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A B S T R A C T

Heart failure with preserved ejection fraction (HFpEF) presents a major challenge in modern cardiology.

Although this syndrome is of increasing prevalence and is associated with unfavorable outcomes,

treatment trials have failed to establish effective therapies. Currently, solutions to this dilemma are

being investigated, including categorizing and characterizing patients more diversely to individualize

treatment. In this regard, new imaging techniques might provide important information. Diastolic

dysfunction is a diagnostic and pathophysiological cornerstone in HFpEF and is believed to be caused by

systemic inflammation with the development of interstitial myocardial fibrosis and myocardial

stiffening. Cardiac magnetic resonance (CMR) T1-mapping is a novel tool, which allows noninvasive

quantification of the extracellular space and diffuse myocardial fibrosis. This review provides an

overview of the potential of myocardial tissue characterization with CMR T1mapping in HFpEF patients,

outlining its diagnostic and prognostic implications and discussing future directions. We conclude that

CMR T1 mapping is potentially an effective tool for patient characterization in large-scale

epidemiological, diagnostic, and therapeutic HFpEF trials beyond traditional imaging parameters.
�C 2017 Sociedad Española de Cardiologı́a. Published by Elsevier España, S.L.U. All rights reserved.

Valor diagnóstico y pronóstico del mapeo de T1 mediante RMC de los pacientes
con insuficiencia cardiaca y fracción de eyección conservada
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R E S U M E N

La insuficiencia cardiaca con fracción de eyección conservada (ICFEc) es un reto para la cardiologı́a

moderna. Aunque este sı́ndrome, de prevalencia cada vez mayor, se asocia a resultados desfavorables, los

ensayos de tratamientos no han logrado establecer terapias eficaces. Actualmente se investigan

soluciones a este problema, como categorizar y caracterizar a los pacientes de manera más diversificada

en un intento de individualizar los tratamientos. En este campo, las nuevas técnicas de imagen aportan

información importante. La disfunción diastólica es la piedra angular del diagnóstico y la fisiopatologı́a

de la ICFEc, y se considera que puede tener origen en la fibrosis instersticial y la rigidez del miocardio

secundaria a inflamación sistémica. Las técnicas de mapeo de T1 mediante resonancia magnética

cardiaca (RMC) constituyen una nueva herramienta que permite el diagnostico no invasivo de la fibrosis

miocárdica difusa en el espacio extracelular. Esta revisión ofrece una visión general sobre el potencial de

caracterizar mediante RMC con mapeo T1 el miocardio de los pacientes con ICFEc, subrayar sus

implicaciones diagnósticas y pronósticas y tratar de las direcciones futuras. Se concluye que la técnica de

mapeo T1 mediante RMC podrı́a ser un instrumento eficaz para la caracterización de los pacientes en

estudios epidemiológicos, diagnósticos y terapéuticos amplios sobre ICFEc.
�C 2017 Sociedad Española de Cardiologı́a. Publicado por Elsevier España, S.L.U. Todos los derechos reservados.
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INTRODUCTION

The prevalence of patients presenting with heart failure (HF)

with preserved ejection fraction (HFpEF) is increasing and already

accounts for half of the HF population.1,2 Contrary to the initial

belief of a rather benign entity, the occurrence of HFpEF is now

known to be associated with significant morbidity and mortality,

similar to that patients with heart failure and reduced ejection

fraction (HFrEF).3

While therapeutic strategies of the latter patient group have

undergone multiple advances in the last 3 decades and large

outcome trials have demonstrated mortality benefits,4 for HFpEF

patients the validation of an effective treatment option is pending.

The paucity of positive outcome trials in HFpEF has been

attributed to the heterogeneity of included patients.5 Although left

ventricular (LV) diastolic dysfunction had been proposed as the

pathophysiological cornerstone of the HFpEF syndrome, only

recently have consensus criteria been established for the diagnosis

of these patients.6 Importantly, these include morphological

evidence of impaired LV diastolic function, mainly relying on

echocardiographic evaluation. Conversely, clinical HFpEF trials

have included about one third of patients with normal diastolic

function,7,8 while up to two thirds of patients showed impaired

systolic function.9 Multiple alternative impairments in cardiac,

vascular, and peripheral function have been identified, which can

coexist with one another, and eventually lead to different

predominant triggers of HF symptoms.10–17

Successfully addressing the complexity of the HFpEF syndrome

is mandatory for establishing tailored, personalized therapies.

A solution to this problem has been suggested in the form of

stratification according to the clinical presentation,18 the involved

comorbidities5 or even to more complex phenotypic maps created

by machine-learning algorithms.14

In clinical practice, cardiac imaging is indispensable for

diagnosing and assessing HFpEF patients, as well as for excluding

differential diagnosis.19 New imaging techniques might provide

possibilities to better characterize HFpEF patients. Cardiac

magnetic resonance (CMR) imaging has become increasingly

available and is well established in the evaluation of cardiac

morphology and function. Diastolic function can be assessed by

flow, strain and volume-time-curve measurements, similar to

other imaging techniques, such as echocardiography or nuclear

imaging. In contrast to other imaging techniques, CMR can also

provide information on myocardial tissue composition, given its

high spatial resolution and its molecular source of imaging

signal.20 The late gadolinium enhancement (LGE) technique has

convincingly been shown to be able to depict and quantify focal

myocardial fibrosis. The presence of LGE has proven relevant in the

prognosis of a number of cardiovascular conditions.21–23 However,

LGE depicts mainly focal pathologies, but is less suitable to assess

diffuse alterations such as fibrosis. The assessment of T1 relaxation

times by CMR T1 mapping is a novel emerging technique for

quantitative tissue characterization, with the ability to detect

interstitial/diffuse myocardial fibrosis, histologically validated in a

wide spectrum of conditions.24,25

The current understanding of the HFpEF syndrome relies on the

concept that multiple comorbidities create a systemic inflamma-

tory state.26 This (subclinical) inflammation affects multiple organ

systems. In the myocardium, a signaling cascade leads to reactive

interstitial fibrosis and altered paracrine communication between

endothelial cells and surrounding cardiomyocytes. As a result,

myocardial stiffness increases, which in turn leads to diastolic

dysfunction with elevations in LV filling pressures.27

Therefore, fibrosis quantification is of great interest in HFpEF

patients and implies the potential of CMR imaging to provide

information on myocardial tissue composition and to identify

patients who might benefit from antifibrotic therapies. Accurate

quantification of diffuse myocardial fibrosis has the potential to

guide the diagnosis and monitoring of HFpEF as well as to serve as a

measure of success of future treatment strategies.

In the present review, we provide an overview of noninvasive

myocardial tissue characterization with CMR T1 mapping in HFpEF

patients, outlining its diagnostic and prognostic implications and

discussing future directions.

HEART FAILURE WITH PRESERVED EJECTION FRACTION

Heart failure with preserved ejection fraction is increasingly

recognized as a complex syndrome, occurring in association with

advanced age and cardiovascular, metabolic, and proinflammatory

comorbidities.26 Ultimately, patients with HFpEF demonstrate

impaired LV relaxation and increased diastolic LV stiffness.28

Increased LV stiffness suggests passive myocardial stiffening

attributable to fibrosis and altered cardiomyocyte function.

Endomyocardial biopsy studies in HFpEF demonstrate myocyte

hypertrophy, interstitial fibrosis, incomplete myocardial relaxa-

tion, and increased cardiomyocyte stiffness, as well as evidence of

systemic inflammation and oxidative stress.29–33 These observa-

tions led to a new paradigm for the pathophysiology of HFpEF.

Theory holds that comorbidities create a systemic proinflamma-

tory milieu, coronary microvascular endothelial inflammation,

production of profibrotic cytokines, and subsequent development

of interstitial fibrosis. Additionally, oxidative stress limits nitric

oxide bioavailability and decreases protein-kinase-G mediated

cellular processes. This leads to a hypophysphorylation of proteins

that influence myofiber relaxation and stiffness, further impairing

LV diastolic function.26 Recently, a fairly large autopsy study

(124 HFpEF and 104 controls) has provided evidence to support

this concept, as Mohammed et al.34 found that HFpEF patients

showed significantly more myocardial hypertrophy and fibrosis,

which was related to microvascular rarefication rather than

arterial hypertension.

Although diastolic dysfunction is the most prevalent and typical

pathophysiologic finding in patients with HFpEF, impairments in

multiple systems render it a complex syndrome. Abnormalities in

LV systolic function, right-heart function, the vasculature, endo-

thelium, and the periphery (including skeletal musculature) play

important roles. Furthermore, HFpEF patients present with

impaired cardiac reserve function, namely the ability to enhance

arterial, chronotropic, and LV systolic, and diastolic performance

with exercise.10–17 Chronic elevation of LV filling pressures leads to

left atrial (LA) remodeling and dysfunction, mixed pulmonary

hypertension, and, ultimately, right ventricular (RV) remodeling

and dysfunction. Indeed, RV systolic dysfunction is a major

predictor of outcome in the HFpEF population, whereas the impact

of RV dysfunctionality in patients with preserved biventricular

systolic function, requires further elucidation.16,17 However, the
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model of disease progression in HFpEF is less clear than in HFrEF

with significant heterogeneity in phenotypic expression.

Echocardiography is a widely available and cost-effective

technique with high temporal resolution, providing a convenient

tool for initial assessments.26 However, many of the derived

parameters are load-dependent and may mislead clinical

judgement.35

The gold standard for measuring diastolic filling pressures

remains invasive cardiac catheterization. Using high-fidelity

conductance catheters, the pressure and volume of the LV can

be measured simultaneously. This approach allows the assessment

of a number of systolic and diastolic functional parameters:

Tau, the time constant of pressure-decay during isovolumic

relaxation, characterizes early diastolic relaxation. Beta, the passive

stiffness constant, characterizes the end-diastolic pressure-volume

relationship.13,36

Whereas the former is thought to be a consequence of an

impaired active process of muscular inactivation, asynchronous

contraction, or pathological loading conditions,37 the latter is

attributed to an increase in myocardial stiffness as detailed above.

Both mechanisms have been demonstrated to play a major role in

the development of HFpEF and possibly suggest different

treatment targets28 (Figure 1).

CARDIAC MAGNETIC RESONANCE T1 MAPPING

A fundamental principle of magnetic resonance imaging is that

the signal intensity of pixels is based on the relaxation of hydrogen

nuclei protons in a static magnetic field, providing a sensitive soft

tissue image contrast to tissue composition, which can be a

reflection of physiology and pathophysiology.19 T1 relaxation

times reflect the course of longitudinal magnetization recovery,

after it was disturbed from its equilibrium state by applying a

radiofrequency pulse to invert the magnetization. Traditionally, T1
relaxation properties are encoded in the pixel intensities of images

and can identify focal pathologies in the myocardium, such as

acute myocardial infarction or areas of replacement fibrosis in

comparison to surrounding reference tissue (T1 weighting). Recent

advances now allow numerical quantification of T1 relaxation

times in the heart. The resulting T1 maps can be color encoded and

contain information on T1 times in each voxel, making it feasible to

detect and quantify even relatively small variations of T1 times

within the myocardium to highlight tissue pathology.38 With the

incorporation of the administration of extracellular paramagnetic

contrast agent (gadolinium), it is possible to further enhance the

detection of (extracellular) tissue abnormalities.39 Moreover, the

extracellular volume (ECV) fraction can be calculated, providing

information on the relative expansion of the extracellular matrix,

thus providing a noninvasive alternative to myocardial biopsy

studies.24

TECHNIQUES

The rate at which the spin magnetization recovers its

equilibrium state depends on tissue characteristics and the

presence of contrast agents. The time course of T1 relaxation is

generally approximated by an exponential function. The general

principle for T1 mapping is to acquire multiple images at different

time points after inversion or nulling of the equilibrium

magnetization with radiofrequency pulses to fit the T1 curve to

the signal intensities of a voxel of the images to assess the equation

for T1 relaxation.38

Multiple varieties of this basic inversion recovery (IR)

sequences have been used, including the standard LL (look-locker)

sequence,40 the modified LL inversion-recovery (MOLLI) se-

quence,41 and the shortened MOLLI (ShMOLLI) sequence.42

Alternatively, saturation recovery (SR) techniques, such as the

saturation recovery single-shot acquisition sequence (SASHA), can

be used, which rely on actively nulling the longitudinal magneti-

zation at different time points to estimate the fit of the T1
relaxation curve.43 Additionally, combined IR-SR sequences exist

(SAPPHIRE). While all these techniques have been shown to be

reproducible and diagnostically feasible, they differ in terms of

breath hold duration, motion artifact susceptibility, heart rate

dependency, signal-to-noise ratio, accuracy, and precision.44 Less

frequently, other sequences or modifications have been used for T1
mapping, including continuous readout using Fast Low Angle SHot

(FLASH-IR), 2-dimensional spin-and-stimulated-echo-planar im-

aging (ss-SESTEPI), variable k-space sampling (VAST), and 3-

dimensional phase-sensitive inversion-recovery (PSIR).45–48 By

way of example, we describe here the most widely used clinical

technique for T1 mapping to date, the MOLLI sequence (Figure 2).

During diastole single-shot, images are acquired intermittently

during 3 heartbeats after the first 2 IR pulses and 5 beats after the

third IR pulse with 3 recovery beats in between, also denoted

3(3)3(3)5 (number of acquired pictures [number of recovery

beats]). Thus, multiple points along the T1 recovery curve can be

acquired. The MOLLI technique and its variations, like 3(3)5 or

5(3)3(3)3, have been shown to be highly reproducible and yield

source images with a high signal-to-noise ratio, with a lower heart

rate dependency with the 5(3)3(3)3, compared to the 3(3)5

approach.49
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Figure 1. Left ventricular (LV) pressure-volume-loops of control patients (panel A) and heart failure with preserved ejection fraction patients (panel B) at rest (solid

lines) and during exercise (dotted lines) demonstrating an increased arterial elastance (slope of dashed blue lines), as a surrogate for arterial stiffening, and an

elevated slope of the end-diastolic pressure volume relationship, indicating ventricular stiffening (thick red line). Marked elevation of afterload with exercise leads

to prolongation of the LV pressure decay during isovolumic relaxation in heart failure with preserved ejection fraction patients (panel C, black arrow). In

combination with increased ventricular stiffness, this leads to elevated end-diastolic pressures and a pathological rise of the end-diastolic pressure volume

relations (red arrows, panels A and B).
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EXTRACELLULAR VOLUME FRACTION

Dividing the myocardium in intra- and ECV, the intracellular

compartment comprises myocytes, fibroblast, endothelial cells

and smooth muscle cells, while ECV can be further divided into a

vascular component (blood) and the residual interstitial space,

including fibrous connective tissue, edema and inflammatory

infiltration. Changes in ECV are generally thought to be predomi-

nantly driven by changes in the interstitial space.38 Administration

of an extracellular gadolinium-based contrast agent has been

shown to be sensitive to increased extracellular volume associated

with diffuse myocardial fibrosis. However, a single postcontrast T1
measurement has limitations due to a variety of confounding

factors, such as gadolinium clearance rate, time of measurement,

injected dose, body composition, and hematocrit.21 These

limitations can be partly overcome by direct measurement of

the changes in T1 of the myocardium, related to changes in blood

pool T1 before and after contrast administration.39When corrected

for hematocrit, the myocardial extracellular fractional distribution,

can be quantified as ECV according to the formula (Figure 3):

ECV ¼ ð1�hematocritÞ�

1
T1myocardium postcontrast�

1
T1myocardium native

� �

1
T1blood pool postcontrast�

1
T1blood pool native

� �

DETECTION OF DIFFUSE MYOCARDIAL DISEASE

When interpreting T1 times for the detection of diffuse cardiac

disease, a number of considerations should be kept in mind. The

Time

1

MZ

–1

Figure 2. Acquisition strategy for T1-mapping using a MOLLI sequence. After an inversion pulse (thin dark blue bars), image read outs (wide yellow bars) are

performed in diastole over 3 heart beats, followed by a rest period of 3 heart beats. Subsequently, another inversion with read outs with a slight offset is performed

over another 3 heartbeats. Finally, read outs over 5 beats are acquired after a 3-beat recovery period. This MOLLI scheme is therefore termed 3(3)3(3)5. By fitting the

signal intensity of each pixel to the T1 recovery curve, a T1 map (right image) can be generated. MOLLI, modified look-locker inversion-recovery.
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Figure 3. Extracellular volume maps derived from quantification of the change of T1 times in the myocardium and blood pool before and after administration of

gadolinium contrast, corrected for the hematocrit. On the left, a healthy control participant demonstrates a low global extracellular volume fraction of 22%. On the

right, a patient with heart failure with preserved ejection fraction is illustrated, who demonstrates diffuse changes in the myocardial T1 signal with an elevated

global extracellular volume fraction of 36%.

K.-P. Rommel et al. / Rev Esp Cardiol. 2017;70(10):848–855 851



CMR signal for noncontrast (native) T1 times depends on both

intracellular and extracellular factors, with more myocardial

fibrosis and inflammation yielding higher values, while myocardial

iron and fat accumulation shorten native T1 times. Postcontrast T1
times are predominantly reflective of changes in the extracellular

space, as accumulating extracellular contrast agent shortens the T1
values.38 Importantly, morphological features other than fibrosis

might influence T1 measures to a variable extent, such as the

presence of myocardial inflammation with intra- and extravascu-

lar edema and hyperemia.50,51

Nevertheless, a consistent relationship between the three T1
indices (native T1, postcontrast T1, and ECV) and the extent of

biopsy proven diffuse myocardial fibrosis has been reported in

various conditions, including aortic stenosis, hypertrophic cardio-

myopathy, and heart failure. Overall, there is considerable

variation among observed relationships, with ECV demonstrating

the best correlations with fibrosis (Pearson r = 0.49-0.98).24

The determination of T1 indices also provides prognostic

information in a variety of cardiovascular diseases with regards

to the prediction of all-cause mortality and composite endpoints

with heart failure admissions.46,52–56 These studies outline the

ability of CMR imaging to noninvasively characterize the

myocardium, allowing quantification of the burden of diffuse

disease, which is linked to adverse outcomes.

Unfortunately, the susceptibility of CMR mapping techniques to

only subtle changes in imaging techniques and vendor standards

hampers direct comparisons of results between trials and implies

the need to establish a range of reference T1 values at each

institution according to their specific protocol.49 However, efforts

are underway to standardize T1 measurements.57,58

T1 MAPPING IN HEART FAILURE WITH PRESERVED EJECTION
FRACTION

As described previously, in HFpEF, comorbidities promote a

systemic inflammatory state, leading to cellular stiffening and the

occurrence of reactive interstitial fibrosis, eventually leading to

diastolic dysfuntion.26

In line with these considerations, abnormal T1 values have been

demonstrated in conditions known to be associated with

myocardial fibrosis (hypertrophic cardiomyopathy, amyloidosis,

and diabetic cardiomyopathy), relating to echocardiographically-

determined indices of impaired diastolic function.59–61

Not surprisingly, increased attention is being paid to CMR T1
mapping in HFpEF patients, although overall data are still limited.

Su et al.62 evaluated 62 HFpEF patients, 40 HFrEF patients and

22 hypertensive controls with CMR T1 mapping using a MOLLI

scheme. Since they aimed to investigate the rate of diffuse fibrosis,

areas of focal scarring were manually excluded, an important

consideration, given that a significant percentage of the HFrEF

group had ischemic heart diseases. They found that ECV was

significantly elevated in HFpEF patients (median 29%) compared

with control patients (median 28%) but significantly lower

compared with HFrEF patients (median 31%). Ventricular function

was evaluated using a volume-time curve approach derived from

CMR cine imaging, providing information on the peak ejection and

peak filling rates for systolic and diastolic function, respectively.

Peak filling rates were significantly reduced in patients with HFrEF

and were reduced to a lesser extent in patients with HFpEF.

Interestingly, ECV was correlated with peak filling rates in the

HFpEF group but not in the controls or those with HFrEF.

Additionally, systolic ventricular function indices correlated

with ECV in HFpEF patients. While native T1 times did not

differ, postcontrast T1 showed a distribution similar to ECV

between groups. Limitations related to the inclusion criteria, not

representing the current definition of HFpEF patients, the lack of

echocardiographic data, and the use of highly load-dependent and

therefore rarely used ventricular functional indices. However, the

study elegantly suggested a strong connection between CMR-

derived myocardial fibrosis quantification and altered ventricular

function in HFpEF.

Insights into the prognostic value of T1 mapping in HFpEF

patients come from Mascherbauer et al.46,63 In 1 study, HFpEF was

clinically suspected in 100 individuals and was confirmed in 63 by

a guideline-recommended algorithm incorporating echocardiog-

raphy, B-type natriuretic peptide measures, and right heart

catheterization.46 All patients underwent noninvasive characteri-

zation with T1mapping using a FLASH-IR sequence and gadolinium

contrast administration; among the 61 individuals with confirmed

HFpEF who also had interpretable T1 images, 16 combined cardiac

outcome events occurred (3 deaths from cardiovascular cause and

13 hospitalizations for heart failure) during a mean follow-up

period of 22.9 � 5.0 months. Postcontrast T1 times (hazard ratio [HR],

0.99; 95% confidence interval [95%CI], 0.98–0.99]; P = .046), LA area >

median (HR, 1.08; 95%CI, 1.03–1.13; P < .01) and pulmonary vascular

resistance (HR, 1.00; 95%CI, 1.00-1.01; P = .03) were independently

associated with the combined endpoint. Additional insights were

gained through endomyocardial biopsies in 9 patients. Interestingly,

semiautomatically quantified extracellular volume matrix correlated

extremely well with postcontrast T1 times in HFpEF patients (r = 0.98;

P < .01). Conversely, no relation between T1 times and collagen

content could be identified. These findings again highlight that T1
estimation of ECV may overestimate diffuse fibrosis because it is also

modulated by other factors beyond fibrosis. Comparison of HFpEF

patients and patients not classified as having HFpEF yielded shorter

postcontrast T1 times (P < .01) and a slightly lower (though normal)

LV ejection fraction. Of note, T1 times also correlated with pulmonary

vascular resistance and RVEF, suggesting a link between extracellular

matrix deposition and the development of adverse pulmonary

hemodynamic remodeling in HFpEF.

In the most recent work by the same group, 117 patients

diagnosed on the basis of the current European Society of

Cardiology consensus criteria6 were thoroughly investigated

including right heart catheterization, echocardiography, 6-minute

walk test, and LV myocardial biopsy in 18 patients.63 Contrast-

enhanced T1 mapping with determination of ECV was performed

using a 5(3)3 precontrast and 4(1)3(1)2 postcontrast MOLLI

sequence. Heart failure with preserved ejection fraction patients

were found to have higher ECV (n = 117, 29% � 4%) than the local

reference group (n = 35, 25% � 3%; P < .01) of healthy controls. In the

HFpEF cohort, ECV correlated fairly well with histology-proven

extracellular matrix (r = 0.49; P = .04) and poorly but significantly

with clinically important parameters associated with HFpEF, such as

the E/A ratio (r = 0.25), right atrial pressure (r = 0.21), stroke volume (r

= �0.20), n-terminal prohormone of brain natriuretic peptide (r =

0.37), and 6-minute walk distance (r = �0.28). Over a median follow-

up of 24 months, there were 34 combined cardiac events

(30 hospitalizations for heart failure and 4 cardiac deaths). Patients

with an ECV above the median were more likely to experience a

cardiac event and ECV was independently associated with outcomes

among imagine parameters in multivariate Cox-Regression analysis

(HR, 1.01; CI, 1.01-1.20; P = .049). While ECV was markedly elevated

in patients who had an event (31.0% � 4.6% vs 28.5% � 3.4%; P > .01),

native T1-times did not differ (P = .13) in comparison with those in

patients not reaching the combined endpoint. According to Kaplan-

Meier analysis, the prognostic power of ECV seemed highest in the

first 6 months of follow-up. Considering relevant clinical and

hemodynamic parameters in a multivariate model, right ventricular

end-diastolic volume (P < .001) and pulmonary vascular resistance (P

= .002), but not ECV (P = .978) were found to be predictive of

outcomes.
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A link between hemodynamic alterations related to decreased

LV compliance and diffuse myocardial fibrosis was established by

Ellims et al.45 They examined 20 cardiac transplant recipients

referred for a clinically-indicated cardiac catheterization using

invasive pressure volume loop measurement, CMR T1 mapping

with VAST sequences and echocardiography. Both postcontrast T1
(r = �0.71; P < .01) time and ECV (r = 0.58; P = .04) significantly

correlated with the load-independent myocardial stiffness con-

stant (Beta). After correction for other parameters, the correlation

of postcontrast T1 time and Beta persisted on multivariate analysis.

The implication of a causative link between the amount of fibrosis

and stiffness is further strengthened by the biopsy-proven

correlation of postcontrast T1 times with actual fibrosis in cardiac

transplant recipients.64

Of note, no other clinical, hemodynamic, or echocardiographic

parameter showed an association with pressure-volume loop-

derived passive stiffness. Similarly, the time constant of isovolumic

relaxation (Tau) showed no correlation with CMR measurements,

or other parameters related to patient characteristics, hemody-

namics, or imaging. Although the suggested concept of changes in

cardiac structure causing functional alterations appears straight-

forward, its transferability to an HFpEF population seem at the

least problematic, as predominantly relatively young, male cardiac

transplant patients with hardly any HF symptoms or signs of

diastolic dysfunction and only mildly elevated filling pressures

were examined.

More recently, our group reported on the relationship between

hemodynamics and CMR assessment in HFpEF patients, rigorously

identified on the basis of the European consensus criteria.13

Twenty-four patients with HFpEF were compared with 12 control

patients, who presented for evaluation of atypical chest pain,

accompanied by a substantial cardiovascular risk profile, but

without HF symptoms. Pressure-volume loops were acquired

during baseline conditions, hand-grip exercise, and transient

preload reduction by balloon occlusion of the inferior vena cava. In

addition to load-independent myocardial diastolic stiffness and

end-systolic elastance, measures of active relaxation (Tau), arterial

elastance, and end-diastolic pressure volume relations (EDPVR)

were derived at baseline and in response to handgrip exercise. T1
mapping with ECV determination was performed using the MOLLI

technique with assessment of native T1 (precontrast) and

postcontrast T1was acquired 15 minutes after gadolinium contrast

administration, which allowed for the calculation of ECV.

Overall, ECV correlated highly with myocardial stiffness (r = 0.75;

P < .01) and HFpEF patients showed elevated ECV (33% � 3% vs 29% �

3%; P < .01), whereas native T1 (P = .20) and postcontrast T1 times (P =

.08) did not differ between groups. Adjusted for other imaging

parameters (E/E’ and LA volume), ECV remained the only independent

predictor of beta in a multivariate model, suggesting a diagnostic value

of ECV in HFpEF independent of echocardiographic assessment. Native

T1 times, but not ECV, correlated with Tau under exertion, indicating that

ECV fraction

Preload reduction

for assessment of

LV stiffness constant (β)

Pressure volume loops

at baseline (solid) and

at peak exertion (dotted)

Arterial elastance

LV afterload

LV relaxation

Volume Volume Volume

VolumeVolumeVolume

P
re

s
s
u

re
P

re
s
s
u

re

P
re

s
s
u

re

P
re

s
s
u

re

P
re

s
s
u

re

P
re

s
s
u

re

Arterial elastance

LV afterload

LV relaxation

Arterial elastance

LV afterload

LV relaxation

StiffnessStiffnessStiffness

Low ECV Near normal ECV Elevated ECV

HFpEF patientsNo HF symptoms

Figure 4. Overview of the results of the Left Ventricular Stiffness vs Fibrosis Quantification by T1 mapping in Heart Failure With Preserved Ejection Fraction
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fibrosis is likely more related to reduced myocardial compliance than to

impaired myocardial relaxation.

Heart failure with preserved ejection fraction patients demon-

strated more unfavorable hemodynamics with higher filling

pressures, prolonged diastolic relaxation and a higher change of

EDPVR from baseline to exercise. Additionally, ECV allowed for the

identification of 2 patient groups, which demonstrated different

underlying mechanisms for the development of diastolic dysfunc-

tion and exercise intolerance (Figure 4). Dividing the HFpEF cohort

on the basis of median ECV, there were no differences in baseline

characteristics, exercise testing, or echocardiographic measures of

diastolic function between the groups. However, patients with ECV

> median showed significantly higher myocardial stiffness values,

whereas in patients with ECV< median, higher vascular load with

impaired active relaxation were responsible for a similar

unfavorable EDPVR change under exertion.

Thus, ECV was suggested not only to be predictive of increased

myocardial stiffness, but also to allow the identification of patients

who are more likely to have an alternative mechanism of diastolic

dysfunction. In this particular setting, these patients showed

elevated vascular load, most likely a result of arterial stiffening and

late systolic reflection waves.65

CONCLUSIONS

The emerging technique of CMR T1 mapping has introduced the

option to noninvasively characterize myocardial tissue to an extent

that was previously only achievable with myocardial biopsies. Of

special interest is the possibility to quantify myocardial extracel-

lular changes. Increased diffuse myocardial fibrosis, usually

undetectable with other imaging techniques, is a cornerstone of

HFpEF pathophysiology and therefore patient characterization

using T1mapping seems especially appealing in this patient group.

Existing data support this notion as a relationship of measured T1
times, and echocardiographically assessed diastolic function has

been established in cardiovascular conditions known to be

associated with myocardial fibrosis. In HFpEF especially, post-

contrast measures, known to be more specific to the extracellular

space, seem to be of greatest diagnostic value. Accordingly, HFpEF

patients have been demonstrated to have higher ECVs than

patients without HF, but lower ECVs than patients with HFrEF.

Postcontrast T1 times have also been suggested to be elevated in

HFpEF and to be related to adverse pulmonary hemodynamic

remodeling. Postcontrast T1 times and ECV were found to be

independently associated with clinical outcomes in this patient

group. Hemodynamically, ECV has been shown to correlate with

slower LV diastolic filling. Additionally, both ECV and postcontrast

times correlate with myocardial stiffness, as assessed by pressure

volume relations, providing complementary information to

echocardiography. Finally, in 1 study, HFpEF patients could be

stratified according to their ECV to noninvasively distinguish

myocardial stiffness on the one hand and elevated arterial load

with impaired active relaxation on the other hand as a leading

determinant of their diastolic functional impairment.

Patient stratification according to their ECV might therefore be

a suitable approach to partly unravel the heterogeneity of the

HFpEF cohort, a notion that becomes even more attractive

considering that viable treatment options for identified subgroups

might readily be available (eg, antifibrotic neurohormal modula-

tion with spironolactone or sacubitril).

To date, T1 mapping data in HFpEF are still limited and existing

trials share important limitations, such as small sample sizes,

single center designs, and the lack of incorporating diastolic stress

testing in most studies. Although a pathophysiologically plausible

link exists between T1 measures and interstitial fibrosis in HFpEF,

the role of myocardial factors confounding this relation needs to be

further illuminated. Comparisons between studies are hampered

by different protocols and imaging techniques. In conclusion, CMR

T1 has the potential to be an effective tool for patient characteri-

zation in large-scale epidemiological, diagnostic, and therapeutic

HFpEF trials beyond traditional imaging parameters. Further

efforts to standardize imaging techniques need to provide the

basis for multicenter application.
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