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Background:   Several knowledge gaps in cardiology

• Heart Failure epidemic…
– Increasing in prevalence

– Costly

– Incompletely understood

– Not just sequelae of CAD with huge infarcts

– “Conceptual homogenization of myocardium”—rather than 
considering components separately: 

• cardiomyocyte

• Interstitium

• microvasculature

• What is vulnerable remodeling…?
– Among myriad changes in myocardium, what are the key 

components that really matter?

– What are the causes and what are the effects?

Focus on Myocardial fibrosis

• Consider:  the heart may be like other organs:

– Lung  pulmonary fibrosis, 

– Liver  cirrhosis, 

– Kidney  glomerular fibrosis 

• where disruption of its architecture through interstitial 
expansion leads to organ dysfunction and vulnerability to 
the patient

• “Amyloid-light”
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Leveraging over a decade of CMR investigation
Association of myocardial fibrosis with outcomes  vulnerability

http://static.guim.co.uk/sys-images/Guardian/Pix/pictures/2013/1/30/1359549064145/Crowd-of-people-008.jpg

Apt Quote

When you can measure what you are speaking about 
and summarize it in numbers, you know something 
about it.

And when you cannot express it in numbers, your 
knowledge is of a meager and unsatisfactory kind. It may 
be the beginning of knowledge, but you have scarcely in 
your thought advanced to the stage of science, whatever 
the matter may be.

—Lord Kelvin, Popular Lectures and Addresses Vol 1 (1889)

Electrical Units of measurement delivered 3 May 1883.
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WE now have to the tools to measure and follow 
myocardial fibrosis (and amyloidosis)

ECV

ExtraCellular Volume

Severe diffuse interstitial fibrosis Normal

LGE misses the severe diffuse myocardial fibrosis

Schelbert EB, Fonarow GC, 
Bonow RO, Butler J, 
Gheorghiade M. JACC 2014
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Conclusions
• Interstitial expansion from myocardial fibrosis likely causes: 

– Mechanical dysfunction (i.e., diastolic)

• Systolic function and ECV are mostly independent 

– Microvascular dysfunction (↓ perfusion reserve, capillary rarefaction)

– Electrical dysfunction (reentry)

and the increases risks of death, hospitalization for HF, arrhythmia 

• Similar strength of association with adverse outcomes between ECV and 
EF and/or GLS   Myocardial fibrosis likely causal

• CMR (and CCT) measure interstitial expansion with ECV reliably

• Anti-fibrotic Rx under development promise to reverse cardiac dysfunction 
& improve outcomes.

• ECV is critical for serial monitoring of disease progression / regression

Key outcomes data   Conceptual model
A new taxonomy to conceptualize vulnerability related to myocardial disease

Fröjdh F,  Fukui M, Cavalcante JL,….Ugander M, Schelbert EB. Extracellular Volume and Global
Longitudinal Strain Both Associate With Outcomes But Correlate Minimally.  JACC Imaging 2020 
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Potential for therapy to REVERSE myocardial fibrosis

• Renin angiotensin aldosterone inhibitors

• Other agents in development
Schelbert, EB, et al.  Circ Cardiovasc Imaging. 2017;10:e005619. DOI: 10.1161/CIRCIMAGING.116.005619

A new age for understanding the role of the 
cardiac interstitium

• more than 30 phase 2 trials and observational ongoing 
studies leveraging change in ECV as an endpoint

Schelbert EB, Butler J, Diez J. Why Clinicians Should Care About the Cardiac 
Interstitium.  JACC Cardiovasc Imaging. 2019 Nov;12(11 Pt 2):2305-2318.
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The story starts with histopathology:

ECM expansion from diffuse fibrosis seems 
ubiquitous in diseased myocardium at autopsy

distortion of micro-architecture

Nonischemic dilated cardiomyopathy

Control DCM DCM

Beltrami C, et al.  J Moll Cell Cardiol 1995

Are energetics normal here??
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Remote, non-infarcted myocardium in Ischemic CM

Are energetics normal here??Beltrami C, et al.  Circulation 1994

Remote, non-infarcted myocardium
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Normal 
myocardium

Rossi M et al. 
J Hypertens 1998

Mild 
LVH from 

hypertensive 
heart 

disease

Rossi M et al. 
J Hypertens 1998
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Worse 
LVH
from 

hypertensive 
heart disease

Rossi M et al. 
J Hypertens 1998

Severe 
LVH
from 

hypertensive 
heart 

disease

Rossi M et al. 
J Hypertens 1998
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“Cardiac/myocardial cirrhosis” in hypertensive diabetic CM

van Hoeven and Factor, Circulation 1990

Abnormal energetics here??

Mechanisms for myocardial fibrosis to cause 
vulnerability

• Capillary rarefaction and perivascular fibrosis that limit 
perfusion reserve

Mohammed SF, Hussain S, Mirzoyev SA, Edwards WD, Maleszewski JJ, Redfield MM. Coronary microvascular rarefaction and myocardial 
fibrosis in heart failure with preserved ejection fraction.Circulation. 2015; 131:550–559. doi: 10.1161/CIRCULATIONAHA.114.009625.

Kato S, Saito N, Kirigaya H, Gyotoku D, Iinuma N, Kusakawa Y, Iguchi K, Nakachi T, Fukui K, Futaki M, Iwasawa T, Kimura K, Umemura S. 
Impairment of coronary flow reserve evaluated by phase contrast cine-magnetic resonance imaging in patients with heart failure with preserved 
ejection fraction.J Am Heart Assoc. 2016; 5:e002649. doi: 10.1161/JAHA.115.002649.

Brilla CG, Janicki JS, Weber KT. Cardioreparative effects of lisinopril in rats with genetic hypertension and left ventricular 
hypertrophy.Circulation. 1991; 83:1771–1779.
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Mechanisms for myocardial fibrosis to cause 
vulnerability

• Increased space between the capillary and collagen-
encircled cardiomyocyte, increasing the oxygen diffusion 
distance and rendering the cardiomyocyte prone to 
hypoxia, an important trigger of cardiomyocyte-
programmed cell death or apoptosis, potentially 
promoting progressive MF

Sabbah HN, Sharov VG, Lesch M, Goldstein S. Progression of heart failure: a role for interstitial fibrosis.Mol Cell Biochem. 1995; 147:29–
34.CrossrefMedlineGoogle Scholar

Sabbah HN. Apoptotic cell death in heart failure.Cardiovasc Res. 2000; 45:704–712.

Mechanisms for myocardial fibrosis to cause 
vulnerability

• Myocardial stiffening from titin and collagen expansion with 
increased cross-linking in MF that leads to systolic and 
especially diastolic dysfunction and increased filling 
pressures

Rommel KP, von Roeder M, Latuscynski K, Oberueck C, Blazek S, Fengler K, Besler C, Sandri M, Lücke C, Gutberlet M, Linke A, Schuler G, Lurz
P. Extracellular volume fraction for characterization of patients with heart failure and preserved ejection fraction.J Am Coll Cardiol. 2016; 67:1815–
1825. doi: 10.1016/j.jacc.2016.02.018.

Zile MR, Baicu CF, Ikonomidis JS, Stroud RE, Nietert PJ, Bradshaw AD, Slater R, Palmer BM, Van Buren P, Meyer M, Redfield MM, Bull DA, 
Granzier HL, LeWinter MM. Myocardial stiffness in patients with heart failure and a preserved ejection fraction: contributions of collagen and 
titin.Circulation. 2015; 131:1247–1259. doi: 10.1161/CIRCULATIONAHA.114.013215.

Brilla CG, Janicki JS, Weber KT. Cardioreparative effects of lisinopril in rats with genetic hypertension and left ventricular hypertrophy.Circulation. 
1991; 83:1771–1779

Brilla CG, Funck RC, Rupp H. Lisinopril-mediated regression of myocardial fibrosis in patients with hypertensive heart disease.Circulation. 2000; 
102:1388–1393.

Díez J, Querejeta R, López B, González A, Larman M, Martínez Ubago JL. Losartan-dependent regression of myocardial fibrosis is associated 
with reduction of left ventricular chamber stiffness in hypertensive patients.Circulation. 2002; 105:2512–2517.

Weber KT, Brilla CG. Pathological hypertrophy and cardiac interstitium. Fibrosis and renin-angiotensin-aldosterone system.Circulation. 1991; 
83:1849–1865.

23

24

13 of 61



MHIF Cardiovascular Grand Rounds | 
January 17, 2022

Mechanisms for myocardial fibrosis to cause 
vulnerability

• Impaired electric conduction from disarray in the 
collagen network architecture that predisposes to 
reentrant arrhythmia and sudden death

Tamarappoo BK, John BT, Reinier K, Teodorescu C, Uy-Evanado A, Gunson K, Jui J, Chugh SS. Vulnerable myocardial interstitium in 
patients with isolated left ventricular hypertrophy and sudden cardiac death: a postmortem histological evaluation.J Am Heart Assoc. 
2012; 1:e001511. doi: 10.1161/JAHA.112.001511.

Banypersad SM, Moon JC, Whelan C, Hawkins PN, Wechalekar AD. Updates in cardiac amyloidosis: a review.J Am Heart Assoc. 2012; 
1:e000364. doi: 10.1161/JAHA.111.000364.

J.M. McLenachan, H.J. Dargie. Ventricular arrhythmias in hypertensive left ventricular hypertrophy. Relationship to coronary artery 
disease, left ventricular dysfunction, and myocardial fibrosis. Am J Hypertens, 3 (1990), pp. 735-740

T. Kawara, R. Derksen, J.R. de Groot, et al. Activation delay after premature stimulation in chronically diseased human myocardium 
relates to the architecture of interstitial fibrosis.  Circulation, 104 (2001), pp. 3069-3075

K.P. Anderson, R. Walker, P. Urie, P.R. Ershler, R.L. Lux, S.V. Karwandee.  Myocardial electrical propagation in patients with idiopathic 
dilated cardiomyopathy.   J Clin Invest, 92 (1993), pp. 122-140

Mechanisms for myocardial fibrosis to cause 
vulnerability

• Final culmination of all of these insults:

• Likely impaired cardiomyocyte/mitochondrial energetics 
if interposing excess collagen isolates cardiomyocytes 
from capillaries in the setting of decreased perfusion 
reserve, arrhythmia, and myocardial stiffening, 
culminating in an engine out of fuel.
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4 human histology studies 
showing fibrosis is 

reversible: 
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But only very modest changes with renin-
angiotensin-aldosterone inhibition, ~1% absolute Δ

Table 2. Studies Examining the Extent of Myocardial Fibrosis Reversal by Histological Measures in Human With 
Angiotensin-Converting Enzyme Inhibitors, Angiotensin Receptor Blockers, or Mineralocorticoid Receptor 
Antagonism

Drug Investigators Disease
Duration, 

mo

Collagen Volume Fraction Relative 
Percent 
Change

Absolute 
Percent 
ChangeStart End

Spironolacton
e

Izawa et al
Dilated 
cardiomyopathy

12 4.7 3.4 ≈28% ≈1.3%

Lisinopril Brilla et al
Hypertensive 
heart disease

6 6.9 6.3 9% 0.6%

Perindopril
Schwartzkopff et 
al

Hypertensive 
heart disease

12 5.5 4.3 22% 1.2%

Losartan Díez et al
Hypertensive 
heart disease

12 4.32 3.72 14% 0.6%

Average: 
10.5

Average: 
18%

Average: 
0.93%

Erik B. Schelbert, Hani N. Sabbah, Javed Butler, and Mihai Gheorghiade.
https://doi.org/10.1161/CIRCIMAGING.116.005619Circulation: Cardiovascular Imaging. 2017;10:e005619

2 more interesting fibrosis studies in HF
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HFpEF vs. HFrEF
…collagen volume fraction is equally elevated…
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Histology suggests adverse associations between 
myocardial fibrosis and morbidity and mortality

Myocardial fibrosis is clearly ubiquitous in 
diseased myocardium, regardless of 

‘stimulus’ or etiology

How do leverage this information clinically??

 ECV !

Signal intensity (magnetization)  = 1-2•e(-time / T1)

= 1-2•e(-time ∙ R1)

Time (msec)
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CMR ECV requires T1 or R1 measurement…exponentiated time constant

magnitude

Phase reconstruction
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“MOLLI”

developed by 
Daniel Messroghli

permits pixelwise T1
maps since component
images after an RF 
inversion pulse are 
acquired at same point 
in the cardiac cycle

Messroghli DR, et al. J Magn Reson Imaging. 
2007;26:1081-1086

Wong TC, et al.  Circulation. 
2012;126:1206-1216

ExtraCellular Volume 
fraction (ECV) 

measures myocardial 
interstitial expansion

= myocardial Gd 
uptake relative to 
plasma (not whole 

blood measured from 
images)

Schelbert EB, Fonarow GC, Bonow RO, Butler J, 
Gheorghiade M. JACC 2014
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Imaging the interstitial space with 
Extracellular Volume Fraction (ECV) 

Ugander M, et al. Eur Heart J 2012;33:1268-1278
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ECV is validated against collagen volume fraction 
in human myocardium (many centers, many papers)

• 1. Flett AS, Hayward MP, Ashworth MT, Hansen MS, Taylor AM, Elliott PM, McGregor C, Moon JC. 
Equilibrium contrast cardiovascular magnetic resonance for the measurement of diffuse myocardial fibrosis: 
preliminary validation in humans. Circulation. 2010;122:138-144

• 2. Miller CA, Naish J, Bishop P, Coutts G, Clark D, Zhao S, Ray SG, Yonan N, Williams SG, Flett AS, Moon 
JC, Greiser A, Parker GJ, Schmitt M. Comprehensive Validation of Cardiovascular Magnetic Resonance 
Techniques for the Assessment of Myocardial Extracellular Volume. Circ Cardiovasc Imaging. 2013

• 3. White SK, Sado DM, Fontana M, Banypersad SM, Maestrini V, Flett AS, Piechnik SK, Robson MD, 
Hausenloy DJ, Sheikh AM, Hawkins PN, Moon JC. T1 Mapping for Myocardial Extracellular Volume Measurement 
by CMR: Bolus Only Versus Primed Infusion Technique. JACC Cardiovasc Imaging. 2013;6:955-962

• 4. Aus dem Siepen F, Buss SJ, Messroghli D, Andre F, Lossnitzer D, Seitz S, Keller M, Schnabel PA, 
Giannitsis E, Korosoglou G, Katus HA, Steen H. T1 mapping in dilated cardiomyopathy with cardiac magnetic 
resonance: quantification of diffuse myocardial fibrosis and comparison with endomyocardial biopsy. Eur Heart J 
Cardiovasc Imaging. 2014

• 5. Fontana M, White SK, Banypersad SM, Sado DM, Maestrini V, Flett AS, Piechnik SK, Neubauer S, Roberts 
N, Moon J. Comparison of T1 mapping techniques for ECV quantification. Histological validation and reproducibility 
of ShMOLLI versus multibreath-hold T1 quantification equilibrium contrast CMR. J Cardiovasc Magn Reson. 
2012;14:88

• 6. de Meester de Ravenstein C, Bouzin C, Lazam S, Boulif J, Amzulescu M, Melchior J, Pasquet A, 
Vancraeynest D, Pouleur AC, Vanoverschelde JL, Gerber BL. Histological Validation of measurement of diffuse 
interstitial myocardial fibrosis by myocardial extravascular volume fraction from Modified Look-Locker imaging 
(MOLLI) T1 mapping at 3 T. J Cardiovasc Magn Reson. 2015;17:48

• 7. Zeng M, Zhang N, He Y, Wen Z, Wang Z, Zhao Y, Greiser A, An J, Zhang T, Jing B, Zhang X, Fan Z, Li D. 
Histological validation of cardiac magnetic resonance T mapping for detecting diffuse myocardial fibrosis in diabetic 
rabbits. J Magn Reson Imaging. 2016

• 8. Inui K, Tachi M, Saito T, Kubota Y, Murai K, Kato K, Takano H, Amano Y, Asai K, Shimizu W. Superiority of 
the extracellular volume fraction over the myocardial T1 value for the assessment of myocardial fibrosis in patients 
with non-ischemic cardiomyopathy. Magn Reson Imaging. 2016

Generally high R2 values, despite the potential for 1) 
spatial heterogeneity of myocardial fibrosis, and 2) 
destructive histologic processing to introduce error

1. R2= 0.893

2. R2=0.796    

3. R2=0.767

4. R2=0.72

5. R2=0.69

6. R2=0.685

7. R2=0.608

8. R2=0.56
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Spatial variation plagues needle and 
endomyocardial biospies

A
m

erican Journal of cardiology 1983

Diffuse fibrosis is not homogeneous
(Coefficient of variation=SD/mean)

• Left ventricular endomyocardial catheter biopsies from 73 patients with 
idiopathic dilated cardiomyopathy

• The coefficient of variation (several biopsies from the same patient) was: 

– 6% for determination of fiber diameter, 

– 43% for interstitial fibrosis, 

– 3% for volume fraction of myofibrils. 

• Sampling error is high for evaluation of fibrosis, 

• A reduction in the volume fraction of myofibrils and an increase in fibrosis 
are morphologic correlates of left ventricular dysfunction in patients with 
idiopathic dilated cardiomyopathy.

Schwarz F, Mall G, Zebe H et al. Quantitative morphologic findings of the myocardium in idiopathic dilated cardiomyopathy. 
Am J Cardiol 1983;51:501-6.

45

46

24 of 61



MHIF Cardiovascular Grand Rounds | 
January 17, 2022

Diffuse ≠ homogenous

Variability is the law of life, and as no 
two faces are the same, so no two 
bodies are alike, and no two 
individuals react alike and behave alike 
under the abnormal conditions which 
we know as disease.

—Sir William Osler

Analogous to HCM, amyloid, etc

ECV in the clinical setting

HFpEF
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On multivariate linear 
regression analyses
including ECV, E/E’, and left 
atrial volume index as
the noninvasive imaging 
parameters potentially
informing on LV stiffness, ECV 
emerged as the only 
independent predictor for 
intrinsic LV stiffness
(ßstandardized = 0.75; 
ßnonstandardized = 0.21; p< 0.01).

Echo probably too load 
dependent…
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ECV better agrees with EDPVR than echo indices 
(too load dependent)

• ECV was significantly higher in patients with HFpEF

• HFpEF patients had higher LV EDPs at baseline and 
during exercise as well as amore pronounced increase in 
EDPVR in response to physical exertion (Δ EDPVR) 

• On multivariate linear regression analyses including 
ECV, E/E’, and left atrial volume index predicting LV 
stiffness, ECV was the only independent predictor for 
intrinsic LV stiffness (p < 0.01)

51
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Among myriad changes occurring during 
the apparent evolution of HFpEF where 
elevated BNP is prevalent, MF was 
similarly prevalent in those with or at risk 
for HFpEF

Conceivably, MF might precede clinical 
HFpEF diagnosis. 

Regardless, MF was associated with 
disease severity (ie, BNP) and outcomes. 

Whether cells and secretomes mediating 
MF represent therapeutic targets in HFpEF 
warrants further evaluation

53
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Schelbert EB, et al. JAMA Cardiology. 2017; doi:10.1001/jamacardio.2017.2511

Outcomes in HFpEF (TOPCAT-like definition)

Schelbert EB, et al. JAMA Cardiology. 2017; doi:10.1001/jamacardio.2017.2511

55

56

29 of 61



MHIF Cardiovascular Grand Rounds | 
January 17, 2022

ECV in the clinical setting

Aortic Stenosis
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In patients with severe aortic 
stenosis scheduled for aortic 
valve intervention, 

an increased ECV% is a 
measure of left ventricular 
decompensation and a 
powerful independent 
predictor of mortality.

Similar ECV distributions across 13 centers, 440 pts
not so for native T1 (all over the “map”)

Everett RJ, Treibel TA, Fukui M et al. Extracellular Myocardial Volume in Patients With Aortic Stenosis. J Am Coll Cardiol 2020;75:304-316.
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• Conclusions: 

• Machine learning identified myocardial fibrosis (ECV) 
and biventricular remodeling markers as the top 
predictors of survival in AS and highlighted their 
nonlinear association with mortality. 
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ECV in the clinical setting

Degenerative Chronic Mitral regurgitation
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ECV associates with various disease severity 
metrics in chronic Mitral Regurgitation

• ECV was increased (0.32±0.07 versus 0.25±0.02, 
P<0.01) 

• ECV associated with:
– increased left ventricular end-systolic volume index (r=0.62, 

P<0.01), 

– left atrial volume index (r=0.41, P<0.05)

– lower left ventricular ejection fraction (r=−0.60, P<0.01),

– longitudinal function (mitral annular plane systolic excursion, 
r=−0.46, P<0.01), and 

– peak VO2 max (r=−0.51, P<0.05). 

• In a multivariable regression model, LV-ESVindex and 
LA Vol index were independent predictors of ECV 
(r2=0.42, P<0.01).

ECV in the clinical setting

All comers

65

66

34 of 61



MHIF Cardiovascular Grand Rounds | 
January 17, 2022

• GLS linearly related to EF

• GLS far more associated 
with outcomes compared to 
EF

• ECV and GLS are barely 
related (R2=0.04)
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Fröjdh F, Fukui M, Cavalcante JL….Ugander M, Schelbert EB. Extracellular Volume and Global
Longitudinal Strain Both Associate With Outcomes But Correlate Minimally.  JACC IMG 2020
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Multivariable modeling adjusting for every variable we collected
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Subgroup Variable Univariable Cox Model Stepwise Multivariable Cox Model Covariates

χ2 value HR
(95% CI)

p value χ2 value HR
(95% CI)

p value

LVEF≥55%
(n=947; 129 events)

GLS (per 5% increment) 32.4 2.21 
(1.68-2.90)

<0.001 11.3 1.56
(1.20-2.03)

<0.001 age, hypertension, atrial fibrillation

ECV (per 4% increment) 42.1 1.67 
(1.43-1.94)

<0.001 29.4 1.53
(1.31-1.78)

<0.001

LVEF<55% (n=631; 210 
events)

GLS (per 5% increment) 62.7 2.03 
(1.70-2.42)

<0.001 22.6 1.62
(1.33-1.98)

<0.001 age, diabetes, glomerular filtration, 
coronary bypass, current smoking, race

ECV (per 4% increment)) 45.2 1.52 
(1.34-1.71)

<0.001 10.5 1.26
(1.10-1.45)

0.001

Heart failure with 
LVEF≥55% (n=130; 42 
events)

GLS (per 5% increment) 3.4 1.51
(0.98-2.35)

0.064 - - - gender

ECV (per 4% increment)) 11.1 1.50
(1.18-1.90)

<0.001 5.5 1.33
(1.05-1.70)

0.018

Heart failure with 
LVEF<55% (n=341; 153 
events)

GLS (per 5% increment) 11.8 1.46
(1.18-1.81)

<0.001 4.5 1.30
(1.02-1.66)

0.033 age, diabetes, glomerular filtration, 
coronary bypass, current smoking, atrial 
fibrillation, raceECV (per 4% increment)) 19.3 1.42

(1.21-1.66)
<0.001 4.56 1.21

(1.02-1.44)
0.033

Myocardial infarction 
present (n=345; 130 events) 

GLS (per 5% increment) 37.0 1.93
(1.56-2.38)

<0.001 19.4 1.66
(1.33-2.09)

<0.001 age, diabetes, glomerular filtration, race

ECV (per 4% increment) 37.0 1.69
(1.43-2.01)

<0.001 11.2 1.39 
(1.15-1.69)

<0.001

Myocardial infarction 
absent (n=1233; 209 
events)

GLS (per 5% increment) 102.2 1.96
(1.72-2.23)

<0.001 19.6 1.41
(1.21-1.65)

<0.001 age, diabetes, hypertension, 
nonischemic scar, current smoking, 
atrial fibrillation ECV (per 4% increment) 69.2 1.64

(1.46-1.84)
<0.001 26.4 1.40

(1.23-1.59)
<0.001

Diabetes present (n=315; 
124 events

GLS (per 5% increment) 38.4 1.87
(1.54-2.28)

<0.001 15.8 1.53
(1.24-1.89)

<0.001 glomerular filtration, coronary bypass

ECV (per 4% increment) 23.9 1.57
(1.31-1.87)

<0.001 7.9 1.32
(1.09-1.60)

0.005

Diabetes absent (n=1263; 
215 events)

GLS (per 5% increment) 125.4 2.06
(1.81-2.33)

<0.001 28.2 1.49
(1.28-1.72)

<0.001 age, hypertension, nonischemic scar, 
current smoking, atrial fibrillation, ex-
smoker, lipid disorder, moderate or 
severe aortic stenosis

ECV (per 4% increment) 75.7 1.66
(1.48-1.86)

<0.001 27.6 1.40
(1.24-1.59)

<0.001

Any evidence of 
obstructive coronary artery 
disease (n=463; 162 events) 

GLS (per 5% increment) 40.8 1.74
(1.47-2.06)

<0.001 23.1 1.57
(1.31-1.89)

<0.001 age, diabetes, hypertension, glomerular 
filtration, coronary bypass, lipid disorder

ECV (per 4% increment) 36.8 1.57
(1.36-1.82)

<0.001 14.6 1.37
(1.17-1.62)

<0.001

No evidence of obstructive 
coronary artery disease 
(n=1115; 177 events)

GLS (per 5% increment) 104.7 2.08
(1.81-2.39)

<0.001 14.6 1.38
(1.17-1.64)

<0.001 age, diabetes, hypertension, mitral 
regurgitation, nonischemic scar, current 
smoking, atrial fibrillationECV (per 4% increment) 68.5 1.70

(1.50-1.92)
<0.001 24.6 1.43

(1.24-1.65)
<0.001

Supplemental Table 3. Comparison of GLS and ECV in their associations with outcomes in various clinically relevant 
subgroups using univariable and multivariable Cox regression models stratified by hospitalization status.
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Key outcomes data   Conceptual model
A new taxonomy to conceptualize vulnerability related to myocardial disease

Fröjdh F,  Fukui M, Cavalcante JL,….Ugander M, Schelbert EB. Extracellular Volume and Global
Longitudinal Strain Both Associate With Outcomes But Correlate Minimally.  JACC Imaging 2020 

ECV in the clinical setting

Incident ventricular arrhythmia requiring ICD 
Rx
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ECV predicts serious ventricular arrhythmia 
(appropriate ICD shock)

ACC 2018 “Diffuse myocardial fibrosis measured by extracellular volume associates  with incident 
ventricular arrhythmia in implantable cardioverter defibrillator recipients more than focal fibrosis

Shock or anti-tachycardia pacing

ACC 2018 “Diffuse myocardial fibrosis measured by extracellular volume associates  with incident 
ventricular arrhythmia in implantable cardioverter defibrillator recipients more than focal fibrosis
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ECV and ICD shock

• In multivariable Cox models, ECV remained associated 
with ICD shock HR 2.17 (95%CI 1.17-4.00) for every 5% 
increase in ECV, adjusted for: 

– age, 

– ejection fraction (EF), 

– myocardial infarction, 

– nonischemic scar on LGE, 

– ICD indication (primary prevention) and 

– ischemic cardiomyopathy 

whereas myocardial infarction and focal fibrosis by LGE      
did not.
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CONCEPTUAL MODEL:  Inferring cardiomyocyte-ECM 
interactions by associations with cardiac dysfunction and adverse 

outcomes

Schelbert EB, Wong TC, Gheorghiade M.  JAHA 2015 
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Most robust measure for myocardial 
fibrosis?
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ECV in the clinical setting

Athletic Heart
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Novel therapeutics for myocardial fibrosis on the 
horizon

• Mineralocorticoid antagonists

• RNA therapeutics (long non-coding)

• Pirfenidone - an oral antifibrotic agent without hemodynamic 
effect

• J Cardiovasc Pharmacol 2014;64:69–78)
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Aldosterone 
blockage without the 
hyperkalemia 

or 

renal dysfunction!

Histological assessment of fibrosis revealed a significant dose-dependent reduction 
of interstitial fibrosis suggesting improvements in the overall cardiac remodeling in 
the antimiR132-treated groups
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• Cardior Pharmaceuticals has a bigger goal—and has persuaded investors 
to commit €64 million ($75 million) to support its ambitions. 

• Cardior expects to have phase 2 data in the second half of 2024
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Micheletti et al., Sci. Transl. Med. 9, eaai9118 (2017) 21 June 2017

• Treats fibroblasts ONLY in the heart to reverse 
myocardial fibrosis with high potency

• No apparent off target effects
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Undesirable off target effects

First Randomized Controlled doble blinded Phase 
2 trial to reverse myocardial fibrosis
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Pirfenidone in heart failure with preserved ejection 
fraction: a randomized phase 2 trial

• enrolled patients with heart failure, an ejection fraction of 45% or higher 
and elevated levels of natriuretic peptides, myocardial ECV 27%

• randomly assigned to receive pirfenidone (n=47) or placebo (n=47) for 52 
weeks.

• In comparison to placebo, pirfenidone reduced myocardial ECV ( −1.21%; 
95% CI, −2.12 to −0.31; P = 0.009). 

• 12 patients (26%) in the pirfenidone group and 14 patients (30%) in the 
placebo group experienced serious adverse events. The most common 
adverse events in the pirfenidone group were nausea, insomnia and rash. 

Lewis GA, Dodd S, Clayton D et al. Pirfenidone in heart failure with preserved ejection fraction: a randomized phase 2 trial.
Nat Med 2021;27:1477-1482.
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Pirfenidone in heart failure with preserved ejection 
fraction: a randomized phase 2 trial

• Pirfenidone was associated with a reduction in log 
NT-proBNP compared to placebo (P=0.02)

• the effect seen by week 13 (the reduction in median NT-
proBNP from baseline to week 13 with pirfenidone was 
415ng/L versus 326ng/L with placebo;

Lewis GA, Dodd S, Clayton D et al. Pirfenidone in heart failure with preserved ejection fraction: a randomized phase 2 trial.
Nat Med 2021;27:1477-1482.

Pirfenidone in heart failure with preserved ejection 
fraction: a randomized phase 2 trial

• among patients with HFpEF and myocardial fibrosis, 
administration of pirfenidone for 52 weeks reduced 
myocardial fibrosis    −1.21%; 

• “The favorable effects of pirfenidone in patients with HFpEF 
will need to be confirmed in future trials” (e.g., phase 3).

Lewis GA, Dodd S, Clayton D et al. Pirfenidone in heart failure with preserved ejection fraction: a randomized phase 2 trial.
Nat Med 2021;27:1477-1482.
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Future Directions

• Assess how cardiomyocyte and interstitial/fibroblast 
domains of vulnerability change with interventions
– Pharmacologic

– Procedural (percutaneous, surgical)

• Understand the efficacy of these interventions on each 
domain as they both important

• Define high-ECV enriched populations without reliance 
on CMR/CCT for Phase 3 trials 
– (there definitely is a way to do this!  — unpublished data)

Conclusions
• Interstitial expansion from myocardial fibrosis likely causes: 

– Mechanical dysfunction (i.e., diastolic)

• Systolic function and ECV are mostly independent 

– Microvascular dysfunction (↓ perfusion reserve, capillary rarefaction)

– Electrical dysfunction (reentry)

and the increases risks of death, hospitalization for HF, arrhythmia 

• Similar strength of association with adverse outcomes between ECV and 
EF and/or GLS   Myocardial fibrosis likely causal

• CMR (and CCT) measure interstitial expansion with ECV reliably

• Anti-fibrotic Rx under development promise to reverse cardiac dysfunction 
& improve outcomes.

• ECV is critical for serial monitoring of disease progression / regression
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Omnipresent issue in research: Cause vs. Effect

Among cascading derangements in diseased myocardium: 

– which “domains” confer vulnerability and are truly causal?  

– which abnormalities simply represent downstream, noncausal 
effects of the above?

– How do we conceptualize these changes?

https://www.virginia.org/listings/OutdoorsAndSports/CascadesNationalRecreationTrail/
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ECV in the clinical setting

Amyloidosis
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Different story for Late Gadolinium Enhancement (LGE) and 
ExtraCellular Volume (ECV) cardiac MR 

ECV maps

LGE

Cine frame

Schelbert EB, et al. JAMA Cardiol. doi:10.1001/jamacardio.2017.2511

Prognostic Value of Late Gadolinium Enhancement (LGE)
Cardiovascular Magnetic Resonance (CMR) in Both types of Cardiac Amyloidosis

LGE is crude burden of disease 
measure

Fontana M, et al. Circulation. 2015;132:1570-1579. DOI: 10.1161/CIRCULATIONAHA.115.016567.
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Cardiac MR for ATTR diagnosis 
LGE (qualitative) + ECV (quantitative measure of interstital volume) 

Martinez-Naharro M, et al. J Am Coll Cardiol Img 2019;12:810–9  https://doi.org/10.1016/j.jcmg.2018.02.006

Cardiac MR with ECV for 
diagnosis as well as 

ATTR risk stratification

Martinez-Naharro M, et al. J Am Coll Cardiol Img 2019;12:810–9  https://doi.org/10.1016/j.jcmg.2018.02.006

AUC
0.91 for ECV
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ECV risk stratification for AL cardiac amyloidosis

Banypersad SM, et al. Eur Heart J (2015) 36, 244–251 doi:10.1093/eurheartj/ehu444

ECV can track 
response to 

therapy!

Or lack thereof…

Martinez-Naharro A, et al. JACC Cardiovasc Imaging. 2018 Jan;11(1):152-154. doi: 10.1016/j.jcmg.2017.02.012
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No change in ECV 1 yr after patisiran Rx for ATTR
Despite other testing suggesting regression
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Pittsburgh experience with amyloidosis in aortic stenosis

Cavalcante JL, et al. Journal of Cardiovascular Magnetic Resonance (2017) 19:98
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