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ABSTRACT
Interstitial heart disease, whether primarily from myocardial ﬁbrosis or cardiac amyloidosis, indicates excess protein
accumulation in the interstitium and constitutes a major source of heart failure with excess cardiac morbidity and mortality. Myocardial ﬁbrosis (deﬁned as excess myocardial collagen concentration that distorts myocardial architecture) is
prevalent and causes cardiac symptoms and ultimately adverse cardiac events, such as heart failure, arrhythmia, and
death. Conversely, cardiac amyloidosis is far less prevalent than myocardial ﬁbrosis but represents a more extreme form
of interstitial heart disease with marked interstitial expansion, profound architectural distortion, and then rapid clinical
decline. Myocardial extracellular volume measures fundamentally advance the understanding of myocardium and
speciﬁcally highlights the role of the interstitium. Rather than conceptualizing myocardium as a homogenous tissue,
dichotomizing the myocardium into its interstitial (including the microvasculature) and cardiomyocyte phenotypes promotes additional understanding of heart failure pathophysiology that may spur the development of more effective
therapies. (J Am Coll Cardiol Img 2019;-:-–-) © 2019 by the American College of Cardiology Foundation.

I

nterstitial heart disease, whether primarily from

The myocardial interstitium is not a passive entity,

myocardial ﬁbrosis (MF) or cardiac amyloidosis

but rather a complex and dynamic microenvironment

(CA), indicates excess protein accumulation in

that functions providing structural integrity, assisting

the interstitium and constitutes a major source of

in force transmission throughout the cardiac cycle,

heart failure (HF) with excess cardiac morbidity and

acting as a signaling medium for communication be-

mortality (Figure 1). There is a cumulative knowledge

tween

on cardiomyocyte alterations involved in the devel-

executing the repair response after cardiac injury

cells

and

the

extracellular

matrix,

and

opment and progression of cardiac disease, but less

(1–4). To this aim, the myocardial interstitium is high-

information on the role of the extracellular space be-

ly organized and orchestrated, whereby alterations in

tween the cardiomyocytes or myocardial interstitium.

the composition of the collagen network and/or an
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ABBREVIATIONS

excess of its ﬂuid volume and/or the deposi-

concept that interstitial heart disease from excess

AND ACRONYMS

tion of foreign materials (Table 1) lead to the

interstitial protein, especially MF, represents a

remodeling of the myocardial structure and

promising

subsequent alterations in left ventricular

investigation

(LV) systolic and/or diastolic function, which

strategy may ameliorate the HF epidemic that con-

transthyretin protein

are important in the progression to HF in

tinues to plague society.

CA = cardiac amyloidosis

different cardiac diseases (5,6).

AL = amyloidosis from light
chain protein

ATTR = amyloidosis from

MF may precede symptoms, but their

CMR = cardiovascular magnetic

therapeutic
with

target worthy of further

interventional

trials.

Such

a

PATHOPHYSIOLOGICAL ASPECTS AND

resonance

relationship between remains poorly under-

ECV = extracellular volume

stood. Still, observational data indicate that

HF = heart failure

MF (deﬁned as excess myocardial collagen

MYOCARDIAL FIBROSIS. Collagen is the most abun-

HFpEF = heart failure with

concentration that distorts myocardial ar-

dant protein in the animal kingdom (13). MF is char-

CLINICAL ASPECTS

preserved ejection fraction

chitecture) (Figure 2A) is prevalent and may

acterized by an excess ﬁbrous tissue (i.e., collagen

HFrEF = heart failure with

cause

ultimately

types I and III ﬁbers) relative to the mass of car-

cardiac

symptoms

and

reduced ejection fraction

adverse cardiac events, such as hospitaliza-

diomyocytes within the myocardial interstitium and

LGE = late gadolinium

tion for HF (implying worse HF symptoms),

is present in a wide range of cardiac conditions

enhancement

arrhythmia, and death (7). Conversely, CA,

ranging from pressure overload-related diseases,

LV = left ventricular

whether from amyloid light chain (AL) or

such as hypertensive heart disease or aortic valve

MF = myocardial ﬁbrosis

transthyretin (ATTR) proteins, is far less

stenosis, to ischemic heart disease (14,15). Whether

RAAS = renin-angiotensin-

prevalent than MF but represents a more

MF in different disease confers uniform or variable

aldosterone system

extreme form of interstitial heart disease

pathophysiological and prognostic impact states

(Figure 2B) with marked interstitial expansion, pro-

represents a complex issue requiring further study.

found architectural distortion, and markedly higher

Stromal cells, such as resident ﬁbroblasts, resident

rates of ventricular arrhythmia, and HF hospitaliza-

immune-inﬂammatory cells, pericytes, endothelial

tion and/or death (8). In ATTR, ameliorating amyloid

cells, and vascular smooth muscle cells, occupy the

protein deposition reduces mortality, hospitaliza-

interstitium, which is a ﬂuid-ﬁlled interstitial space

tions, and the decline in functional capacity and

that drains to lymphatic vessels and is supported by a

quality of life (9). Currently, little equipoise exists

complex extracellular matrix composed of thick

about the beneﬁts of preventing interstitial protein

collagen bundles that are lined on 1 side by ﬁbroblast-

accumulation in CA, which most clinicians intuit and

like cells and a wide array of molecules besides

readily accept. In MF, however, trial data are far less

collagen (i.e., noncollagen matrix proteins, pro-

robust, and uncertainty persists about the role of MF.

teoglycans, glycosaminoglycans, and a large reservoir

Debate revolves around the extent to which MF oc-

of bioactive signaling molecules) (1–4).

or

Under a somewhat simpliﬁed histopathological

following primary cardiomyocyte injury (Figure 3)

point of view, there are 2 principal patterns of MF:

(10). Ascertaining the dominant etiology of MF,

reparative and reactive (Figure 2A) (16). Whereas in

whether originating from the ﬁbroblast or the car-

the reparative or replacement pattern, MF replaces

diomyocyte, remains important to infer causality and

small foci of dead cardiomyocytes, forming micro-

identify therapeutic targets.

scars, in the reactive pattern, MF appears as a diffuse

curs

following

primary

ﬁbroblast

activation

renin-angiotensin-

accumulation of collagen ﬁbers between individual

lowered

cardiac

cardiomyocytes and cardiomyocyte fascicles and

morbidity and mortality in large phase 3 HF trials.

around the intramyocardial vessels. As a result, the

Yet, several HF trials of novel agents targeting

highly organized architecture of the myocardial

noninterstitial heart disease substrates failed to

interstitium is replaced with a thickened, poorly

improve outcomes. Identifying hemodynamically

organized structure affecting the left ventricle and

neutral agents to prevent and ameliorate HF re-

the left atria in patients with pressure overload con-

mains especially important (11,12). In most patients

ditions (14,15), and the remote region of the left

without CA, targeting ﬁbroblast/myoﬁbroblast func-

ventricle in patients with myocardial infarction (17).

tion and its secretome promises to improve out-

Distinct

comes

HF,

compartment and the interstitial compartment. The

arrhythmia, and death (7,10). In this review, we

nature (16) and chronicity (i.e., continuous or spo-

Targeting
aldosterone

and

the

proﬁbrotic

system

(RAAS)

ameliorate

or

even

prevent

pathways

regulate

the

cardiomyocyte

summarize existing literature to render interstitial

radic) (18) of cardiac stressors may determine how the

heart disease, especially from MF, relevant to

cardiomyocyte compartment (18) and the interstitial

mainstream cardiology. These data support the

compartment (19,20) each respond (16).
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F I G U R E 1 The Extent of Interstitial Expansion as Quantiﬁed by ECV Associated With Future Adverse Events
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In a single-center sample of 519 consecutive patients referred for cardiovascular magnetic resonance with ejection fraction $45%, the extent of interstitial
expansion as quantiﬁed by extracellular volume (ECV) associated with future adverse events, such as hospitalization for heart failure or all-cause mortality. The inset images demonstrate representative ECV maps (normal, myocardial ﬁbrosis, cardiac amyloidosis [arrow]). CMR ¼ cardiovascular magnetic
resonance; HHF ¼ hospitalization for heart failure.

Mounting evidence suggests that MF is the result

pharmacologically or with antibody-mediated mono-

of changes in collagen metabolism at different levels

cyte-derived C-C chemokine receptor 2 monocyte

including increased synthesis of procollagen pre-

depletion attenuates MF and LV remodeling and

cursors, increased conversion of procollagen to

dysfunction (22). Interestingly, in patients with

mature ﬁbril-forming collagen molecules, enhanced

ischemic heart disease, the collagen type I to collagen

cross-linking of collagen ﬁbrils leading to stiff and

type III ratio assessed in interstitial areas of MF is

resistant to degradation collagen ﬁbers, and un-

decreased because of an excess of collagen type III

changed or reduced degradation of collagen ﬁbers

ﬁbers (23), just the opposite to what happens in pa-

(21). Many cell types respond to cardiomyocyte loss or

tients with pressure overload caused by aortic ste-

react to cardiac injury (either mechanical, ischemic,

nosis in which collagen type I is predominant (15),

or metabolic) directly by producing procollagen
precursors and enzymes involved in extracellular
procollagen processing (e.g., myoﬁbroblasts differ-

T A B L E 1 Major Alterations Leading to Interstitial Heart Disease

entiated from resident ﬁbroblasts and other cell

Alterations of the interstitial
collagen network

types) or indirectly by secreting proﬁbrotic mediators
(e.g., other stromal cells beyond ﬁbroblasts, and
inﬁltrating macrophages and lymphocytes, and car-

Disruption of the collagen network
Interstitial deposition of
foreign materials

ﬁbroblasts and all together facilitate MF. As an
derived C-C chemokine receptor 2 macrophages
inﬁltrate the heart early during pressure overload in
mice,

and

that

blocking

this

response

either

Amyloid proteins (amyloidosis from light chain protein,
amyloidosis from transthyretin protein)
Periodic acid Schiff–positive materials (i.e.,
polysaccharides, such as glycogen, and
mucosubstances, such as glycoproteins, glycolipids,
and mucins)

diomyocytes) that stimulate the generation of myoexample, it has been demonstrated that monocyte-

Accumulation of collagen ﬁbers (i.e., myocardial ﬁbrosis)

Excess interstitial ﬂuid
volume (i.e., edema)

Increased capillary blood ﬁltration
Decreased lymphatic drainage
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F I G U R E 2 Endomyocardial Biopsy Showing Myocardial Interstitial Fibrosis and Cardiac Amyloidosis

A

B

C

D

Endomyocardial biopsy of a patient with heart failure presenting with the 3 histomorphological patterns: ﬁbrotic bands and strands surrounding individual cardiomyocytes or fascicles of cardiomyocytes (A), microscopic scarring (B), and perivascular ﬁbrosis (C) (picrosirius red stain identiﬁes collagen ﬁbers in red; original
magniﬁcation "40). (D) Endomyocardial biopsy of another patient with heart failure presenting with cardiac amyloidosis (Congo red stain identiﬁes birefringent amyloid
deposits surrounding cardiomyocytes; original magniﬁcation "40). Courtesy of Dr. Begoña López, Program of Cardiovascular Diseases, Centre of Applied Medical
Research, University of Navarra, Pamplona, Spain.

F I G U R E 3 “Reactive” Myocardial Fibrosis Follows Primary Fibroblast Activation, and “Reparative” Myocardial Fibrosis Follows Loss of Cardiac

Myocytes With Secondary Activation of Fibroblasts

Fibroblast activation pathway

Normal myocardium

Normal myocardium

Myocyte loss pathway

Normal myocardium

Fibroblast
activation
Myocyte loss

Interstitial (reactive) fibrosis
Total myocardial mass increases

Perivascular fibrosis
Fibroblast activation
Interstitial (reactive) fibrosis with
myocyte hypertrophy and loss

Replacement fibrosis
Total myocardial mass decreases
Interstitial and replacement fibrosis
with myocyte hypertrophy

Ascertaining the dominant etiology of myocardial ﬁbrosis, whether originating from the ﬁbroblast or the cardiomyocyte, remains important to infer
causality and identify therapeutic targets. Reprinted with permission from Schelbert et al. (10).
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suggesting that ﬁbrillary collagen dysregulation may

(partly as a direct toxic effect of amyloidogenic free

depend on the underlying clinical condition. Addi-

light chains that promote lysosomal dysfunction and

tionally, it is worth considering that other extracel-

generation of reactive oxygen species) (33) and

lular matrix molecules are also involved in the

reparative MF develops. As a result of all these phe-

mechanisms of MF. For instance, it has been shown

nomena, in the advanced stages of CA there may be

that ﬁbronectin polymerization is necessary for

impairment of both LV diastolic and systolic function

collagen deposition and is a key contributor to

(32). Myocardial ischemia as a result of amyloid

increased

deposition within the small intramyocardial coronary

abundance

of

cardiac

myoﬁbroblasts

following cardiac injury (24).

arterioles also contributes to this process (34). In fact,

Clinical studies have shown that MF associates

coronary ﬂow reserve abnormalities by positron

with LV dysfunction, arrhythmia, and impaired

emission tomography have been reported in patients

myocardial oxygen availability and poor outcomes in

with amyloid inﬁltration of the coronary microvas-

a dose–response fashion (Figure 1). MF has been

culature (35). Additionally, amyloid deposition in

shown to be associated with increased myocardial

relation to lymphatic microvessels has been described

stiffness impairment in LV diastolic ﬁlling in patients

in the heart of patients with systemic amyloidosis

with HF (14,25,26). The realignment of collagen and

(36). This lesion may explain the presence of

cardiomyocytes caused by MF, which may impair

myocardial edema without inﬂammation recently

transmission of cardiomyocyte force and myocardial

detected by histology and cardiovascular magnetic

contractility, is associated with LV systolic dysfunc-

resonance (CMR) T2 mapping in patients with CA (37).

tion in patients with HF. In patients with HF, ven-

Of interest, T2-assessed edema predicted death in

tricular arrhythmias have been reported to be related

these patients.

to the extent of MF independently of other con-

Atrial ﬁbrillation and ventricular arrhythmias as

founders, including LV dysfunction, and coronary

well as conduction disturbances are frequently

ﬂow reserve has been shown to be inversely corre-

observed in patients with CA (38). Amyloid tissue

lated with perivascular ﬁbrosis (27,28). Finally, both

inﬁltration can disrupt myocardial conduction, either

the extent and quality of collagen deposits are inde-

via direct deposition or through the promotion of

pendently associated with hospitalization risk and/or

adjacent MF (39,40). Furthermore, increased LV

mortality in patients with HF (29,30), Of interest, the

ﬁlling pressure can lead to atrial wall dilatation with

extent of MF also predicts effectiveness of long-term

resultant MF potentiating the substrate for atrial

HF pharmacological therapy (31).

ﬁbrillation

CARDIAC AMYLOIDOSIS. Although various types of

insoluble amyloid protein can form interstitial deposits, ventricular manifestations typically involve
the senile (ATTR), primary (AL), and hereditary
(ATTR, AApoA-I, and FibA) forms of CA. Interstitial

development

(41).

Electromechanical

dissociation results from this atrial inﬁltration as
well, and increases the risk of atrial thrombus formation

and

thromboembolism,

even

in

sinus

rhythm (42).

DIAGNOSTIC ASPECTS

amyloid deposits appear as hyaline material, which is
stained by Congo red (green refraction under polar-

CONCEPTUALIZING

ized light) (Figure 2B), thioﬂavin T (producing an

CARDIOMYOCYTE

intense

MYOCARDIAL

VERSUS

REMODELING:

INTERSTITIUM. Myocardial

and

extracellular volume (ECV) measures fundamentally

Alcian blue (green stain). The deposits look as

advance the understanding of myocardium and spe-

nodular aggregates that envelop and isolate car-

ciﬁcally highlights the role of the interstitium. Rather

diomyocytes.

with

than conceptualizing myocardium as a homogenous

liquid chromatography–coupled tandem mass spec-

tissue that may or may not be hypertrophied

trometry may emerge as a robust diagnostic method

(concentrically or eccentrically) or dilated, ECV di-

for identiﬁcation of ﬁbril composition of amyloid

chotomizes the myocardium into its interstitial

deposits in clinical biopsy samples.

(including the microvasculature) and cardiomyocyte

yellow-green

ﬂuorescent

Laser-capture

stain),

microdissection

In the initial phases the amyloid deposits may not

phenotypes. Disease involving protein deposition in

inﬂuence cardiac function but, as the disease evolves,

the interstitium perturbs myocardial architecture

a thickening of the ventricular walls occurs and the

and function, introducing risk. ECV represents a

relaxation

critical tool to illuminate myocardial pathology

and

elasticity

of

both

ventricles

is

impaired (32). The restrictive cardiomyopathy cul-

(Figure 4). ECV quantiﬁes extent of MF or CA and its

minates in increased ventricular pressures (32). As CA

response to interventions, although inﬂammation

progresses, necrosis of the cardiomyocytes ensues

remains

an

important

potentially

confounding

5

Schelbert et al.

6

JACC: CARDIOVASCULAR IMAGING, VOL.

-, NO. -, 2019

Interstitial Heart Disease

- 2019:-–-

F I G U R E 4 Examples of ECV Maps

A

B

No HFpEF;
ECV = 24.8%

HFpEF, hypertensive heart disease;
ECV = 38.1%

C

ECV map

ECV map

HFpEF, cardiac amyloidosis;
ECV = 68.1%
ECV map

ECV
scale,
%

ECV
scale,
%

ECV
scale,
%

50

50

50

40

40

40

30

30

30

20

20

20

LGE

LGE

LGE

Cine frame at end diastole

Cine frame at end diastole

Cine frame at end diastole

In ECV mapping, each pixel encodes the volume percent of the interstitium quantiﬁed ECV, color coded to facilitate visual interpretation. Reprinted with permission
from Schelbert et al. (8). HFpEF ¼ heart failure with preserved ejection fraction; LGE ¼ late gadolinium enhancement; other abbreviation as in Figure 1.

source of increased ECV as well (43). We suspect that

disease remains a prevalent. Complementing inter-

ascertaining the role of the interstitium will prove

stitial assessment with ECV, and going beyond

critical for the development of novel therapeutics to

measurement of the total cardiomyocyte compart-

reverse the HF epidemic in which interstitial heart

ment (mass * [100%-ECV]), which excludes the
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T A B L E 2 Advantages and Disadvantages of Myocardial Fibrosis Measurements

Myocardial Extracellular Volume

Peripheral Biomarkers

Advantages
Myocardial speciﬁcity
Quantitative
Extensively validated
Associates with disease severity
Associates with outcomes
Permits assessment of therapeutic response of both
cardiomyocyte and myocardial ﬁbrosis compartments when
scaled to left ventricular mass

Simpler to acquire data
More speciﬁc to particular components of disease processes,
such as collagen synthesis, degradation, and inﬂammation
Biomarker panels collectively may measure total accumulation,
synthesis, degradation, and inﬂammation

Requires tomographic imaging
Requires contrast agents
Requires clinical expertise and advanced pulse sequences
Limited to middle portion of left ventricular myocardium because
of limited spatial resolution and partial volume
No molecular or cellular speciﬁcity, so clinical context important
to interpret extracellular volume measures

Most biomarkers lack speciﬁcity for the myocardium, so
potentially confounded by ﬁbrosis in noncardiac organs/
tissues throughout the entire body
Regression of myocardial ﬁbrosis in response to therapy may
be challenging to detect
Discerning total accumulation from change in amount of
interstitial protein may be challenging

Disadvantages

interstitium, magnetic resonance spectroscopy and

heart (48), and ECV increases following regression of

global longitudinal strain also permit assessment of

cardiomyocyte

cardiomyocyte mitochondrial energetics (e.g., aden-

replacement (49). Especially for serial assessment of

osine triphosphate/phosphocreatine ratios) and con-

interstitial heart disease (MF and CA) following in-

tractile function, respectively. These tools further

terventions, most recommend measuring both the

investigations of disease originating within the

total cardiomyocyte compartment (mass * [100%-

cardiomyocyte.

ECV]) and the total interstitial compartment (mass *

hypertrophy

after

aortic

valve

ECV) to understand underlying biology because each
DIAGNOSTIC APPROACH FOR MF. We believe ECV

compartment may respond differently to various

remains the “best” singular measurement to identify

disease states.

MF noninvasively (44). ECV has the crucial advantage

ECV has important limitations. ECV does not

of myocardial speciﬁcity because measurements ac-

measure interstitial collagen directly but rather

quire data directly from myocardial images (technical

measures the total interstitial space. Because ECV is

aspects reviewed elsewhere [45,46]). Fibrosis occur-

not speciﬁc for MF, clinical context remains impor-

ring in bone, liver, lung, kidney, or any other

tant to interpret ECV data as CA (50), myocardial

noncardiac tissue cannot corrupt ECV-based MF

inﬂammation (43), and myocardial edema may also

measures. ECV leverages extracellular space markers

increase ECV independent of MF. In routine CMR

(e.g., nonprotein-bound gadolinium contrast agents)

practice, one can address these issues by leveraging

where the myocardial uptake relative to plasma re-

clinical context and late gadolinium enhancement

ﬂects the volume percent of the interstitial space.

(LGE) data (to exclude amyloidosis and myocarditis)

ECV is highly reproducible across scans. Routine ECV

and pursuing imaging during euvolemia. Partial vol-

measurement can easily occur during CMR scanning,

ume effects limit ECV measures to midmyocardium,

which has increasing availability. ECV has extensive

which may underestimate MF with a subendocardial

histologic validation data in humans, despite the

predilection (e.g., ischemic cardiomyopathy [17]).

potential for spatial heterogeneity of MF to limit

Cardiac computed tomography measures ECV with

histologic correlations (e.g., with small needle bi-

iodinated contrast agents (51–56), but few cohort

opsies), and the fact that the extracellular space rep-

studies use computed tomography ECV.

resents a surrogate marker of MF (7). In a recent

Peripheral biomarkers remain important to detect

metanalysis of healthy adults, the pooled mean of

MF, illuminating characteristics of MF that ECV

ECV was 25.9% at ﬁeld strength of 1.5 T (95% conﬁ-

cannot identify, such as collagen subtype, cross-

dence interval: 25.5% to 26.3%) (47).

linking (29), collagen synthesis and degradation,

ECV represents the ratio of the interstitium relative

and inﬂammation (57). General advantages and dis-

to total LV mass. Therefore, ECV may change solely as

advantages of MF measurement techniques are

function

compartment

summarized in Table 2. A combined approach be-

(measured by 100%-ECV). For example, ECV de-

tween ECV and peripheral biomarkers likely offers the

creases with cardiomyocyte hypertrophy in athletic

most

of

the

cardiomyocyte

information

to

characterize

the

disease
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processes that promote or prevent MF. Key issues for

scintigraphy ﬁrst) remains controversial and may

biomarkers

depend on the prevalence of CA variants in the pop-

include

myocardial

speciﬁcity

and

discerning total accumulation of interstitial heart
disease proteins versus the rate of change, which may

ulation of interest.
Strain, whether by echocardiography or CMR, is a
noninvasive, reliable, and quantitative assessment of

pose challenges in their interpretation.
Notably, LGE alone cannot quantify MF (7).

myocardial deformation with vast clinical applica-

Certainly, LGE detects prognostically relevant foci of

tions including early detection of cardiac dysfunction

MF (58–61), but the lower limit of LGE where

in a variety of pathological conditions. Multiple

discerning focal ﬁbrosis from artifact or noise remains

recent studies have shown that strain abnormalities

an insurmountable challenge for LGE. LGE can never

can be an early marker of CA often before symptoms

discern whether diffuse disease exists in most

of HF (79–81). Impairment in longitudinal LV strain is

myocardium without LGE, diminishing its ability to

present across all 3 amyloidosis subtypes and these

stratify risk (62). ECV adds important prognostic in-

abnormalities reﬂect the amyloid burden and corre-

formation beyond LGE and offers superior risk strat-

late with other standard echocardiographic parame-

iﬁcation (8,62–68). These observations may result

ters (82). Furthermore, there is a speciﬁc pattern of

from ECV quantifying the total burden of MF

change in strain in CA, which is described as a basal

affecting most myocardium, rather than small foci of

to apical gradient of strain abnormalities with rela-

LGE typically affecting only a small fraction of LV

tive “sparing” (i.e., relatively normal values) of apical

mass. Anecdotally, focal MF detected by LGE does not

segments. The presence of an “apical sparing”

appear seem regress, so diffuse interstitial “reactive”

pattern also has prognostic implications being pre-

MF may be more plastic and reversible following in-

dictive of a lower rate of major adverse cardiac

terventions, but further work is needed.

events (82).

DIAGNOSTIC APPROACH FOR CA. Among several

THERAPEUTIC ASPECTS

versatile features to characterize cardiac disease quite
comprehensively, CMR provides a robust tool to

MYOCARDIAL FIBROSIS. In MF, trial data are far less

detect CA. CMR may diagnose occult CA in patients

robust, and uncertainty persists about the role of MF.

incidentally; for example, the prevalence of coexist-

Unlike CA, collagenous protein accumulation in MF

ing CA (mostly ATTR) in patients with HF with pre-

may be either primary (i.e., reactive) or collagenous

served ejection fraction (HFpEF) (69) or transcatheter

protein accumulation may be secondary (i.e., repar-

aortic valve replacement (70) approximates 15%. CA

ative) following cardiomyocyte loss. These radically

exhibits a unique pattern on CMR with LGE (specif-

different etiologies introduce uncertainty about the

ically phase-sensitive LGE, which is truly T1-weighted

extent to which MF principally occurs: following

[71])

diffuse

primary ﬁbroblast activation, or following primary

enhancement sometimes with rapid contrast clear-

cardiomyocyte injury (10). Ascertaining the dominant

ance from the blood pool (72) and other associated

etiology of MF in patients with various forms of heart

features when CMR scans use nonprotein-bound

disease and HF stage, whether originating from the

contrast agents (73). ECV provides validated mea-

ﬁbroblast or the cardiomyocyte, remains important to

sures of CA (50) severity that quantify the prognos-

infer causality and expeditiously identify therapeutic

tically relevant extent of interstitial expansion in AL

targets. There are data suggesting reactive ﬁbrosis

(74) and ATTR (75). The inherent quantitative nature

represents the more common etiology. First, positive

of ECV may prove important for serial assessments of

correlations between LV mass and diffuse reactive

characterized

by

typically

severe

response to therapies (76). The main limitation of

interstitial MF in both pathology studies (83–86) and

CMR, LGE, and ECV remains that these techniques

CMR studies (62) suggest MF does not occur simply to

cannot discern whether CA arises from AL or ATTR

replace lost cardiomyocytes. Second, investigators

proteins. Bone scintigraphy speciﬁcally when com-

have been able to create HF phenotypes in rodents

bined with exclusion of free light chains in the serum

based on selective isolated modulation of ﬁbroblasts

provides a speciﬁc diagnosis of ATTR (77) with

(20). As such, they have proposed a primary role for

important implications for treatment. The main lim-

the cardiac ﬁbroblast in MF independent of the car-

itation of bone scintigraphy arises from its inability to

diomyocyte (20).

quantify CA severity and track therapeutic response

Regardless of MF etiology, reversing MF in humans

in myocardium (78). For a clinician wishing to

with modestly effective pharmacologic therapy (7)

investigate for the presence of CA in their patient, the

targeting the proﬁbrotic RAAS improves mechanical

optimal sequence of imaging for CA (CMR ﬁrst or bone

function (87–89), microvascular function (90), and
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probably electrical function (91–93). Animal models
further conﬁrm the reversibility of MF with varying
degrees of efﬁcacy and demonstrate the plasticity of
MF (16,19,94–98). Despite their modest efﬁcacy
reversing MF, RAAS inhibition in large phase 3 trials
unequivocally improved outcomes in patients with
HF with reduced ejection fraction (HFrEF), but less so
in HFpEF. The limited efﬁcacy of RAAS inhibition in
HFpEF (7) may relate to:
1. Methodologic problems in trials (99) (e.g., high
crossover rates between treatment arms (100), high
background treatment with other RAAS inhibitors
(101,102), or poor protocol compliance diluting
potential therapeutic impact (103);

T A B L E 3 Examples of Emerging Strategies for the Development of Targeted

Therapies for Myocardial Interstitial Fibrosis

At the level of the triggering stimuli
Antagonism of relaxin 2 receptor
(e.g., serelaxin)
Partial agonism of the adenosine A1 receptor
(e.g., capadenoson)
At the level of myoﬁbroblast generation and proﬁbrotic activation
Genetic modulation
(e.g., histone deacetylases inhibitors, antinoncoding RNA compounds)
Paracrine modulation
(e.g., recombinant neuregulin-1 b , stem cell therapy)
At the level of extracellular ﬁbrogenesis
Modulation of lysyl oxidase–mediated cross-linking
(e.g., lysyl oxidase-like 2 inhibitors, antinoncoding RNA compounds)
Stimulation of cardiac lymphangiogenesis
(e.g., vascular endothelial growth factor-C)
Adapted from González et al. (21).

2. Greater disease heterogeneity in HFpEF whereby
apparent

occurs

“HFpEF”

from

cardiac

and

noncardiac derangements that do not necessarily
involve MF (12,104); and
3. Limited inherent efﬁcacy of RAAS inhibition where

6. The

established

improvement

in

outcomes

following modulation of MF even with only
modestly efﬁcacious agents.

the collagen volume fraction regresses in humans

These observations offer compelling evidence that

by only w20% relative change and 1% absolute

the development of efﬁcacious anti-MF agents will

change over 6 to 12 months (10,87–90).

prevent and ameliorate the burden of myocardial

Although several HF trials of novel agents targeting
noninterstitial heart disease substrates over the past 2
decades have failed to improve outcomes, most
recently angiotensin receptor neprilysin inhibitors
drugs did improve outcomes in HFrEF compared with
angiotensin receptor blockers alone (105). Notably,
angiotensin

receptor

neprilysin

inhibitor

drugs

possess greater antiﬁbrotic activity than angiotensin
receptor blockers alone (106). In the future, identifying hemodynamically neutral agents to prevent and
ameliorate HF remains especially important to patients, clinicians, investigators, and industry (11,12).
In most patients without CA, we suspect that targeting

ﬁbroblast/myoﬁbroblast

secretome

promises

to

function

improve

and

outcomes

its
and

ameliorate or even prevent HF, arrhythmia, and
death (7,10). The totality of the data collectively
illustrate

the

promise

of

improving

HF

and

arrhythmia outcomes in patients through MF modulation. Speciﬁcally, we note:
1. The mechanistic plausibility of MF perturbing
myocardial function;

disease in people. Several proteins represent candidate therapeutic targets to prevent or reverse MF
through modulation of myoﬁbroblast differentiation
and persistence (98,107,108). Numerous anti-MF
agents, reviewed elsewhere (107,108), are in various
stages of development that target speciﬁcally:
# Transforming growth factor- b
# Endothelin-1

# Angiotensin II

# Connective tissue growth factor (CCN2/CTGF)
# Matricellular protein (CCN5) (98)
# Galectin-3 (109)

# Platelet-derived growth factor
Recently, microRNA (20) and long noncoding RNA
(19,110) have emerged as promising novel technologies to modulate these and other targets to prevent
and reverse MF. Several strategies exist to treat MF
(Table 3).
Regarding MF, diagnostic abilities currently exceed
therapeutic abilities. In most cardiomyopathies, focal
and diffuse MF denote excess risks of adverse events.
Investigators have begun launching phase 3 trials of

2. The correlations between MF and disease severity;

image-guided therapeutic deployment of therapies

3. The high prevalence of diffuse interstitial reactive

(e.g.,

CMR

GUIDE

NCT01918215),

but

clinicians

MF in many forms of heart disease (e.g., hyper-

currently have little trial evidence to guide decision

tension [85], diabetes [63], ischemic [17], and

making. Before embarking on costly phase 3 trials, it

nonischemic [86] HFrEF, HFpEF [8]);

seems prudent to ﬁrst complete phase 2 trials evalu-

4. The associations between MF and outcomes (7);

ating how the cardiomyocyte and the cardiac inter-

5. Robust methodology to quantify interstitial heart

stitium

disease (7,45,46); and

respond

Illustration) (7).

to

treatments

in

HF

(Central

9

10
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C E NTR AL IL L U STR AT I O N Quantifying Disease Severity With Myocardial Extracellular Volume Fosters the
Development of Novel Therapeutics

Normal Myocardium

Novel
Therapeutics

Novel
Therapeutics

Cardiac amyloidosis

Myocardial fibrosis

• Less prevalent
• Amyloid protein deposition
• Extreme interstitial expansion
• Extreme extracellular volume
elevation → high risk

• More prevalent
• Collagen protein deposition
• Variable interstitial expansion
• Risk proportional to ECV

Adverse events
(arrhythmia, heart failure, death)
according to disease severity

Schelbert, E.B. et al. J Am Coll Cardiol Img. 2019;-(-):-–-.

Extracellular volume (ECV) permits investigators to measure interstitial heart disease regression noninvasively following interventions, whether from myocardial
ﬁbrosis or cardiac amyloidosis. Higher extracellular volume equates higher incidence of adverse events.

Many investigators seem to embrace this concept

which binds to the transthyretin protein, prevents its

of examining myocardial endpoints beyond LV mass,

tetramer dissociation and therefore prevents ultimate

shape, and function. Inspection of trial registration

amyloid protein deposition in myocardium. Impor-

databases now reveals more than 30 phase 2 trials and

tantly, tafamidis “associated with reductions in

observational ongoing studies leveraging change in

all-cause mortality and cardiovascular-related hospi-

ECV as an endpoint (Online Table 1). These studies

talizations and reduced the decline in functional ca-

involve a variety of interventions in a broad array of

pacity and quality of life as compared with placebo”

populations and will foster the emergence of ECV in

in a multicenter, international, double-blind, pla-

mainstream cardiology. Interventions with high anti-

cebo-controlled, phase 3 trial (112). Additional inves-

MF efﬁcacy in phase 2 trials may yield positive results

tigational drugs that decrease circulating levels of

in phase 3. Antiﬁbrotic medications more potent than

transthyretin are undergoing testing in clinical trials.

RAAS inhibition are under development. Such a

Antitransthyretin small interfering RNA reduces the

therapeutic development strategy might reverse the

production of transthyretin and may have clinical

series of neutral trials over the past decade that have

beneﬁt (113). These remarkable data conﬁrm the

challenged the cardiology community (12,111).

interstitial heart disease paradigm, speciﬁcally that
preventing excess protein deposition in the cardiac

CARDIAC AMYLOIDOSIS. Compelling trial evidence

interstitium improves outcomes. These data will also

illustrates

foster the initiation of trials testing other agents in CA

the

therapeutic

beneﬁts

ameliorating

interstitial heart disease in CA from ATTR. Tafamidis,

that prevent or reverse deposition (Online Table 1).
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Adverse responses to drugs in CA are likely caused by

HIGHLIGHTS

its unique pathophysiological features.

# Interstitial heart disease, whether from
MF or CA, indicates excess protein in the
interstitium, which promotes HF and
excess cardiac morbidity and mortality.
# Rather than conceptualizing myocardium
as a homogenous tissue, ECV permits
quantiﬁcation of the extent of MF or CA
and the extent to which it responds to
interventions.
# Abundant data support the concept that
interstitial heart disease from excess
interstitial protein, especially MF,
represents a promising therapeutic target
worthy of further investigation with
interventional trials.

CONCLUSIONS AND PERSPECTIVES
Further consideration of cardiac structure and function at the tissue level leveraging ECV, especially the
state of the myocardial interstitium, promotes additional understanding of HF pathophysiology that may
spur the development of more effective therapies.
Interstitial heart disease, whether primarily from MF
or CA, indicates excess protein accumulation in the
interstitium and constitutes a major source of HF
with excess cardiac morbidity and mortality. Abundant data support the concept that interstitial heart
disease from excess interstitial protein, especially
MF, represents a promising therapeutic target worthy
of further investigation with interventional trials.
Such a strategy promises to ameliorate the HF

Treatment of HF in patients with CA differs from

epidemic that continues to plague society.

the therapy generally recommended in patients with
HF (114). Although loop diuretics are a mainstay of

ADDRESS

treatment of CA, beta-blockers and angiotensin-
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converting

enzyme

inhibitors

may

be

FOR
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