NAME (n=22) P Control {n=15) L-NAME (n=22 P
Body-weight, g 625 I69+23 0,359 44 3+4.31 39.9+2.11 0.001
HR, bpm 510.08+1124 ABR 04737 0.442 47214599 A46.6+47 5 0212
Mean-BP, mm Hy 92 89+7 2 BO.0+6.4 0.216 91 4+6.2 127 2+6.11 <0.001
LVEF, % 57.8+3.7 5B 7+29 0.405 603+3.2 51.3+0.2% <0.001
LVEDV, pl 120.2+30.1 142.0+34.6 0,195 110.6+26.2 17.9+34 .31 050
LVESY, pL 54.05+13.1 h9.1+155 0,310 411201 57.2+19.1 0.029
LV mass, ug 5+163 9264124 0,699 9B 5+14.4 162961941 <0,001
LY mass index to body-weight, ug/g 25404 25203 0,989 22+03 41041 <0001
MECYF 0.269+0.034 0.2645+0,046 0791 0,267 40,033 0.4139+0.0861 <0,001

BP indicates blood pressure; CMR, cardiac magnetic resonance; HR, hearl rate; LY, left ventricular; LVEDY, left-ventricular end-diastolic volume; LVEF, lelt-ventricular
gjection fraction; LYESY, left-ventricular end-systolic volume; and MECVF, the myocardial extracellular volume fraction,

*Gontrol vs L-NAME mice, unpaired flesl.

TP<0.06; 1P=0.01; §P<0.005; 1P<0.001, baseline vs 7-week mice paired by group (eontrol and L-NAME), paired ftest.
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Figure 1. Representative examples of myocardial tissug stained with Masson trichrome in a midlevel myocardial slice from the control
group (A} and the L-NAME group (B} shows a visually clear difference of blue-colored, connective tissue, Connective tissue fraction,
shown in (C), and defined as the number of pixels with a bluish hue, divided by the total number of myocardial pixels in the slice, was

significantly different between controls and L-NAME treated mice.

Histological and CMR Markers of Fibrosis

At follow-up, the CTVF was significantly higher in the
L-NAME group compared with placebo-treated mice
(8.6%=1.5 versus 2.58%=+0.6, P<0.001), as shown in Figure 1.
This was mirrored with CMR by an increased MECVF
in the L-NAME-treated animals, compared with controls
(0.43+£0.09 versus 0.2620.03, P<0.001). The myocardial R1
showed a noticeable sublinear dependence on R1 in blood,
as exemplified for an L-NAME treated mouse in Figure 2A.
The 28X model resulted in better fits to the data { P<0.05 for
likelihood ratio test), compared with the linear FX model,
in 77% of the L-NAME cases, and in 35% of the cases with
placebo or before L-NAME treatment. Figure 2B shows that
MECVF from the 25X model correlated with the connective
tissue fraction (r=0.737 P<0.0001), whereas MECVF from
FX model did not correlate with CTVEF (P=044). Bland-
Altman analysis showed that the FX model fit can cause
a significant underestimate MECVF  expansion (mean
difference: -0.068; 5%, and 95% limits of agreement: -0.051

underestimate MECVF with the FX model became larger with
extracellular matrix expansion, LV hypertrophy, and increased
with the range of R1 in blood, covered by the measurements
(P<0.001). This was tested statistically with a multivariable
linear regression model for the % MECVF difference, with
the mean MECVE, the maximum R1 in blood (P<0.002), and
LV mass index (P<0.002) included as predictors. A separate
analysis shows that estimates of MECVF obtained with FX
model over a low, restricted R1 range (R1 in blood <2 s)
agree with the 28X model within —0.003 (5% and 95% limits
of agreement: 0.076-0.07). All further results for MECVF
refer o the MECVF obtained with the 28X model over the
full range covered of R1 measurements. The mean MECVF
at baseline did not differ between L-NAME and control mice
(0.2645+0.046 versus 0.269+0.034, P=0.719, Figure 3A).
Seven studies with 2 consecutive T1 measurements without
intermediate contrast injection were used to estimate the half life
(2,,) for Gd clearance afler subcutaneous injections. The range
of times between the 2 T1 measurements averaged 21 minures

to —0.085). The percent bias (difference/mean in %) to (range: 7-33 minutes.). The 7, was 7016 minutes (meanxSD)
A B 2-Site H-Exchange (25X} C Fast—-Exchange (FX)
2 J ¥ 2 o
LS i : T " ain? = | e Controls e o Controls
@ 20 = 1H 23X 4 o | * L-NAME -~ w | * L-NAME
o —— H FX 7’ s P -
g > = ®
= 15} - hoiie o
a " P = Lo
b O O °
® w 24 W O reencanoi
B 1ok 28X. MECVF =0.38 = - = 2] e e oo lie
g | . FX: MECVF =0.21 il i 4= .,
s 7 (with Hot = 42%) e °g S
— 05, L i f N i i N T - ," et e AL T E
® 00 05 10 15 20 25 30 35 40 i o o e s s - iy coun
: : R : : ; : : 0.02 0.06 0.10 0.02 0.06 0.10

R1 Blood in Right Ventricle [1/s]

Connective Tissue Fraction [%]

Connective Tissue Fraction [%]

Figure 2. A, The relation between myocardial R1 and blood pool R1 was fit with a 2-space 1H exchange model (2SX), to account for

transcytolernmal water-exchange (solid black ling). Assuming fast

water-exchange (FX) predicts a linear relationship between rmyocardial

R1 and blood R1. For lower R1 values (gray dashed line) this gives reasonable agreement, but results in an 80% underestimate of MECVF
(0.38 vs 0.21) if the FX model is used over the entire R1 range (black dashed line). B, MECVF correlated significantly with the connective
tissue fraction obtained from myocardial slices stained with Masson trichrome stain. C, No significant correlation could be observed when
the R1 relationship was analyzed with the fast 1H exchange assumption. MECVF indicates myocardial extracellular volume fraction.
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after subcutaneous injections of contrast, sufficiently long to
allow for contrast equilibrium between blood and tissue.

R1 measurements at 4.7 T with the Look-Locker technique
were compared against a standard [R-prepared spin-echo
technique in 10 gadolinium-doped phantoms with R1 rang-
ing from 0.35 to 8.4 . The mean difference (R1 from IR
cing — R1 from IR-SE) was ~0.01£0.09 s, with the 5% and
05% limits of agreement obtained by Bland-Altman analysis
at -0.19 s and 0.16 s, For 3T (Siemens Trio), the mean dif-
ference of R1 in 10 phantoms, using the Look-Locker and
IR-spin-echo techniques was —0.093 ' (Bland-Altman 5%
and 95% limits of agreement: —0.44 to 0.27), with the mean
R1 covering a range from 0.795 t0 6.7 s,

Morphological and Funetional Changes Associated
with Chronic L-NAME ireatment

Treatment with L-NAME for 7 weeks was associated with
a significant increase in cardiac mass (92.6£12.4 versus
162.94194 pg, P<0.001) and reduction in LV ejection frac-
tion (58.7£2.9% versus 51.4+8.2%, P=(0.003, Figure 3B and
3C). At follow-up, MECVF correlated significantly with mean
arterial pressure, LV ejection fraction, and LV mass indexed
with body-weight (Figure 4). Similarly, CTVF correlated with
mean arterial pressure (p=0.76; P=0.001), LV ejection fraction
(p=-0.52; P<0.004), and LV mass index (p=-0.67; P<0.004).

Pilot Data From a Cohort of Hypertensive Patients
Patients with treated HTN tended (P=0.136) to be older
than healthy volunteers (Table 2). There was no substantial

difference in systolic and diastolic blood pressure between
volunteers and HTN patients (Table 2). Among H'TN patients,
6 (60%) took a calcium channel blocker, 5 (50%) took a
B-blocker, 5 (50%) took an angiotensin-converting enzyme
inhibitor or an angiotensin receptor blocker, and 4 (40%) rook
a diuretic. LV hypertrophy on ECG was present in 3 (30%)
patients, suggesting that increased MECVF can occur with-
out common signs of hypertensive heart disease. Fchocar-
diograms were available in 8 HTN patients. Among them,
the mean E/E ratio was 11.6+2.1 at the basal lateral wall and
16.6+4.8 at the basal septal wall, indicating high LV filling
pressure. By CMR, LV volumes, mass, and function were not
substantially different between HIN patients and volunteers
(Table 2). Biplane left atrial volume index was substantially
higher in HI'N patients than in volunteers (lable 2). Half of
the patients had thickened 1.V walls (=12 mm in men and =10
mm in women).” The dependence of the myocardial R1 on
R1 of blood showed a similar sublinear dependence (Figure 5)
using a standard clinical contrast dosage (0.2 mmol/kg).
The deviation from the linear FX model had similar effects,
as observed in the experimental studies. The MECVE for all
patients and volunteers correlated significantly with left atrial

volume (p=0.58, P=0.008}.

Discussion
CMR showed significant MECVF expansion as a result of
arterial HTN from inhibition of NO synthesis by chronic
administration of L-NAME. The expansion of the extracel-
lular matrix, and myocardial hypertrophy, can exacerbate the

A Bgi— 1 ©
o e
?s‘z- ['=]
E o= ur |
£ 84 £ g -+
2 7 g e
e Pra T n
: § 51
f e : fql
2 & 5
E = 3 = wm kS
g 8 . A o rp=082, p<0OD1
- L]
= . 'J:—-ﬂ.?‘l_ p<0.001 F4 p=-04, p=003 o Jio6:
a4 . . Ll

Figure 4. Correlations (Spearman’s p)
between the myocardial extracellular vol-
ume fraction (MECVF) and (A} mean blood
pressure (7 weeks), {B) left-ventricular (LV)
gjection fraction, and (C) LV mass indexed
by body-weight.
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Table 2. Clinical and CMR Characteristics of Human Subjects Cohort

Hypertension Naormal P

Numbier 12

Age 6624163 563452 0136
Weight, kg 8964304 1642179 0,284
Body surface area, m* 204740198 1.87420.358 0241
Female 2 (25%) { (58%) 0310
Systolic BP, mm Hg 1334107 12514105 0.118
Diastolic BP, mm Hy 70x13.4 781471 0.162
NYHA dlass = Il b (62.5%) 0 <0,001
LVEDY index, mL/m? 725176 67.6+14.0 0521
LVESV index, mL/m* G67.0£194 LENET ] 0487
LVEF, % 62,1289 623452 0.746
LY mass index, 9/m” 4994121 451468 0.331
Biplane LA volume, mL/m? F2.6142012 12.98+5.35 0.028
Myocardial extracellular volume fraction (25X model) 044620063 0.307+0.030 0,0002
Myocardial extracellular volume fraction (FX model) 0.332+0,045* 0.263+0.027* 0.004

BP indicates blood pressure; LY, lefl ventricular; LVEDV, lelt-ventnicular end-diastolic volume; LVEF, lefl-ventncular ejection fracton; LVESY, lefl-venticular end-

systolic volume; and NYHA, New York Hearl Association,

*P<0.01 Tor paired ! test of 2-site water-exchange model (25X) and against standard fast exchange madel (FX),

bias to underestimate of MECVF if the effect of transcytolem-
mal water-exchange on myocardial T1 is neglected. With the
use of a parsimonious 25X model, the estimate of MECVF
resulted in a good correlation with histological measurements
of the connective tissue fraction, using Masson frichrome
staming. Using this model, we found signilicant extracellu-
lar matrix expansion in patients with treated hypertension,
undetected by LV mass index, or LGE imaging. Increased
MECVF correlates strongly with the left atrial volume index
in patients, which supports the pathophysiologically plausible
role of diffuse fibrosis in ventricular stiffening.

The CMR-derived MECVF was previously validated
against collagen volume fraction determined by picrosirius
red staining.*?! Picrosirius red is a relatively sensitive way to
identify collagens in dense fibrosis, particularly type [ colla-
gen; the characteristic red stain under polarized hght provides
a strong signal, and fibril orientation is easily demonstrated.
However, with lesser amounts of exmracellular fibrosis, or at
earlier stages of deposition when glycosaminoglycans, proteo-
glycans, fibronectin, and type I1I collagen predominate, picro-
sirius is an insensitive method to assess matrix content. Thus,
we have used Masson trichrome to highlight and quantify all
elements of the extracellular matrix, including the noncollage-
nous components. Myoeardium lends itself well to the Masson
stain because the usual matrix content is low. There is a dis-
finct colorimetric difference between myocytes and fibrosis.

Transcytolernmal water-exchange plays an important role
in determining myocardial T1 when an extracellular contrast
agent creates a difference of R1 rates between intra- and extra-
cellular spaces on the order of the transcytolemmal water-
exchange rate. A parsimonious 2SX model was previously
worked out in detail and validated.”'® The potential benefits
of using this model for estimating MECVF was not consid-
ered before. The 28X model predicts a sublinear dependence
of R1 in tissue on R1 in blood (plasma), and the degree of
curvature is determined by the intracellular lifetime of water,

and the R1 range in blood (plasma) covered by the T1 mea-
surements. The intracellular lifetime reflects a tissue property
that is stable with homeostasis, and there is no evidence that it
changes with gadolinium contrast administration.

The less than linear increase of the myocardial R1 as a
function of R1 in blood resulls in a systematic underestimate
of MECVF, if the data are analyzed with a linear FX model
(Figures 2 and 5). The bias introduced by assuming FX
was observed to increase significantly with MECVE and
intracellular lifetime, and also depended on the range of
R1 values i blood. The better fit with the 28X model was
most apparent in the L-NAME-treated mice, which probably

-
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25X: MECVF = 0.54
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(4] 1 2 32 4 5 & 7

R1 Blood [1/s]

Figure 5. In an 82-year-old male with a history of hyperten-
sion, and no evidence of ischemic heart disease, myocardial R1
vs blood R1 was fit with a 2-space 1H exchange model (28X),
shown as solid line, Similarly to Figure 2, the myocardial R1 ini-
tially increases linearly (shown as gray dashed line, extrapolated
to larger R1 values), and then develops a convex shape as the
rate of transcytolemmal moves away from the fast exchange
condition. If all R1 data points are included for a fit with a linear
maodel, one obtains a 67% lower value for myocardial extracel-
lular volume fraction (MECVF) (0,18}, compared with the analysis
with the 25X model (0.54).
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reflects the substantial development of hypertrophy and
interstitial fibrosis, compared with controls. The values for the
transcytolemmal (first-order) water-exchange rate constants
(median =19 Hz, interquartile range =9-24 Hz) obtained in
this study with the 2-space model of Landis' " are within the
range reported for myocardium in previous studies**

The values of MECVF for mice in this study fall within
the normal range measured m healthy human volunteers.
MECVF and cardiomyoeyte size or volume (=24 x-10° pm’
in young adult male humans,” and 25 x-10° pm* in mice)*® are
expected to be relatively similar across species, although they
are affected by age and sex.”

The hypertensive patients were selected to include only
those with LV mass within the sex-specific normal range, but
the MEC VI was significantly higher than in controls. A higher
than normal LV mass is currently an accepted sign of hyper-
tensive heart disease, if other causes of hypertrophy can be
excluded. The CMR measurements may suggest that expansion
of the extracellular space could precede a significant increase
of LV mass. The latter may in fact represent the combined
effect of extracellular matrix expansion and cell hypertrophy.
Drug therapies that can achieve regression of LV hypertrophy,
such as angiotensin-converting enzyme inhibitors, may benefit
from an earliest possible application. MECVF could become
an early marker of adverse myocardial remodeling.

“The methodology for the measurements and postprocessing
were essentially similar for the studies in mice and humans.
The differences relate mostly to requirements for higher spa-
tial and temporal resolution in mice compared with humans.
For the mouse studies, the acquisition of the k-space segments
was kept to <20 ms to avoid motion artifacts. Subcutaneous
contrast injections for the mice resulted in a sufficiently slow
blood clearance to assure equilibrium conditions. Importantly,
accounting for the effects of water-exchange had a significant
effect for both the mouse and human studies, even though the
latter were based on a clinically acceptable gadolinium con-
trast dosage of 0.15 mmol/kg.

Limitations

The use of MECVF as a marker of fibrosis assumes that a
pathological expansion of the extracellular matrix is coupled
with a build-up of connective tissue, which was quantified in
this study by Masson richrome stain. Although a correlation
between extracellular space expansion and CT'VF is not unex-
pected, the characteristics of such a relationship can also be
affected by the density of connective tissue in the extracellu-
lar space. The effect of connective tissue density on MECVE
measurermnents remains unclear at this point.*

A further limitation is the absence of any measurements of
diastolic function indices in the mouse model. For the mice,
we note that there is a significant association between systolic
function and MECVE

Our observation of a significant underestimation of
MECVF, when based on the X assumption of water
exchange applies mostly to protocols where R1 in the blood
after contrast administration is relatively high. For R1 in
blood <=2.0 s the percent underestimation of MECVF with
the FX assumption is, in our experience, generally <=5%,
but may vary by presence and degree of hypertrophy. In this

study, the maximum R1 in blood in each mouse averaged 5
s, The findings from the comparison of MECVF obtained
with the 28X and the FX models are dependent on the con-
trast dosages, and the cumulative effect of contrast injections
on R1 in the blood.

Conclusion

MECVE, quantified by CMR T1 measurements, detects myo-
cardial extracellular matrix expansion, a marker of interstitial
fibrosis, in a mouse model of hypertensive heart disease. The
analysis of the myocardial T1 data with the assumption that
transcytolennal exchange remains in the fast exchange limit
after contrast administration can result in a significant under-
estimation of MECVE. Underestimates of MECVF attributed
to the FX assumption depend on the degree of LV hypertrophy
and the maximum T1 in the blood pool. A generalization of
the model for determination of MECVF may allow a more
sensitive detection of diffuse fibrosis in patients with hyper-
tension, compared with healthy controls.
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CLINICAL PERSPECTIVE

Myocardial T1 measurements or mapping with cardiac magnetic resonance has been gaining increased attention as a valu-
able complement to late gadolinium enhancement imaging to assess pathological changes in the myocardium in the absence
of late gadolinium enhancement. Diffuse fibrosis (and collagen deposition) is associated in several myocardial pathologies
with an expansion of myocardial extracellular space. T'1 measurements performed before and after injection of an extracellu-
lar contrast agent have been used to quantify the extracellular volume (ECV) fraction in myocardial tissue. As the expansion
of the extracellular space with the build-up of diffuse fibrosis can be relatively small (=10%), it is important to evaluate the
limits of current approaches and determine the conditions for an accurate determination of ECV. We show that the estimation
of ECV can be sensitive to water-exchange across cell-membranes, and more so when the ECV is expanded, and in the pres-
ence of ventricular hypertrophy, using a mouse model of hypertensive heart disease. Neglecting this effect, or assurning that
water exchange is sufficiently fast even when conirast uptake creates large 11 differences berween intra- and exwracellular
spaces leads to underestimation of ECV. The potential clinical relevance is tested in a small cohort of patients with hyperten-
sion. The findings of this study could help to better define conditions when relatively straightforward T1 measurements can
give accurate estimates of ECV in patients.
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ABSTRACT

Background: Cardiomyocyte hypertrophy is a critical precursor to the
development of heart failure. Methods to phenotype cellular hypertrophy
non-invasively are limited. The goal was to validate a CMR-based approach for the
combined assessment of extracellular matrix expansion and cardiomyocyte

hypertrophy.

Methods: Two murine models of pressure-overload, hypertension induced by
L-NG-Nitroarginine Methyl Ester (L-NAME) and transaortic constriction (TAC),
were imaged by CMR at baseline and 7-weeks after L-NAME treatment, and up to
7 weeks following TAC. T1 relaxation times were measured before and after
gadolinium contrast. The intracellular lifetime of water (r;;), a cell size dependent
parameter, and extracellular volume fraction (ECV), a parameter linked to
interstitial connective tissue, were determined with a model for transcytolemmal
water exchange. Minor (Dmin) and major (Dmg) cell-diameters were measured on

FITC-wheat germ agglutinin stained sections.

Results: 1 correlated strongly with histologic cardiomyocyte volume-to-surface
ratio (r=0.78, P<0.001) and cell volume (r=0.75; P<0.001). Histological
cardiomyocyte diameters and cell volume were higher in mice treated with L-NAME
for 7 weeks compared to controls (P<0.001). In the TAC model, there was an early
increase in cell volume and cardiomyocyte size using both CMR and histology
without early fibrosis. Mice exposed to TAC demonstrated a significant,
longitudinal, and parallel increase in histological cell volume, volume-to-surface
ratio, and Ti;, between 2 and 7 weeks after TAC.

Conclusion: The intracellular lifetime (1ic) measured by contrast-enhanced CMR is
a sensitive, non-invasive measure of cardiomyocyte hypertrophy that can
longitudinally track hypertrophy and myocardial remodeling.
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INTRODUCTION

Cardiomyocyte hypertrophy is an early response of the heart to stress,
preceding left ventricular hypertrophy (LVH) and overt clinical heart failure (HF).
Clinically, cardiomyocyte hypertrophy represents a conserved, plastic,
and prognostically important response to a variety of physiologic (e.g., exercise)
and pathophysiologic triggers (e.g., hypertension, aortic stenosis).'®
Although pathologic LVH may be reversible, the presence of LVH already confers a
significantly higher risk of stroke, incident HF and mortality,*” and accelerates the
transition to HF.2 Therefore, methods to detect and more precisely phenotype
hypertrophy at the level of the cardiomyocyte may facilitate earlier detection and
intervention, and potentially facilitate preventative therapy for HF.

In animal models, an increase in cardiomyocyte volume is an early
marker of remodeling, occurring in response to mechanical stretch during the
transition to HF.>'" At a macroscopic level, increased LV thickness is a
manifestation of cardiomyocyte hypertrophy, as well as expansion of the
extracellular matrix,'? both of which play an integral role in the transition from
compensated cardiac hypertrophy to clinical HF."™ Despite the significance of
cardiomyocyte hypertrophy to pathological molecular signaling in the heart, the
lack of methods to serially quantify changes in cardiomyocyte volume in vivo with
either therapy or varying physiologic conditions has limited the value of

cardiomyocyte hypertrophy as a reversible target biomarker of preclinical disease.

The goal of this study was to establish and validate a novel cardiac
magnetic resonance (CMR) technique to quantify cardiomyocyte hypertrophy at a
cellular level, based on the concept that the lifetime of water within a cell changes
with cell-size or cell-volume. We used two well-validated murine models of
pressure-overload HF (hypertension and transverse aortic constriction) to validate
the technique and establish its suitability for tracking longitudinal changes in

cellular hypertrophy in-vivo.
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METHODS

Murine model of hypertensive heart disease via L-nitro-w-methyl ester
(L-NAME)

As a model of hypertensive heart disease, we studied mice treated with
L-NAME, a well-described model in which myocardial fibrosis, hypertrophy,
and failure occur simultaneously.''® Thirty-three male wild-type mice (mean body
weight 37.4+2.3 grams (Taconic, Germantown, NY, USA) were randomly assigned
to one of two experimental groups: 1) placebo (control group; n=15; tap water
alone for 7 weeks) versus 2) L-NAME-treated (L-NAME group; n=18;
L-NAME 3mg/ml in drinking water; Sigma, USA) for 7 weeks. Animals were kept
under standard conditions and had normal food and water ad /ibitum. Non-invasive
tail blood pressures were obtained at baseline and weekly after treatment started,
using a volume-pressure recording tail-cuff technique (CODA-1, Kent Scientific,
Torrington, CT)."® Mice in the control (placebo) and L-NAME groups were imaged
at baseline and after 7 weeks of treatment (placebo versus L-NAME) using a 4.7T
MRI system (Bruker Biospin MRI, Billerica, MA). Blood samples were collected by
retro-orbital puncture immediately after each CMR study for blood hematocrit
determination (i-STAT, Abbott Point-of-Care, Princeton, NJ). Mice treated with
L-NAME, or placebo, were euthanized following the second CMR study.
Hearts were excised and fixed in formalin-solution for histological analysis.

Murine model of pressure overload by transverse aortic constriction

Eleven mice (mean body weight 26.9224 g, C57BL/6,
Jackson Laboratory, Bar Harbor, Maine, USA) were subjected to transverse aortic
constriction (TAC) at 3 months of age, as previously described.'””. Mice were
anesthetized with a ketamine/xylazine mix (80-100 mg/kg/12 mg/kg) and a
thoracotomy was performed. The exposed transverse aortic arch was then ligated
with a 27-gauge needle between the innominate artery and left common carotid
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artery. Two weeks after surgery, mice underwent CMR (mean body weight
25.5+1.6 g, n=11) to assess early development of cardiomyocyte hypertrophy.
To investigate longitudinal changes in hypertrophy and fibrosis, a subgroup of mice
were imaged at 4 weeks (n=2) and 7 weeks (n=4) post TAC. Animals were imaged
in a 9.8T MRI system (Bruker Biospin MRI, Billerica, MA). Blood sampling and
euthanasia were performed at 2 weeks (n=5), 4 week (n=2) and 7 weeks (n=4).

Our study protocol and animal care conformed with the Guide for the
Care and Use of Laboratory Animals, published by the National Institutes of Health
(NIH Publication Number 85-23, Revised 1996), and was approved by the
Standing Committee on Animal Care and Use at Harvard Medical School.

Histopathologic analysis

Heart tissues were fixed with buffered 10% formalin solution
(Fisher Scientific, Pittsburgh, PA). Short axis sections (approximately 1mm
thickness) of formalin-fixed tissue were processed and embedded in paraffin.
To quantify cardiomyocyte size, sections were stained with fluorescein
isothiocyanate-conjugated (FITC-) wheat germ agglutinin to delineate the cell
membrane.’® Al sections were scanned with ScanScope scanners
(Aperio Technologies, Inc; Vista, CA), and whole-slide images were sampled to a
final resolution of 1.0um/pixel. Ten measurements of minor (Dmi») and major (Dma))
cell-diameters were obtained by image analysis of FITC-wheat germ agglutinin
stained sections in the anterior wall, septal wall, lateral wall and inferior wall of
each animal. For measurement of the major cell diameter in fields with
longitudinally oriented myocytes, we selected only cells with well-defined cell
membranes, and clearly visible cell nuclei. Cardiomyocyte volume was calculated

assuming a cell shape in the form of a prolate ellipsoid,'®??

using the median Dpn
and Dn4 (see Figure 2). Connective tissue volume fraction was quantified on
sections stained with Masson’s trichrome stain, using a semi-automatic pixel color
intensity algorithm in the Aperio Spectrum software to quantify pixels stained in

blue.
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Cardiac magnetic resonance imaging

Mice anesthetized with isofluorance (induction 4-5%; maintenance
1-2.5% in oxygen from a precision vaporizer) were positioned supine on a
water-heated bed. CMR images were acquired with electrocardiographic and
respiratory gating (model 1025L, SAll, Stony Brook, NY). For left ventricular (LV)
size and function, short-axis cine gradient-echo images were acquired with full LV
coverage (repetition time TR 5.9ms; echo time TE 2.2ms; temporal resolution
20-30ms; in-plane spatial resolution 100-120pum x 180-210um; 1mm slice
thickness, no gap). Manually traced epicardial and endocardial borders of matching
short-axis cine locations at end-systole and end-diastole were used to determine
the LV end-diastolic volume, LV end-systolic volume, and LV myocardial mass,
using Simpson’s rule, and LV ejection fraction (LVEF).

Gadolinium diethylenetriamine pentacetic acid (Magnevist, Berlex,
Wayne, NJ) was injected subcutaneously in multiple steps up to a cumulative dose
of 0.5mmol/kg. Myocardial T1 was measured in a mid-LV slice, once pre-contrast,
and at least 4 times post-contrast, using a Look-Locker technique, no earlier than
6 minutes after contrast administration as described previously®® (TR 2.5ms;
TE 1.8ms; flip angle = 10°, in-plane resolution 190um, 1mm slice thickness).

LV endocardial and epicardial borders were manually drawn. The signal
intensity versus time curves for 6 myocardial segments and the blood pool were
used to determine segmental T1 by non-linear least-squares fitting to an analytical
expression for the magnitude signal measured during the inversion recovery,
and correction for the radiofrequency pulse effects on the inversion recovery.
The reciprocal of T1 (R1=1/T1) was used to plot the myocardial R1 against the R1

in the blood pool.
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Determination of Intracellular Lifetime of Water

Water molecules exchange mostly by diffusion between the interstitial
(extracellular) and intracellular spaces, with the average intracellular lifetime
depending on the mean time for diffusion to the cell membrane (Figure 1).
Specifically, the intracellular lifetime of water is proportional to the

24,25

volume-to-surface ratio, with the latter having a magnitude on the order of the

minor cell diameter in the case of cardiomyocytes.

The myocardial T1 after administration of extra-cellular gadolinium
contrast can be used to probe the intracellular lifetime of water.?* The relaxation
recovery rate (i.e. R1) of myocardial water changes linearly with the blood R1,
as long as the rate of exchange of water between the extra- and intracellular
spaces does not constitute a bottleneck (relative to the R1 difference between
intra- and extra-cellular spaces). One moves away from this fast exchange regime,
when the concentration of Gd-contrast in blood and the extracellular space is
increased. The R1 of tissue then shows a sub-linear dependence on the R1 of
blood.

The R1 for myocardial tissue and blood data were fit with a 2-space
water-exchange (2SX) model of equilibrium transcytolemmal water-exchange,
originally developed by Landis et al (Figure 2).%*?® The myocardial extracellular
volume fraction (ECV) and the intracellular lifetime of water are adjustable
parameters of the model and determined by fitting the model to the observed R1
data with non-linear orthogonal distance regression algorithm. The measured blood

hematocrit was a fixed parameter of the model.

An increase of intracellular lifetime of water (zi), e.g. as result of
increasing cell dimensions, increases the curvature in the relation between the R1
in myocardial tissue and the R1 of blood, which provides the basis for detecting
cell-size changes. This is illustrated in Figure 1. Expansion of the myocardial
interstitial space primarily affects the slope of the initially linear myocardial R1

curve, but has no direct effect on its curvature at higher R1 values.
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Statistical Analyses

Continuous data were expressed as means + standard deviation.
Continuous variables were compared between groups of animals (e.g. L-NAME vs.
placebo) by independent t-test, applied at each time point (baseline and 7-weeks)
without adjustment of P-values. A paired ttest was used to compare
measurements at baseline and follow-up within groups. Paired t-tests were
performed for multiple measurement quantities (e.g. intracellular lifetime and ECV).
Histograms for major and minor cell diameter measurements were used to
estimate the empirical density distribution function over a grid of points, using the
function density in the R statistical analysis environment. Correlations were
assessed by Pearson’s product moment correlation coefficient. For mice
undergoing TAC, a non-paired t-test was used to compare baseline control mice
with mice at 2 weeks after TAC. Longitudinal changes of 7 and ECV were
analyzed with linear mixed-effects regression models. The P-values for the fixed
effects in the linear mixed-effects models were calculated by Markov chain Monte
Carlo sampling. Analyses were performed using SAS 9.3 (SAS Institute, Cary, NC)
or R (version 2.15.1, R Foundation for Statistical Computing, Vienna, Austria;

http://www.R-project.org/).

RESULTS
L-NAME and TAC induce significant LV hypertrophy

At baseline, control and L-NAME groups did not show any significant
differences in body weight, blood pressure, heart rate, or CMR indices of LV

1416 the chronic

structure and function (Table 1). Consistent with prior reports,
administration of L-NAME led to a significant increase in the mean blood pressure
(88.1£7.4mmHg at baseline to 126.7+6.2mmHg at follow-up, P<0.001).
After 7 weeks of treatment, the L-NAME and placebo-treated mice showed

significant differences: LV mass increased in the L-NAME group (96.0£14.2mg vs.

Métodos e Resultados
52



163.9+21.6mg, P<0.001; P<0.001 when indexed to body weight), and a systolic
function decreased (LVEF=60.8+3.1% vs. 50.1£7.7%, P<0.001). TAC mice
developed significant and sustained LV hypertrophy after TAC (120.5£11.7mg
at 2 weeks of TAC, and 147.818.2 at 7 weeks of TAC, P<0.0001 for unpaired
comparisons with control group at baseline). TAC was also associated with a
significant decrease in LVEF early after TAC (all P<0.0001 vs. control mice,
Table 2). Effects on LV mass, LVEF, and LV volumes seen at 2 weeks after TAC
were sustained at the 7 week post-TAC time point.

Interstitial fibrosis and extra-cellular space expansion in L-NAME and TAC
models

After 7 weeks of L-NAME treatment, the histologically-measured
connective tissue fraction was significantly higher than in placebo-treated mice
(8.5+1.6% vs. 2.6£0.6%, P<0.001). In parallel, the myocardial ECV measured by
CMR was also significantly higher for L-NAME versus placebo (0.42+0.08 vs,
0.25+0.03, P<0.001). Although mice exposed to TAC showed a significant increase
in LV mass, they did not exhibit as marked an increase in histologic connective
tissue fraction (2.3+0.1% for TAC at 7 weeks vs. 8.5£1.6% for L-NAME treated,
P<0.001), or myocardial ECV (0.30£0.04 for TAC at 7 weeks vs. 0.42+0.08 for
L-NAME, P=0.01) by 7 weeks (Table 2 and Figure 4).

Histologic assessment of cardiomyocyte hypertrophy

We measured the major (Dmg) and minor (Dmin) cardiomyocyte
dimensions and calculated cardiomyocyte volume, assuming a cell shape in the
form of prolate ellipsoid (Figures 1 and 2).'?% L-NAME induced significant
changes of Dnaj (P<0.001 vs. placebo), averaging 7%, and a mean 32% change for
Dnmin (P<0.001 vs. placebo; Table 1). The cardiomyocyte volume was 84% higher in
mice treated with L-NAME versus placebo (78.09+12.86 10* x umm?® for L-NAME

Métodos e Resultados
53



treated mice and 42.34+6.01 10* x umm?® for placebo, P<0.001). The volume-to-
surface ratio was also higher in L-NAME vs. placebo-treated mice (Table 1).
The mice exposed to TAC had a significantly higher D, compared to controls,
with  Dnmin reaching values similar to L-NAME treated mice (Table 2).

In a combined analysis of data from all experimental groups, Dmin,
but not Dy, was significantly different after treatment in both TAC and L-NAME
mice (Figure 3; P<0.001 for both TAC and L-NAME after 7 weeks as compared to
control). Cardiomyocyte volume was significantly higher with longer exposure to
TAC (56.66+7.39 10* x pmm® for 2 weeks of TAC exposure,
and 73.42+2.53 10* x ymm?® for 7 weeks, P=0.006), driven mostly by changes in
D min.

Intracellular lifetime of water as a marker of cardiomyocyte hypetrophy

The intracellular lifetime (1) of water, determined by CMR,
was significantly higher after 7 weeks of L-NAME, compared to placebo treatment
(0.194£0.07 vs. 0.44+0.12, P<0.001; Table 1, Figure 4). In the TAC-group,
Tic increased significantly between 2 and 7 weeks after exposure to TAC
(Table 2, and Figure 5). The rate of change of 1 with time after TAC surgery was
estimated to be 0.0581 s/week (P<0.002), using a linear mixed effects model for
the repeated measurements of 1 ranging from 2, to approximately 7 weeks post
TAC. There was no significant difference 1 in mice after 7 weeks of L-NAME
versus mice after 7 weeks of TAC (P=0.58).

When pooling all 1;c values from CMR with time-matched histologic data,
Ti. demonstrated a strong positive association with cardiomyocyte
volume-to-surface ratio (r=0.78, P<0.001; Figure 6). The correlation of 1 with
cell-volume was r=0.75 (P<0.001), with median minor cell diameter
r=0.79 (P<0.001), and with the median major cell diameter r=0.43 (P=0.006).
Tic also demonstrated an inverse association with LVEF (r=-0.36 P=0.002).
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DISCUSSION

This study validates a novel T1-based CMR technique to detect and
quantify changes in cardiomyocyte hypertrophy. Serial measurements of r, and
myocardial ECV allowed the non-invasive identification of distinct but
complementary aspects of myocardial remodeling at the cellular level.
Specifically, the intracellular lifetime of water 1. was strongly associated with the
histological volume-to-surface ratio, a measure of the characteristic cell size,
as well as cardiomyocyte volume, and minor cell diameter. Not unexpectedly,
the correlation of 1, with the major cell diameter was much weaker,
and this parameter was also not well-suited to differentiate between normal and
hypertrophied cardiomyocytes on histology. Our results suggest that development
of interstitial fibrosis and cardiomyocyte hypertrophy can be temporally distinct and
followed non-invasively. This is the first demonstration of the ability to track
cardiomyocyte hypertrophy in-vivo non-invasively. It could be used in conjunction
with more established applications of T1 mapping by CMR to facilitate earlier
detection of pathologic hypertrophy and assess myocardial remodeling in response
to therapeutic interventions.

Post-contrast T1 relaxation time measurements have been used in both

animals 2" 28

and patients ?° with hypertension as an index of pathologic diffuse
interstitial expansion. In prior work in aortic stenosis (1 - myocardial ECV fraction)
was reported as an index of cell volume fraction.® It represents a combination of
cell volume and density, rather than a direct measure of cellular hypertrophy.
Our results suggest that myocardial interstitial expansion (e.g., myocardial ECV)
and cardiomyocyte hypertrophy represent distinct characteristics of tissue

structure, which can be measured serially by CMR.

From a biological perspective, increases in cardiac mass can result from
interstitial matrix expansion (e.g., fibrosis or aberrant protein deposition)
and/or increases in cardiomyocyte volume®. A differentiation between
“physiologic” hypertrophy from “pathologic” hypertrophy may therefore require
characterization of not only wall thickness and LV mass, but more specifically
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interstitial matrix expansion and cardiomyocyte cell size directly. In states of
pathologic hypertrophy in response to pressure overload, an increase in
cardiomyocyte cell size has been considered an early and conserved hallmark,
putatively occurring before the onset of irreversible myocardial fibrosis and
subsequent ventricular  dysfunction, remodeling, and HF.®'' In fact,
mechanical stress has been associated with activation of a pro-fibrotic,
pro-hypertrophic genetic program that may reinforce subsequent HF.32%
In turn, increases in interstitial fibrosis appear to mark the transition from
compensated cellular and organ-level pathologic hypertrophy to HF.% 36
In patients with LVH at risk for HF, alterations in the balance of collagen
metabolism (as reflected by increases in matrix metalloproteinases and
pro-collagen fragments) identify patients with clinical HF.%®*° Early intervention at
this stage, prior to development of overt fibrosis and myocardial dysfunction, may
ameliorate the progression to overt HF.*'

The proposed method has potential limitations: It is assumed that the
cytolemmal permeability coefficient remains constant with the development of cell
hypertrophy. Ischemic conditions could alter cell membrane permeability,*? though
it is unlikely that ischemia was a confounding factor in this study, based on the
absence of apparent infarction by late-gadolinium enhancement.*? Other cardiac
resident cell types (e.g. fibroblasts) may bias or impair the detection of
cardiomyocyte hypertrophy, but in viable myocardium the volume fraction of
connective tissue, and the percentage of fibroblast volume is relatively small
compared to the cardiomyocyte volume.

In conclusion, this study demonstrates and validates a non-invasive,
T1-based CMR method for the assessment of cardiomyocyte hypertrophy.
In models of pressure-overload HF, it was feasible to distinguish between cellular
hypertrophy, characterizing the early tissue phenotype in TAC, and extracellular
space expansion, a hallmark of chronic pressure overload. These results may help
establish CMR as a non-invasive tool to quantify two critical aspects of early
myocardial remodeling at the transition between compensated hypertrophy and

clinical HF.
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Table-1- Baseline and follow-up hemodynamic and CMR characteristics of control
and L-NAME treated mice. Abbreviations: LVEF=left ventricular ejection
fraction, LVEDV=left ventricular end-diastolic volume, LVESV=left
ventricular end-systolic volume. Cell entries with a dash refer to

histological measurements not available for baseline.

Baseline 7-week
Characteristics P-
. Control L-NAME Control L-NAME P-
(hemé’“%"g;‘::; and o _15) (n=18) Valuve 13 (n=17)  value*
Body weight [g] 37.5+2.7 37.742.4 0.865 44.8+4.5%  40.0£3.2*  0.002
Heart rate [bpm] 4921+108.0 499.7+735 0.827 403.1494.3 474.1+69.7 0.410
m]e;ﬂg]'“d pressure 955,73  881+7.4 0209 91.3+81  126.7+6.2% <0.001
LVEF [%] 57.843.9 58.4+3.0 0.629  60.843.1 50.147.7°  <0.001
LVEDV [l] 129.9+32.2 146.9+31.9 0.187 110.51+25.7 122.5+37.2% 0.228
LVESV [ul] 54.7+13.8  61.1+141 0255 41.6+11.2% 60.6+19.6  0.009
LVmass [mg] 96.7+416.7  93.8+12.2 0.615 96.0+14.2 163.9+21.6% <0.001
LV mass indexed to 2.5+0.5 25:0.4 0592 22+01%  4.1+05%  <0.001
body weight [mg/g]
Myocardial
extracellular volume 0.26+0.02  0.27+0.03 0.677 0.25+0.03  0.42+0.08* <0.001
fraction (MRI)
Intracellular lite time 4516507 017:0.05 0791 0.19:0.07  0.44%0.12% <0.001
of water [1/s]
Connective tissue
fraction (Mstology). % ; ; 2.6+0.6 85416  <0.001
Dmai [Um; major cell i i . 84.28+355 90.37+5.1 0.0012
diameter]
Dimin [m; minor cell i . - 19.81:0.94 26.15:1.59 <0.001
diameter]
Dmai /Damin ; - ; 4.26+0.22  3.46+0.15 <0.001
Cardiomyocyte
volume by histology i i . 42343601 809128 4 4y
4 3 6
[10" X um~]
Cell Surface Area ; - ; 1.7020.14  2.41+0.26 <0.001
[10° pm]
Volume-to-Surface ; - ; 24.66+1.44 32.24+1.91 <0.001

ratio (V/S) [um]

*P-values for unpaired t-test of control vs. L-NAME mice; * P<0.05 for paired t-test of baseline vs.
7-week mice (control and L-NAME)
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Table 2-

Hemodynamic and CMR characteristics of control and TAC mice at time
of first MRI

ventricular ejection fraction, LVEDV=left ventricular end-diastolic volume,

post transaortic constriction. Abbreviations: LVEF=left

LVESV=left ventricular end-systolic volume, RVEF=right ventricular
RVEDV=right
RVESV-=right ventricular end-systolic volume. Adjusted p-values refer to

ejection fraction, ventricular end-diastolic volume,
result of unpaired t-test for comparison of mice at 2 weeks post TAC
surgery, to controls (Table 1). The adjusted P-values marked with *refer

to comparisons with 12 week old mice in the control group

Characteristics (hemodynamic and CMR data) 2 weeks (n=11) P -value
LVEF [%)] 36.8+6.3 <0.0001
LVEDV [ul] 91.5+24.4 <0.0001
LVESV [ul] 59.1+20.1 <0.0001
LV mass [mg] 120.5+11.7 <0.0001
LV mass indexed to body weight [mg/g] 4.7+0.3 <0.0001
Myocardial extracellular volume fraction 0.25+0.03 0.2681
Intracellular life time of water [1/5] 0.22+0.05 0.0181
Ding [um] 87.06+1.11 0.09
Dmin [MM] 22.81+1.43 0.02°
D mai/Dmin 3.830.24 0.09
Connective tissue fraction (histology), % 2.3£0.1 <0.0001'
Cardiomyocyte volume by histology [10* x pm?] 56.66+7.39 0.005
Cell Surface Area [10* x um?] 2.01+0.15 0.01°
Volume-to-Surface ratio (V/S) [um] 28.27+1.64 0.04°
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Figure
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1- lllustration of cardiomyocyte hypertrophy determination.

(A) Cardiomyocytes have an elongated shape with the ratio of the
major-to-minor cell-diameter on the order of 4:1. (B) The intracellular
lifetime (zi;) of a water molecule undergoing diffusional motion within
the cell is proportional to the volume-to-surface ratio (V/S), a measure
of cell size. (C) CMR measurements of the longitudinal relaxation rate
constant (R1) before and after administration of gadolinium contrast
were used to determine 7. The relation between R1 in myocardial
tissue and R1 of blood starts out linear, with a slope proportional to the
extracellular volume fraction. With increasing R1 in blood, z;; ceases to
be sufficiently short relative to the extra-to-intracellular R1 difference,
and the degree of deviation from linear dependence is sensitive to .
Red data circles are from measurements in a mouse at 7 weeks after
transverse aortic constriction. The solid line is the fit to the data with a
two-space water-exchange model. The 7. for the best fit was 0.4s.
The line with long dashes illustrates how the model fit changes with an
increase of 7, to 0.8s, which causes a larger deviation from the
straight line. (D) Dms was measured on digitized images of tissue
slices stained with fluorescein isothiocyanate-conjugated (FITC-)
wheat germ agglutinin as the distance between the intercalated discs.
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Figure 2- Cellular hypertrophy and interstitial fibrosis in L-NAME and TAC mice.
Short-axis, mid-level LV sections of cardiac tissue from mice treated with
placebo (panel A), L-NAME (panel B), and TAC (panel C). L-NAME and
TAC are representative tissues after 7 weeks of exposure. Panels were
stained with fluorescein isothiocyanate-conjugated (FITC-) wheat germ
agglutinin to delineate cell membranes and scanned at a resolution
equivalent to 1.0um/pixel to measure minor and major cell diameters in
15 fields within 4 myocardial segments. The images in (A)-(B) are
representative illustrations of larger short-axis diameters in the L-NAME and
TAC groups relative to controls. Adjacent short-axis sections from the same
mice, stained with Masson’s trichrome stains in (D)-(F) illustrate the
absence of interstitial fibrosis in the control group and higher levels of
interstitial fibrosis (blue) in L-NAME compared to TAC mice.
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Figure 3- Relationship between major and minor cell diameters across L-NAME
and TAC mice. Major cell diameters (Dng, vertical axis) were plotted
against minor cell diameters (Dm,) for all three experimental groups
(controls, L-NAME, and TAC mice) to assess which is better for
discriminating between placebo, L-NAME and TAC groups. There were no
significant differences in D, after L-NAME, placebo, or TAC (control:
84.28+3.55um; L-NAME: 90.37+5.1um; 7 week post TAC: 88.49+1.05um),
while Dmin (control: 19.81+£0.94um; L-NAME: 26.15+1.59um; 7 week post
TAC: 25.85+0.89um) varied significantly (P<0.001). This is also illustrated
by the histograms for D, (top) and Dy (right side). The continuous lines in
the histograms show kernel density estimates for each group. While these
probability density estimates essentially overlap for the three experimental
groups in the case of Dy, the peaks of the density estimates for Dy, are

distinct.
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Figure 4- (A) The intracellular lifetime of water (1) increased significantly in mice

treated with L-NAME, and was significantly higher than in placebo-treated
controls. (B) In mice exposed for 7 weeks to L-NAME the extracellular

volume fraction increased also significantly, compared to baseline, and was

also significantly higher than in placebo-treated controls.
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Figure 5- A) Mice were imaged at approximately 2 weeks after transaortic constriction,
and followed-up for up to 46 days before harvesting of the heart. Over this
time the intracellular lifetime increased significantly (0.0581 s/week;
P=0.0002) as illustrated by the solid line, calculated with a linear mixed
effects model. Dashed lines connect repeated measurements within the
same mouse. B) The cell-volume-to-surface ratio calculated from the
histologic major and minor cell diameters showed a significant association
with the time between TAC and histological examination
(0.79£0.18um/week; P=0.001). The solid line represents the linear

regression fit to the data.
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Figure 6- Association between intracellular lifetime of water and cell

volume-to-surface ratio. For a diffusion-based exchange the
intracellular lifetime of water is expected to be proportional to the cellular
volume-to-surface ratio. The volume-to-surface ratio (V/S) was highly
correlated (r=0.78; P<0.001) with the intracellular lifetime of water
obtained from the water T1 measurements before and after

administration of an extracellular gadolinium contrast agent.
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O presente estudo apresenta os seguintes achados principais:

1- Medidas de T1 antes e depois da administracdo de um contraste extracelular,
o gadolinio, detectou precisamente a expansdo da matriz extracelular,
em dois modelos animais de sobrecarga pressérica no coracao (com a
administracdo de L-NAME e com a bandagem da aorta), assim como em uma

coorte de pacientes com hipertenséo.

2- Caso o efeito da troca transmembrana de agua seja negligenciado, a expansao
da matriz extracelular e a hipertrofia miocardica podem acentuar a

subestimacao da FVEC pelas medidas de T1 derivadas da RMC.

3- O TVIMA apresentou intima correlacdo com a relacdo volume/superficie e

volume dos cardiomidcitos.

4- A determinacao da FVEC e do TVIMA através das medidas de T1 pela RMC
antes e depois da administracdo de gadolinio-DTPA, permitiu caracterizar
conjuntamente dois importantes componentes do remodelamento cardiaco: o

espaco extracelular e a hipertrofia dos cardiomidcitos.

A expansdo do espago extracelular e a hipertrofia miocardica séo
importantes fatores que influenciam a subestimacao da FVEC, quando o efeito da
troca transmembrana de agua nao é levada em consideracao nas medidas de T1
pela RMC. Quando o modelo de 2 compartimentos é utilizado, que leva em
consideracao a troca de agua pela membrana celular, as estimativas da FVEC
apresentam excelente correlacdo com a medida histoldégica direta do tecido
conectivo pela coloragédo de Tricromico de Masson. Ao analisarmos as medidas de
T1 antes e depois da administracdo de contraste gadolinio com o auxilio de um
modelo de dois compartimentos, encontramos também na coorte de pacientes
hipertensos aumento significativo da matriz extracelular ndo detectada pela massa
do ventriculo esquerdo ou pelo realce tardio, ambos pela RMC. A magnitude do

aumento da FVEC apresentou forte correlagdo com o volume atrial nos pacientes
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hipertensos, o que corrobora o conceito que fibrose intersticial promove disfuncéo
diastdlica e aumento das pressdes de esvaziamento do ventriculo
esquerdo (82-84).

Parte desse estudo apresentou como objetivo validar que a medida do
matriz extracelular pela RMC contra histologia. Estudos prévios validaram a
medida da FVEC pela RMC contra histologia com coloragao picrosirius red (70).
Picrosirius red € uma coloracao relativamente sensivel para a identificacao de
colageno, particularmente o colageno do tipo |, através da visualizacao das
laminas com uso de luz polarizada, que evidéncia a orientacao das fibras de
colageno. Apesar disso, em condicdo com menor quantidade de fibrose intersticial,
ou em estagios mais precoces de deposicdo do colageno, quando predomina o
acumulo de glicosaminoglicanas, proteoglicanas, firbonectina e colageno tipo I,
a coloragao picosirius red pode ser um método menos util para avaliar a expansao
da matriz extracelular (85). Dessa forma, nesse estudo optamos por utilizar a
coloragdo de Tricrobmico de Masson, para evidenciar e quantificar todos os
componentes da expansdo do espacgo extracelular, incluindo componentes nao
relacionados diretamente ao colageno, que estdo presentes na doenca cardiaca
hipertensiva.

Nosso estudo confirmou que a troca transmembrana de agua pode
desempenhar um importante papel na determinagdo do tempo T1 no miocardio,
sobretudo quando um contraste extracelular, como o gadolinio, cria diferenca nos
valores de R1 entre o intracelular e o extracelular na mesma ordem da troca
transmembrana de 4gua. A inclusdo do papel da troca transmembrana de agua na
quantificacdo da FVEC requer a utilizacao de um modelo de dois compartimentos,
que ja foi aplicado e validado para o musculo esquelético (76,86). O uso do
modelo com dois compartimentos permite uma quantificagdo mais precisa da
FVEC além da quantificagdo de uma outra varidvel, o TVIMA, através da
quantificagdo do desvio da relagdo linear do R1 plasma com o R1 (Figura 3).
O TVIMA reflete uma propriedade do tecido, sendo que nao existem evidéncias

que sofra influéncia com a administracao do contraste gadolinio.
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Figura 3- Papel da troca transmembrana de agua na determinacao da FEVC

Essa figura mostra a relacdo do R1 no miocardio (eixo Y) com o R1 no
plasma (eixo X). A linha tracejada em cinza refere-se ao modelo linear simples.

A Linha soélida em cinza refere-se ao modelo com dois compartimentos.

O viés introduzido pelo uso do modelo linear simples, que ndo leva em
conta a troca transmembrana de agua, aumentou com o aumento da FVEC e com
o aumento do TVIMA, sendo também dependente dos valores de R1 no plasma.
A maior diferenca entre o modelo linear e 0 modelo com dois compartimentos foi
visto nos animais tratados com L-NAME, o que provavelmente reflete o
desenvolvimento substancial de hipertrofia e fibrose intersticial.

Incluimos na coorte de pacientes clinicos desse estudo apenas
individuos hipertensos com massa ventricular esquerda dentro da normalidade
para a faixa etaria e sexo. Apesar disso a FVEC foi significativamente maior
quando comparada ao valor dos pacientes controles, sugerindo que a expansao
da matriz extracelular ocorra antes do aumento significativo da massa ventricular
esquerda. Essa Ultima, a massa ventricular esquerda, parece ser influenciada nao

apenas pela expansao da matriz extracelular, mas também pela hipertrofia celular.
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Terapias medicamentosas, como os inibidores da enzima de conversao,
podem influenciar a regresséo da hipertrofia ventricular esquerda (87), e assim se

beneficiar de novos marcadores precoces de remodelamento cardiaco.

Toda a metodologia, incluindo a sequéncia de pulso utilizada e o
pds-processamento, foi semelhante entre os estudos realizados em camundongos
e humanos. Os estudos realizado nos camundongos, devido a menor dimensao
dos animais, necessitou de melhor definigdo temporal e melhor definicdo espacial.
Além disso, os camundongos foram estudados sob anestesia inalatéria em
equipamento de ressonancia magnética dedicado para estudos em animais.
No caso dos animais, a administracdo do contraste gadolinio foi feito por via
subcutanea, e no caso dos estudos clinicos em humanos, foi administrado
contraste por acesso venoso periférico. Apesar dessas minimas diferengas
técnicas, o efeito da troca transmembrana da dgua na determinagéo da FVEC foi
semelhante entre os estudos realizados nos camundongos e nos pacientes, ainda
que nesses Ultimos foi utilizada dose de gadolinio aceita clinicamente de
0,15mmol/kg.

Nés mostramos que a expansao da matriz extracelular e da hipertrofia
miocardica podem exacerbar a subestimacao da FVEC, caso a troca de agua pela
membrana celular nas medidas de T1 pela RMC seja negligenciado. Essa nova
maneira de se analisar as medidas de T1 pela RMC antes a apds a administracéo
de contraste gadolinio, utilizando um modelo de 2 compartimentos (76),
nos permitiu obter um novo parametro diretamente relacionada com o tamanho e

volume dos cardiomidcitos.

A partir desse novo conceito, desenvolvemos e validamos a
quantificacao do tempo intracelular da agua como um marcador de hipertrofia de
cardiomidcitos. Dessa forma esse estudo também validou um método derivado de
medidas de T1 pela RMC, para detectar além da expansdo da matriz extracelular,
a hipertrofia de cardiomiécitos em dois modelos distintos de sobrecarga pressérica
no coracao (L-NAME e bandagem da aorta). Medidas seriadas do TVIMA e FVEC
permitiram a identificacdo de diferentes padrdes de remodelamento no miocardico.
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Especificamente, o TVIMA apresentou robusta associacdo com a relacédo
volume/superficie celular, uma medida caracteristica do tamanho celular.
TVIMA também apresentou intima correlagdo com o volume celular e com
didametro menor dos cardiomiocitos. Nao obstante, a correlacdo entre TVIMA com
o diametro maior foi muito mais fraca que a associacdo com didmetro menor dos
cardiomiécitos. Da mesma maneira a o didmetro maior pela histologia nao
diferenciou adequadamente os cardiomiocitos normais dos hipertrofiados.
Nossos resultados sugerem que o desenvolvimento da fibrose intersticial e da
hipertrofia dos cardiomidcitos pode ocorrer em momentos distintos, sendo que a
avaliagdo conjunta do TVIMA e da FVEC pode acompanhar esses achados n&o
invasivamente. A habilidade de seguir conjuntamente tanto a hipertrofia celular
como a fibrose intersticial pode ser (til na avaliacdo do remodelamento
miocardico, especialmente quando se pretende avaliar o efeito de terapias

anti-remodelamento.

Medidas de T1 ap6s a administracdo de contraste tem sido utilizadas
como um indice patologico de fibrose, em modelos animais (88,89) e em pacientes
(90). A extensao dessa abordagem para investigar a hipertrofia dos cardiomiécitos
nunca foi realizada com algum método nado invasivo. QOutro grupo,
estudando pacientes com estenose adrtica, se interessou em desenvolver um
método para avaliar o tamanho das células, porém com uma abordagem muito
mais simplista e ndo direta, além de ndo ter sido realizado validagdo contra
histologia (91). Nossos resultados sugerem que é possivel medir
longitudinalmente e de forma independente pela RMC a expansdao da matriz

extracelular e da hipertrofia celular.

Sabemos que o aumento da massa cardiaca pode resultar em
expansao da matriz extracelular além de hipertrofia dos cardiomiocitos (14).
A diferenciacdo entre a hipertrofia fisiolégica e hipertrofia patolégica pode
necessitar mais informacdes do que apenas a massa ventricular e espessura das
paredes do ventriculo esquerdo, tais como fibrose intersticial e tamanho dos

cardiomiécitos. Na hipertrofia patolégica, secundaria a sobrecarga pressoérica,
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a hipertrofia celular pode ser considerada um marcador precoce de
remodelamento miocardico, ocorrendo antes da expansao da matriz celular e da
disfungdo ventricular esquerda e insuficiéncia cardiaca (13,78,79).
Dados mostram que o estresse mecanico no musculo cardiaco é capaz de ativar
fatores estimulantes da hipertrofia e fibrose, fatores estes envolvidos no
desenvolvimento da insuficiéncia cardiaca (92-95). Dessa forma o aumento da
fibrose intersticial parece ser um importante fator na transicdo da hipertrofia
compensada e fisiolégica para hipertrofia patolégica e insuficiéncia cardiaca
(78,96,97). Nos pacientes com HVE em risco para desenvolver insuficiéncia
cardiaca, o equilibrio no metabolismo do colageno, identifica os pacientes em
maior risco para apresenta insuficiéncia cardiaca clinica (98-100). Intervencéo
precoces, antes da ocorréncia de fibrose intersticial e disfungado ventricular
esquerda, pode ser (il na tentativa de evitara progressao para insuficiéncia
cardiaca com sintomas (101).

O presente estudo apresenta algumas limitacbées: o uso da FVEC como
um marcador de fibrose intersticial assume que a expansao do espaco extracelular
ocorre de maneira homogenia pelo miocardio. Outra limitacao refere-se ao fato de
nao estarem disponiveis dados sobre a funcao diastélica nos experimentos com
modelos animais, apenas na coorte de pacientes hipertensos. No caso dos
camundongos, observamos associacao significativa entre a FVEC e funcao
sistolica do ventriculo esquerdo.

Nossa observacdo da subestimacdo da FVEC com o uso de modelo
linear para andlise dos dados das medidas de T1 pela RMC se aplica em
situacées que o R1 no plasma é relativamente elevado. Para R1 no plasma
<2,0 segundos, a subestimacdo da determinacdo da FVEC foi relativamente
pequena, da ordem de 5%. Dessa forma a comparacdo dos resultados da
quantificacdo da FVEC depende da dose maxima do contraste gadolinio

administrada.
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Além disso, o presente estudo assume que permeabilidade da
membrana celular dos cardiomiécitos é constante com o desenvolvimento da
hipertrofia miocardica. Apesar da isquemia poder alterar a permeabilidade da
membrana celular (102), acreditamos que essa condicdo nao esta presente no
nosso experimento pela auséncia de RT pela RMC (102). A possivel presenca de
outras ceélulas como os fibroblastos, pode introduzir potencial erro na
determinacao da hipertrofia de cardiomiécitos pelo nossa técnica. Apesar disso,
o volume absoluto dessas outras células (ndo cardiomiécitos) é relativamente

pequeno em comparagao com o tamanho ocupado pelos cardiomiécitos.
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5- CONCLUSAO GERAL

80



A FVEC, quantificada por medidas de T1 derivadas da RMC, detectou a
expansao de matriz extracelular, como um marcador de fibrose intersticial,
em um modelo de doenca cardiaca hipertensiva em camundongos e em uma
coorte de pacientes hipertensos. A analise dos tempos de T1 com a prerrogativa
da existéncia da troca de agua pela membrana celular resulta em significativa

subestimacéao da FVEC.

Nesse estudo validamos, utilizando dois modelos experimentais de
sobrecarga pressorica no miocardio, um método nao invasivo, derivado de
medidas de T1 pela RMC, para avaliacdo da hipertrofia dos cardiomiécitos e da

expansao do espaco extracelular.
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