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State of the Art: Clinical  
Applications of Cardiac T1 Mapping1

While cardiovascular magnetic resonance (MR) has be-
come the noninvasive tool of choice for the assessment of 
myocardial viability and for the detection of acute myocar-
dial edema, cardiac T1 mapping is believed to further ex-
tend the ability of cardiovascular MR to characterize the 
myocardium. Fundamentally, cardiovascular MR can im-
prove diagnosis of disease that historically has been chal-
lenging to establish with other imaging modalities. For 
example, decreased native T1 values appear highly spe-
cific to detect and quantify disease severity related to 
myocardial iron overload states or glycosphingolipid accu-
mulation in Anderson-Fabry disease, whereas high native 
T1 values are observed with edema, amyloid, and other 
conditions. Cardiovascular MR can also improve the as-
sessment of prognosis with parameters that relate to myo-
cardial structure and composition that complement the 
familiar functional parameters around which contempo-
rary cardiology decision making revolves. In large cohorts, 
extracellular volume fraction (ECV) has been shown to 
quantify the full extent of myocardial fibrosis in nonin-
farcted myocardium. ECV may predict outcomes at least 
as effectively as left ventricular ejection fraction. This un-
common statistical observation (of potentially being more 
strongly associated with outcomes than ejection fraction) 
suggests prime biologic importance for the cardiac inter-
stitium that may rank highly in the hierarchy of vast myo-
cardial changes occurring in cardiac pathophysiology. This 
article presents current and developing clinical applica-
tions of cardiac T1 mapping and reviews the existing evi-
dence on their diagnostic and prognostic value in various 
clinical conditions. This article also contextualizes these 
advances and explores how T1 mapping and ECV may af-
fect major “global” issues such as diagnosis of disease, 
risk stratification, and paradigms of disease, and ulti-
mately how we conceptualize patient vulnerability.
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Learning Objectives:

After reading the article and taking the test, the reader will 
be able to: 

n Discuss the advantages of T1 mapping over T1-
weighted imaging in cardiac MR imaging

n Explain the concepts underlying the assessment of 
extracellular volume (ECV) using T1 mapping

n Discuss the diagnostic value of native T1 and ECV in 
various myocardial diseases
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In this article, we present current 
and developing clinical applications 
of cardiac T1 mapping and review 

existing evidence on their diagnostic 
and prognostic value in various clinical 
conditions. This article also contextual-
izes these advances and explores how 
T1 mapping and extracellular volume 
fraction (ECV) may affect major “global” 
issues such as diagnosis of disease, risk 
stratification, and paradigms of disease, 
and ultimately how we conceptualize 
patient vulnerability.

Basic Concepts behind Cardiac T1 
Mapping

T1 Mapping versus T1-weighted MR 
Imaging
Due to its underlying physics, magnetic 
resonance (MR) imaging provides ex-
cellent contrast of soft tissues to char-
acterize not only myocardial function, 
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Abbreviations:
ECM = extracellular matrix
ECV = extracellular volume fraction
LGE = late gadolinium enhancement
LV = left ventricular
MOLLI = modified Look-Locker inversion recovery
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Essentials

 n Cardiac T1 mapping quantifies 
intrinsic pathologic processes in-
volving the myocardium by using 
native (precontrast) T1 measures 
and extracellular volume fraction 
(ECV) measures.

 n Changes in native myocardial T1 
may occur with disease affecting 
the intracellular or extracellular 
component of the myocardium 
(eg, edema, amyloid, iron or gly-
cosphingolipid infiltration).

 n ECV dichotomizes the myocar-
dium into its cellular and intersti-
tial component and reflects 
disease limited to the intersti-
tium (eg, myocardial fibrosis or 
amyloidosis).

 n T1 and ECV mapping appear to 
add diagnostic information for 
diffuse myocardial fibrosis, myo-
cardial inflammation, infiltrative 
diseases, and storage diseases.

 n ECV measures of myocardial 
fibrosis appear to improve risk 
stratification and ECV may be an 
important biomarker of myocar-
dial vulnerability.

but also myocardial structure. When 
fast MR imaging techniques such as 
turbo spin echo (TSE or fast spin 
echo) became available in the late 
1990s and enabled the acquisition of 
electrocardiographically gated images 
of the heart within acceptable time 
limits, the door was open to explore 
the clinical value of this soft-tissue 
contrast for the detection of diseases 
of the heart muscle. In 1998, Fried-
rich et al published their pioneering 
article on serial assessment of myo-
carditis using contrast-enhanced MR 
imaging (2). In their study, 19 pa-
tients with acute myocarditis under-
went T1-weighted turbo-spin-echo 
MR imaging before and during the 
first 9 minutes after a bolus injection 
of gadopentetate dimeglumine. It 
could be shown that the signal en-
hancement in the myocardium divided 
by that of the skeletal muscle was 
higher in patients with acute myocar-
ditis compared with that in normal 
control subjects, and decreased ap-
proaching normal in the course of 84 
days. While this study stimulated re-
searchers to apply cardiovascular MR 
to patients with nonischemic heart 
disease, the value of the T1-weighted 
approach in individual patients was 
limited due to the large overlap be-
tween normal and abnormal findings 
(3). One obvious source of variability 
was the use of the skeletal muscle as 
a reference signal, as muscle signal 
intensity can be affected by age, sex, 
physical activity, and parallel involve-
ment in the underlying viral disease. 
In T1-weighted cardiovascular MR, 
the need for a reference tissue arises 
from the fact that images are dis-
played in gray scales with arbitrary 
units that vary between different stud-
ies. One way to overcome these arbi-
trary gray scales is to measure T1 di-
rectly, which is done in T1 mapping. 
Here, multiple raw images are ac-
quired after a radiofrequency pulse 
that allow for sampling magnetiza-
tion/signal recovery along the z-axis 
and calculating the underlying T1 
value for every voxel within the field 
of view (assuming adequate coregis-
tration of raw images). From these 

data, a so-called T1 map is displayed 
in color or gray scale where signal in-
tensity of each pixel directly encodes 
its T1 value.

With the introduction of modified 
Look-Locker inversion recovery (MOL-
LI) in 2004 (4), a pulse sequence be-
came available that allowed for high-
resolution cardiac T1 mapping within a 
single breath hold at clinical field 
strength (1.5–3 T). By using this 
method and others that followed (5–8), 
cardiovascular MR researchers have 
started to investigate the value of signal 
quantification for the detection of myo-
cardial disease without the need for 
noncardiac reference tissues. As T1 
mapping can be performed both with 
and without contrast agents, the spec-
trum of applications includes and ex-
tends that of both nonenhanced and 
contrast-enhanced cardiovascular MR 
techniques such as T2-weighted imag-
ing and late gadolinium enhancement 
(LGE), respectively. Furthermore, the 
combination of both nonenhanced (na-
tive) and contrast-enhanced T1 map-
ping with hematocrit data allows one to 
quantify the concentration of the con-
trast agent within the myocardium to 
derive the ECV.

Native T1 and ECV to Characterize 
Myocardial Structure
Native T1 and ECV introduce novel 
metrics to characterize fundamental 
disease processes occurring in the myo-
cardium that reflect alterations in tissue 
composition and structure (Fig 1). Na-
tive T1 measures characteristics relate 
to the entire myocardium, whereas 
ECV exploits the extracellular nature of 
contrast material to measure the non-
cellular space occupied mostly by the 
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extracellular matrix (ECM) in the inter-
stitium (but ECV also includes the myo-
cardial vasculature). Conceptually, ECV 
dichotomizes the myocardium into its 
mostly interstitial (ECV) and cellular (1 
2 ECV) components.

Myocardial Composition
In normal human myocardium, the car-
diomyocyte occupies the majority of the 
volume (approximately 75%) (9), but 
these cells constitute only 30%–40% of 
the total cellular population. The cardiac 
fibroblast is the most numerous cell in 
human myocardium and is central to col-
lagen and ECM homeostasis (10). Fibro-
blasts are widely distributed so that they 
remain in close proximity to every myo-
cyte. Other cells such as vascular cells 
(endothelial cells, smooth muscle cells, 
and pericytes) and the mast cells and 
macrophages that surround them rep-
resent much smaller cell populations 
(10). Of course, erythrocytes are always 
in transit through the myocardial vascu-

Figure 1: Preferred T1 mapping approaches (blue), mechanisms of tissue injury (gray), and underlying disease (green).

Figure 1 

lature providing oxygen, but their con-
centration varies across individuals and 
with the severity of any anemia or 
polycythemia.

Cardiomyocytes exhibit an ordered 
laminar arrangement with extensive 
cleavage planes between muscle layers 
(approximately 2–6 cells thick) and var-
iation in the coupling between adjacent 
layers (11). The ECM, composed mostly 
of fibrillar collagen, provides a three-
dimensional network around the myo-
cytes to provide structural support, to 
transmit forces, and to maintain tissue 
overall architecture. The epimysium is 
located on the endocardial and epicar-
dial surfaces, the perimysium surrounds 
muscle fibers to connect groups of mus-
cle fibers, and the endomysium arises 
from the perimysium and surrounds in-
dividual muscle fibers (10,12). Endo-
mysial struts link muscle fibers and 
the microvasculature and function as 
the sites for connections to cardiomyo-
cyte cytoskeletal proteins across the 

plasma membrane (10). In the absence 
of cardiac amyloidosis or extracellular 
myocardial edema, type I fibrillar colla-
gen constitutes most of the ECM and 
provides rigidity. For this reason, car-
diac ECM expansion is often consid-
ered synonymous with myocardial fibro-
sis. Type III collagen confers elasticity 
and glycosaminoglycans (eg, hyaluro-
nan), glycoproteins, and proteoglycans 
are also important ECM components 
(12).

As the most frequently used gado-
linium-based contrast media in MR im-
aging are purely extracellular agents, 
the T1 shortening that these agents ex-
ert on the myocardium is directly linked 
to their tissue concentration and thus 
to the volume they occupy in the ex-
tracellular space. An exception occurs 
in specific contrast agents that bind to 
serum proteins (the concentration of 
which can vary across patients). In this 
situation, the contrast agent preferen-
tially distributes away from the intersti-
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tium into the vascular space, thus low-
ering the partition coefficient and 
biasing ECV measurements downward.

While isolated postcontrast T1 mea-
surements as a surrogate for myocardial 
ECV have been performed and have 
been shown to depict alterations in pa-
tients with both systolic (13) and dia-
stolic (14) heart failure, the routine use 
of isolated postcontrast T1 as a bio-
marker has been discouraged (15) due 
to its sensitivity to confounders such as 
changes in contrast agent dose (which 
is influenced by obesity), time point of 
postcontrast image acquisition, anemia, 
and renal function. Instead, the use of 
ECV is preferable, as ECV avoids these 
confounders by taking into account the 
T1 behavior of blood, variable dosing 
and clearance of the contrast agent, and 
variation in the hematocrit. ECV mea-
sures the volume fraction of the myo-
cardial extracellular space (16,17) and 
is insensitive to the effects of renal 
function, anemia/polycythemia, or obe-
sity, all of which are clinically relevant 
entities in their own right. In the ab-
sence of cardiac amyloidosis or extra-
cellular myocardial edema, variation in 
the extracellular space is determined 
mostly by the extent of myocardial fi-
brosis, which has excellent agreement 
with human histologic measures of the 
collagen volume fraction with R2 values 
ranging from 0.7 to 0.9 (18–22). The 
extent to which ECV is influenced by var-
iation in capillary density or capillary 
recruitment through variable arteriolar 
vasodilation is uncertain (23,24) but 
does not appear to be a major source of 
variation given the excellent agreement 
with histologic reference standards. 
Furthermore, using MR imaging mi-
croscopy, gadolinium contrast material 
appears to track thin strands of colla-
gen with high fidelity at the cellular 
level (25).

Considerations for Normal T1 Relaxation 
Times
Under normal conditions, each tissue 
exhibits T1 (and T2) values within a 
certain range, that is, some tissues have 
similar normal T1 values, but a given 
tissue cannot have completely different 
T1 values in different normal subjects. 

T1 increases with field strength in a 
nonlinear fashion, that is, native myo-
cardial T1 will be higher at 3 T than  
at 1.5 T using the same T1 mapping 
method in the same subject. After ad-
ministration of a contrast agent, the 
shortening of T1 directly reflects the 
concentration of that contrast agent in 
the tissue of interest, which in turn de-
pends on the dose, the application 
scheme (eg, bolus, infusion, bolus-infu-
sion protocols), the hematocrit, and 
the time from application.

Each method for T1 mapping intro-
duces characteristic measurement er-
rors that may influence both accuracy 
(the ability to yield the true value) and 
precision (the ability to reproduce the 
same result in separate measurements) 
to different degrees. In practice, there 
is debate about the “true” in vivo refer-
ence native T1 values of the myocar-
dium, as the in vitro reference tech-
niques are too lengthy to be applied in 
vivo, and in vivo conditions (including 
motion, perfusion, and temperature) 
cannot be fully reproduced in vitro. 
Furthermore, many compartments com-
pose the myocardium, such as myo-
cytes, ECM, and the vasculature, which 
vary in terms of vasodilation, capillary 
recruitment, and erythrocyte content. 
These compartments may variably af-
fect T1 measures by different pulse se-
quences through variable sensitivity to 
magnetization transfer or water ex-
change effects that are difficult to re-
produce in phantoms in vitro (26,27). 
Thus, results should always be com-
pared with normal control values that 
were obtained with the same T1 map-
ping technique, with the same pulse 
sequence parameters and at the same 
field strength (28).

Systematic data on normal behavior 
are now available for several T1 map-
ping techniques (8,29–33). In the larg-
est study to date, a subcohort of the 
MESA trial (Multi-Ethnic Study of Ath-
erosclerosis) comprising 1231 subjects 
underwent both pre- and postcontrast 
cardiac T1 mapping (with 1.5-T MR 
systems from one vendor), from which 
native myocardial T1 values and ECV 
were derived (34). The size of this 
study cohort allowed for detection of 

underlying mild age- and sex-specific 
differences including higher ECV in fe-
males and a tiny increase of ECV for 
both sexes with age.

The situation of pulse sequence de-
pendence is not too problematic. To put 
the issue into clinical perspective, it re-
sembles that of other important imag-
ing parameters such as left ventricular 
(LV) ejection fraction, whose normal 
range also depends on the imaging test 
and protocol to be used (eg, echocardi-
ography versus MR imaging; long axis 
versus short axis; spatial and temporal 
resolution; inclusion or exclusion of 
trabeculae, papillary muscles, and out-
flow tract). Since ECV is a ratio of T1 
measures analogous to ejection fraction 
as a ratio of volumes, systematic biases 
in T1 measures (upwards or downward) 
can cancel out to some degree to ren-
der stable measurements across cen-
ters (19,35).

Implementation of Cardiac T1 Mapping in 
Routine Cardiac MR
Pulse sequences and postprocessing soft-
ware for cardiac T1 mapping are cur-
rently available from all major vendors 
of MR imaging systems. Typical 
methods acquire raw data for high-res-
olution single-section T1 maps of the 
heart within a single breath hold of the 
patient and provide online reconstruc-
tion of the data with or without motion 
correction. There are a multitude of 
techniques and subvariants regarding 
data acquisition and imaging protocols.

Commonly used cardiac T1 mapping 
strategies are based on the acquisition 
of a set of raw images with different de-
grees of recovery of magnetization along 
the z-axis following inversion recovery 
(IR) or saturation recovery (SR) prepuls-
es. These raw images are processed of-
fline (by separate software) (36) or in-
line (by the image reconstruction engine 
of the MR imaging system) (37), with or 
without the use of manual (36) or 
automatic motion correction (7), to gen-
erate voxel-based T1 maps. IR-based ap-
proaches include MOLLI (4), shortened 
MOLLI (called shMOLLI) (5), and varia-
tions of the initial 3-3-5 MOLLI scheme, 
eg, 5-3 MOLLI or 4-3-2 MOLLI (post-
contrast imaging). SR-based approaches 
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include SAP-T1 (38) and SASHA (6). 
Mixed IR-SR approaches such as SAP-
PHIRE (39) aim to combine the advan-
tages of IR (higher precision) with those 
of SR (higher accuracy) (28,40). A  
detailed description of these technical 
issues or practical recommendations for 
imaging protocols are beyond the scope 
of this work and are addressed further 
in the Society for Cardiovascular Mag-
netic Resonance consensus statement 
on cardiac T1 mapping (15).

Applications Based on Native 
Myocardial T1

Myocardial Edema
Disease processes within the myocar-
dium usually affect both T1 and T2 
values concordantly (prolongation or 
shortening). A prime example is myo-
cardial edema, which was studied with 
low-field-strength MR imaging in small 
and large animal models in the early 
1980s (41,42). These studies confirmed 
previous findings in the brain where the 
presence of edema led to an increase in 
both T1 and T2 values, with both prop-
erties being directly related to water 
content. Initially, T2-weighted imaging 
became the technique of choice for the 
visualization of edema as the percent-
age change of T2 in this setting is high-
er than that of T1 and as water pre-
sents as hyperintense on T2-weighted 
images, whereas on T1-weighted imag-
ing water is hypointense and thus hard-
er to delineate without inverting the 
image. In parametric MR imaging, 
where signal intensities reflect relaxa-
tion times, higher values will usually be 
displayed as hyperintense compared with 
lower values on most scaling algo-
rithms, which is why areas of focal 
myocardial edema can be delineated as 
hyperintense areas on both T1 and T2 
maps. Thus, both techniques are poten-
tial candidates to introduce quantitative 
signal information to myocardial edema 
imaging. Both have been shown to ac-
curately delineate the area at risk in a 
dog model of myocardial ischemia/re-
perfusion (43). T1 mapping carries the 
advantage of being combinable with post-
contrast application. Whether one or 

the other provides higher diagnostic 
accuracy in clinical settings remains to 
be studied in direct comparison be-
tween modern T1 and T2 mapping tech-
niques.

The assessment of myocardial edema 
is of particular interest as myocardial 
edema accompanies any acute myocar-
dial injury. While this phenomenon has 
been known from animal experiments 
for a long time, MR imaging is the first 
and until now the only method to di-
rectly visualize myocardial edema in 
clinical patients, which was first dem-
onstrated in a systematic fashion (44) 
using a T2-weighted (and inversely T1-
weighted) short-tau inversion recovery 
sequence (45,46). Using native T1 map-
ping in acute myocardial infarction, vi-
sual assessment or manual signal-to-
noise ratio analysis can be replaced by 
setting a fixed T1 threshold of three 
standard deviations above the normal 
mean. With this approach, myocar-
dial segments with edema can be de-
tected with a sensitivity of 96% and a 
specificity of 91% (47).

Of particular clinical relevance is 
the finding that native T1 mapping can 
also be used to detect myocardial in-
flammation in patients with acute myo-
carditis, as the diagnosis of myocarditis 
remains challenging even with the use 
of invasive endomyocardial biopsy (48). 
Ferreira et al recently showed that na-
tive T1 mapping yields higher diagnos-
tic accuracy in the detection of myocar-
dial injury due to myocarditis than any 
T2-weighted approach (49). The au-
thors reported that native T1 values 
were significantly increased in cases of 
acute myocarditis and postulated that 
this phenomenon was most likely due 
to myocardial edema. The same group 
found that in the acute setting, the di-
agnostic accuracy of native T1 mapping 
was high enough to abstain from the 
administration of contrast agent (50). 
Other studies confirmed the superiority 
of native mapping (both T1 and T2) 
over conventional cardiac MR techniques 
except for LGE (51) and suggested that 
T1 mapping might be able to differenti-
ate between different stages of myocar-
ditis (52). Two studies concordantly 
found that native myocardial T1 values 

were also elevated in patients with sys-
temic lupus erythematosus (53,54). In-
terestingly, this finding did not corre-
late with the presence or absence of 
enhancement on LGE images. In pa-
tients with rheumatoid arthritis, na-
tive T1 and ECV were found to corre-
late with both myocardial strain and 
disease activity (55).

Similar to viral myocarditis, myocar-
dial edema is also a typical feature of 
homograft rejection after heart trans-
plantation. In 1987, Wisenberg et al 
published their early study on 25 trans-
plant patients who underwent endo-
myocardial biopsy and both T1 and T2 
measurements using a 0.15-T MR 
system (56). While both myocardial T1 
and T2 values were highly prolonged 24 
hours after transplantation as com-
pared with normal control subjects, 
both normalized within 25 days in non-
rejecting transplants, but not in grafts 
with rejection, and were also increased 
to more than 2 standard deviations of 
normal in 14 of 15 late rejections. The 
largest study so far on a modern 1.5-T 
MR system collected serial cardiac MR 
and echocardiography data from 22 pa-
tients for 20 weeks after transplanta-
tion and correlated these noninvasive 
findings with results from endomyocar-
dial biopsies (57). In this study, T1 and 
T2 were declining but still significantly 
elevated as compared with normal myo-
cardium at 20 weeks, and neither T1 
mapping nor T2 mapping or peak sys-
tolic circumferential strain were able to 
accurately detect acute allograft rejec-
tion in the early phase after heart 
transplantation.

While the high level of increase in 
native T1 in acute inflammation clearly 
favors myocardial edema as the under-
lying mechanism, T1 changes at later 
stages might also be attributable to 
myocardial fibrosis (see below). Whether 
a comprehensive imaging approach al-
lows for differentiating one from the 
other is a topic of ongoing experimental 
and clinical research.

Storage Disease
Native T1 mapping is emerging as an 
important tool to characterize myocar-
dial tissue directly with presumably 
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more accuracy than nonspecific func-
tional surrogate parameters. These 
advances are critically important for 
storage diseases, which have been 
challenging to demonstrate noninva-
sively. As outlined above, T1 is gov-
erned by several factors including the 
type and amount of protons within a 
given voxel, their interactions with 
the molecular surroundings (eg, ferric 
iron cations [Fe31] that are paramag-
netic), and the polarity of their cova-
lent bonds (lipid versus water protons). 
In cardiac amyloidosis, abnormal 
proteins accumulate within the myo-
cardial interstitial space and signifi-
cantly alter the composite relaxation 
time of the tissue. In early studies, 
segmental T1 measurements (without 
voxel-based mapping) indicated se-
vere changes of both native (58) and 
postcontrast (59) T1 values in pa-
tients with cardiac amyloidosis. 
Karamitsos et al performed native T1 
mapping in 53 patients with amyloid 
light chain (AL) amyloidosis and found 
that myocardial T1 values were signif-
icantly elevated compared with those 
in healthy control subjects even if no 
cardiac involvement was suspected by 
clinical and echocardiographic crite-
ria (60). There was no overlap be-
tween myocardial T1 values in pa-
tients with definite cardiac involvement 
of amyloidosis and normal control 
subjects, with T1 values in these pa-
tients elevated in the range of 5–10 
standard deviations above the normal 
mean. Interestingly, Fontana and col-
leagues from the same group could 
show that native T1 values in patients 
with transthyretin type amyloidosis 
(ATTR) were also strongly elevated, 
but less so than in patients with AL 
disease (61). This finding was unex-
pected, as ATTR patients exhibit a 
higher increase in LV mass than do 
AL patients. The authors hypothe-
sized that ATTR might possess lower 
amyloid burden, less hydration of the 
amyloid, less collagen associated with 
amyloid, and differential effects on 
the intracellular signal, or lack other 
processes from AL such as edema due 
to light-chain toxicity. Taken together, 
these two studies showed that native 

T1 mapping allows for differentiating 
patients with cardiac involvement of 
amyloidosis with high diagnostic accu-
racy from normal controls and from 
patients with aortic stenosis or hyper-
trophic cardiomyopathy, two other 
conditions causing LV hypertrophy.

Another systemic disease leading to 
LV hypertrophy is Anderson-Fabry 
disease. In this rare but underdiag-
nosed hereditary disorder, a deficiency 
in the enzyme a-galactosidase A results 
in the accumulation of glycosphyngolip-
ids within the lysosomes of cells from 
various organs including cardiomyo-
cytes. Similar to amyloidosis, cardiac 
involvement indicates a severely im-
paired prog nosis in these patients. 
However, in con trast to amyloidosis, 
Anderson-Fabry disease causes short-
ening of native (precontrast) myocar-
dial T1 values due to the increase in 
lipid content. Only inferolateral areas 
present an exception to this finding, as 
in Anderson-Fabry disease they are fre-
quently affected by midwall enhance-
ment on LGE images, most likely due to 
focal fibrosis given the increased native 
T1 value in LGE-positive regions com-
pared with LGE-negative regions 
(62,63). Reduction of T1 values is de-
tectable in patients with normal wall 
thickness and becomes more severe in 
patients with LV hypertrophy (62). In 
the same study, patients receiving en-
zyme replacement therapy showed less 
shortening of myocardial T1 values, 
hinting at the potential for monitoring 
disease progression and guiding ther-
apy using T1 mapping.

A second condition causing short-
ening of T1 is iron overload. Siderotic 
disease is either due to hereditary he-
mochromatosis or (more frequently) 
to repeated blood transfusions for 
anemia, for example, in thalassemia 
major. While some patients even with 
severe hepatic iron overload do not 
store iron in the heart, those who do 
are at high risk for heart failure and 
lethal arrhythmias. Due to its para-
magnetic properties, ferric iron exerts 
strong local alterations of the local 
magnetic field; the magnitude of these 
alterations is described by a time 
constant T2*. The Royal Brompton 

group from London showed that T2* 
mapping allows for the detection and 
semiquantitative analysis of the iron 
overload in the heart (64). Moreover 
the technique is reproducible across 
different MR systems (65), predicts 
outcome (66), and can be used to 
monitor the effects of different phar-
macologic therapies. As a result, T2* 
mapping became the first parametric 
mapping technique to become a clini-
cal tool and a reference method ac-
cording to clinical guidelines (67).

Recently, the ability of T1 mapping 
to assess iron overload was further ex-
plored. While T1 is also shortened in 
the presence of iron, its shortening oc-
curs more linearly and causes less im-
age artifacts than that of T2*, where 
values can drop from greater than  
20 msec in normal myocardium to less 
than 1 msec in severe cases. This was 
shown in a study of 106 patients with 
thalassemia major, which compared 
the performance of T2*, T2, and T1 
mapping, and concluded that both T1 
and T2 mapping might be advanta-
geous in patients with low iron content 
(68). Further work demonstrated that 
T1 values had superior reproducibility 
compared with T2* values suggesting 
that T1 may be a more precise tech-
nique for measuring myocardial iron. 
In addition, a significant proportion of 
individuals with normal T2* values in 
fact had low myocardial native T1 
values, suggesting a superior sensitiv-
ity compared with T2* (69).

Myocardial Fibrosis
Native T1 mapping has been applied to 
a number of cardiac conditions that 
lead to diffuse myocardial fibrosis, includ-
ing arterial hypertension (62); aortic 
valve stenosis (60,62,70) and regurgita-
tion (71); hypertrophic cardiomyopathy 
(61,62,72–74); and dilated cardiomyop-
athy (72,73). Despite the fact that na-
tive T1 values reflect the total compos-
ite signal of both intra- and extracellular 
myocardium (other than ECV; see Na-
tive T1 and ECV to Characterize Myo-
cardial Structure, above), most studies 
found a significant increase of myocar-
dial T1 values in cardiac diseases with 
diffuse myocardial fibrosis as compared 
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with T1 values in healthy control sub-
jects. Similarly, increased native T1 
values have been reported in patients 
with asymptomatic aortic valve stenosis 
(75). However, the magnitude of this 
increase was much lower than that 
found in myocardial edema (see Myo-
cardial Edema, above) or amyloidosis 
(see Storage Disease, above) and 
there was large overlap between dis-
eased and normal groups. Thus, mean 
native myocardial T1 values provide 
limited discrimination for diffuse myo-
cardial fibrosis in individual patients. 
Indeed, in a head-to-head comparison, 
the remarkably high histologic 
agreement between collagen volume 
fraction and ECV was not matched by 
native T1 measures (19). However, 
mean myocardial T1 values do not re-
flect the higher level of inhomogeneity 
of T1 distribution in these patients. On-
going research is exploring methods to 
quantify this T1 inhomogeneity and to 
evaluate the diagnostic value of such pa-
rameters in patients with diffuse myo-
cardial fibrosis.

Post–Gadolinium Chelate Applications 
and ECV

Replacement Fibrosis and Interstitial 
Fibrosis
Myocardial fibrosis is a nonspecific final 
common pathway of disease that may 
follow any number of cardiac insults 
(12). Its burden in heart failure appears 
similar with reduced or preserved ejec-
tion fraction (76). Myocardial fibrosis 
can occur from two fundamentally dif-
ferent cellular pathways involving either 
cell loss through apoptosis/necrosis with 
resultant “replacement fibrosis” or pri-
mary fibroblast activity without neces-
sarily any myocyte loss with resultant 
“interstitial fibrosis” (Fig 2). Replace-
ment fibrosis represents the sequelae of 
primary myocyte injury after which col-
lagen synthesis by fibroblasts replaces 
the void left by necrotic or apoptotic 
myocytes. LGE can depict macroscopic 
foci of replacement fibrosis (77,78). In 
contrast, interstitial fibrosis often repre-
sents the sequelae of primary fibroblast 
stimulation without antecedent myocyte 

injury, a process usually too diffuse to be 
detectable at LGE imaging. LGE cannot 
readily depict diffuse processes unless 
there is significant heterogeneity, since 
LGE only depicts regional differences in 
the distribution of contrast material.

At the cellular level, the degree to 
which replacement and interstitial fi-
brosis occur in noninfarcted myocar-
dium is not well understood. Cardiac 
MR cannot distinguish these processes 
very well, but ECV usually is measured 
in noninfarcted myocardium and thus 
excludes presumably the most common 
form of replacement fibrosis, myocar-
dial infarction. ECV in noninfarcted 
myocardium remains prognostically im-
portant irrespective of etiology. Regard-
less of the difficulty distinguishing re-
placement from interstitial fibrosis in 
noninfarcted myocardium, one can still 
draw inference about these processes 
from the relationship between LV mass 
and ECV. In myocardial disease charac-
terized primarily by replacement fibro-
sis, fibrosis and LV mass measures 
would be expected to correlate inversely. 
In myocardial disease characterized pri-
marily by interstitial fibrosis, fibrosis 
and LV mass would be expected to cor-
relate positively.

The clinical distinction between re-
placement and interstitial fibrosis is fur-
ther complicated by the fact that both 
processes can occur simultaneously in 
the same patient. For example, intersti-
tial fibrosis in noninfarcted myocardium 
can be observed in ischemic heart 
disease distinct from the replacement 
fibrosis clearly occurring in the infarct 
(79). In fact, noninfarcted myocardium 
may contain more collagen than the 
myocardial infarction itself (80). As 
such, it remains challenging to ascer-
tain whether the etiology of myocardial 
fibrosis results from replacement fibro-
sis dominated by myocyte disease or 
interstitial fibrosis dominated by fibro-
blast dysfunction (81). Nonetheless, a 
positive correlation between fibrosis 
measured by ECV and LV mass has 
been reported in large cohorts of pa-
tients referred for cardiac MR (without 
evident amyloidosis or hypertrophic 
cardiomyopathy) (82,83). These car-
diac MR observations agree with prior 

pathologic observations (84–88) and sug-
gest that interstitial fibrosis is a preva-
lent and biologically important entity.

The generally positive correlation 
between mass and fibrosis in nonin-
farcted myocardium has important im-
plications for the pathophysiology of 
myocardial fibrosis. Specifically, this 
finding suggests the potential for a pri-
mary role of the myocardial fibroblast 
in the development of myocardial fibro-
sis that does not occur solely at the 
expense of the myocyte compartment 
(81,89). Indeed, in an elegant proof of 
concept study, selective and specific 
activation of myocardial fibroblasts 
(sparing myocytes) in rodents causes 
myocardial fibrosis that leads to a 
heart failure phenotype (90). In addi-
tion, the clinical example of cardiac 
amyloidosis where presumably inert 
amyloid protein primarily accumulates 
in the intersti tium—specifically not as 
a secondary phenomenon following 
myocyte injury—illustrates again the 
direct deleterious consequences of 
marked ECM expansion, regardless of 
cause (ie, collagen versus amyloid de-
position). In cardiac amyloidosis, se-
vere cardiac dysfunction can ensue, 
manifest by a pronounced increases in 
B-type natriuretic peptide and an inex-
orable deterioration in clinical status 
with early mortality despite a relatively 
preserved ejection fraction (91).

LGE versus ECV
LGE is probably the most extensively val-
idated technique for the detection and 
quantification of myocardial infarction 
(25,78,92,93). LGE specifically depicts 
focal differences in myocardial contrast 
agent concentration from necrosis in the 
chronic phase and fibrosis in the chronic 
phase. Importantly, these signal intensity 
differences are expressed with arbitrary 
units to depict relative differences among 
voxels. For myo cardial infarction where 
the differences between normal unen-
hanced tissue and infarcted enhanced 
tissue are dramatic and usually well de-
marcated, this approach works very 
well. Application of LGE to “nonisch-
emic” replacement fibrosis also permits 
detection of severe, focal, macroscopic, 
prognostically relevant replacement 
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myocardial fibrosis where there are pro-
found regional differences between 
areas with and without enhancement on 
LGE images (77,94–97). For these appli-
cations, the distri butions of voxel signal 
intensity between replacement fibrosis 
and noninfarcted myocardium generally 
do not overlap, thus permitting its quan-
tification based on the signal intensity 
expressed in arbitrary units.

Yet, LGE as a technique is not well 
suited to quantify the full spectrum of 
fibrosis (15). LGE depends on spatial 
heterogeneity to display enhancement. 
Because LGE only shows regional dif-
ferences, one never knows how much 
diffuse fibrosis is concealed within non-
enhancing myocardium. A focus of fi-
brosis may be limited to the area with 
enhancement on LGE images, or it may 
be “the tip of the iceberg” where LGE 

Figure 2: Primary activation of fibroblasts can lead to interstitial fibrosis (left box), and primary myocyte injury can lead to replacement fibro-
sis (right box). (Reprinted, with permission, from reference 81.)

Figure 2 

shows only the most severe area of a 
generalized disease process affecting 
the myocardium diffusely. LGE can only 
show focal relative differences in myo-
cardial tissue, and it lacks the ability to 
depict and quantify diffuse disease. 
This issue is important because there 
can be large amounts of fibrosis in non-
infarcted myocardium (80,85).

Indeed, myocardial fibrosis exists as 
a continuous spectrum between focal 
and diffuse. “Focality” of the fibrosis is 
the key feature that renders it poten-
tially detectable on an LGE image. Im-
portantly, LGE can erroneously portray 
nonenhanced myocardium as normal 
(8,17,18,81,82,98–100) (Figs 3, 4).

In addition, distinguishing lesser de-
grees of patchy fibrosis from noise on an 
LGE image remains a common clinical 
challenge that may depend on a number 

of parameters related to the pulse 
sequence, acquisition parameters, con-
trast agent dose, coil design, and the pa-
tient. Given the inherent challenges of 
using LGE to quantify the full spectrum 
fibrosis in noninfarcted myocardium, it 
is not surprising that the cardiac MR 
community has not converged on an 
LGE threshold (eg, full width, half max-
imum or some number of standard de-
viations above the mean) to dichotomize 
“fibrotic” from “nonfibrotic” myocardium. 
Fundamentally, the notion of a dichot-
omy is problematic because fibrosis in 
myocardium exists as a continuum. For 
this reason, many investigators have em-
braced ECV as the main measure to 
quantify the full spectrum of the myocar-
dial fibrosis continuum, since ECV is ex-
pressed as a volume percent or propor-
tion of the myocardium.
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The calculation of ECV is based on 
the observation that the T1 shortening 
effect of extracellular gadolinium-based 
contrast agents is directly correlated 
with their concentration within the ex-
tracellular space (Fig 5). When T1 is 
assessed in myocardium (myo) and in 
blood (usually in the LV cavity) both 
at the native state and when a steady 
state of contrast agent distribution 
(post-Gd) between blood and myocar-
dium is reached (which can be assumed 
10–15 minutes after administration), 
given the cellular portion of blood (ie, 

Figure 3: (a) LGE imaging data of anteroseptal myocardial infarction in a 60-year-old man shows clear 
delineation between fibrotic myocardium on LGE image. (b) ECV measurement of 25.6% in remote myocar-
dium confirms minimal myocardial fibrosis beyond the infarction.

Figure 3 

Figure 4: (a) LGE imaging data can be ambiguous for ascertaining disease severity in nonischemic 
fibrosis as shown in this 72-year-old woman with nonischemic cardiomyopathy and poor delineation of 
fibroitic myocardium on LGE image. (b) Yet ECV measures 38.4%, indicating severe diffuse myocardial 
fibrosis.

Figure 4 

the hematocrit which displaces gadolin-
ium-based contrast material) is known, 
ECV of the myocardium can be calcu-
lated with this equation (16):

The technique in essence measures 
the myocardial uptake of gadolinium 
relative to plasma, assuming equilibra-
tion of gadolinium-based contrast mate-

rial between extracellular extravascular 
and intravascular compartments with-
out any intravascular protein binding 
that would prevent free dispersion of 
contrast material. The ratio of the rel-
ative concentrations in myocardium 
and whole blood are specifically mea-
sured by their change in relaxivity (ie, 
DR1 5 1/T1postcontrast 2 1/T1pre-
contrast) to yield the partition coeffi-
cient, l 5 DR1myocardium/DR1blood. Since 
the gadolinium concentration in myo-
cardial interstitial fluid is in equilib-
rium with plasma (not whole blood), 
one must correct for the displacement 
of gadolinium contrast material by 
erythrocytes and multiply l by (1 2 
hematocrit) to yield ECV, which is ex-
pressed as a volume percent: ECV 5 l 
• (1 2 hematocrit). Using appropriate 
software tools, the calculation of ECV 
can be performed in a semiautomatic 
way on a pixel-by-pixel basis to gener-
ate ECV maps (Fig 6).

A recent study of patients who un-
derwent renal denervation therapy for 
resistant arterial hypertension found 
that at follow-up, myocardial mass was 
reduced whereas ECV remained un-
changed (101). Given the relative nature 
of ECV (expressed as a volume fraction), 
it was postulated that the total extracel-
lular volume and thus the total fibrosis 
load had to be reduced to allow for ECV 
to remain unchanged in this situation. 
Hence it might be useful to calculate to-
tal extracellular volume (ECV 3 myocar-
dial volume) in addition to ECV in fol-
low-up studies of patients with LV 
hypertrophy. Yet, further research is 
needed to compare total LV mass, total 
extracellular volume, and ECV in terms 
of their associations with disease sever-
ity measures and outcomes.

ECV measurement is reproducible 
between cardiac MR studies performed 
on different days (8,20,102), indepen-
dent of whether the contrast agent is 
administered as a single dose or as split 
bolus injection (103). This translates 
into fewer subjects required for clinical 
trials (104). ECV also enables detection 
of subclinical changes (17,98). Given its 
high reproducibility, sensitivity, and in-
trinsically quantitative nature, ECV may 
be suitable for evaluating serial changes 
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in myocardial fibrosis in noninfarcted 
myocardium.

Valvular Disease
Most T1 mapping studies on valvular 
disease have focused on aortic stenosis 
and demonstrated increased ECV in pa-
tients with severe disease (89). How-
ever, regurgitant valve disease is of par-
ticular interest because of the potential 

Figure 5: Gadolinium (Gd) distribution in myocardium and blood in normal and fibrotic states. The computational steps for ECV measurement 
are: Step 1, measure (a) myocardial and blood pool T1 values before and after extracellular Gd contrast agent administration, and (b) the he-
matocrit. Step 2, compute R1 for myocardium and blood pool where R1 5 1/T1post Gd 2 1/T1pre Gd. Note, R1 linearly relates to the accu-
mulation of Gd in the tissue of interest at a given time point, ie, R1 5 g • [Gd], where g 5 the relaxivity of the contrast agent. Step 3, 
compute l, the partition coefficient for Gd from the R1 data where l 5 R1myocardium/R1blood pool 5 [Gd]myocardium/[Gd]blood pool 5 (ECV • [Gd]

interstitium)/{(12hematocrit) • [Gd]plasma} 5 ECV/(12hematocrit) if equilibration occurs, where [Gd]interstitium 5 [Gd]plasma. Note, l “normalizes” the 
accumulation of (non–protein-bound) Gd in the myocardial interstitium to the concentration of Gd contrast agent in the blood pool after a bolus. 
Step 4, compute ECV, a unitless measure of the volume fraction of the myocardial interstitium: ECV 5 l • (12hematocrit). The (12hematocrit) 
term adjusts for key variation in the displacement of Gd contrast agent by the hematocrit which confounds the relationship between ECV and 
the partition coefficient, l. (Reprinted, with permission, from reference 81.)

Figure 5 

role of diffuse myocardial prognosis in 
the development of irreversible ventric-
ular remodeling. In a recent study on 
asymptomatic patients with mitral valve 
regurgitation it could be shown that 
ECV correlated with volumetric and 
functional parameters in these patients 
(105). Currently studies are underway 
to assess the value of ECV in determin-
ing the optimal time point for valve sur-

gery in both mitral and aortic valve re-
gurgitation.

Congenital Heart Disease
The ability to assess diffuse myocardial 
fibrosis has attracted a lot of attention 
from clinicians taking care of patients 
with congenital heart disease. Primary 
fields of interest include myocardial in-
jury due to volume overload in pulmo-



STATE OF THE ART: Clinical Applications of Cardiac T1 Mapping Schelbert and Messroghli

668 radiology.rsna.org n  Radiology: Volume 278: Number 3—March 2016

nary valve regurgitation (eg, in tetral-
ogy of Fallot), due to pressure overload 
in sys temic right ventricle (congenitally 
corrected transposition of the great 
arteries, transposition of the great 
arteries with previous atrial switch), 
and due to hypoxemia in cyanotic heart 
disease (eg, uncorrected ventricular 
septal defect). Broberg et al found in a 
series of 50 adult patients with congen-
ital heart disease that ECV was highest 
in patients with a systemic right ventri-
cle and in those with cyanotic disease 
(99). These conditions pose specific 
technical problems for T1 mapping and 
cardiac MR in general, as they primar-
ily affect the right ventricle, which has 
thinner walls than the LV (even in cases 
with severe right ventricular hypertro-
phy that is less homogeneous than LV 
hypertrophy) and thus requires imaging 
with higher spatial resolution. Further-
more, spatial resolution becomes even 
more critical in pediatric patients. The 
T1 mapping techniques that are cur-
rently most widely used were developed 
and optimized to provide the best com-
bination of T1 accuracy and spatial res-
olution within a single breath hold, 
which is suitable for adult patients with 
acquired LV heart disease. Patients 
with right ventricular disease and/or 

Figure 6: Semiautomatic generation of ECV maps using native and postcontrast (Pre-Gd and Post-Gd ) T1 maps and hematocrit (hct). (Reprinted, with permission, 
from reference 17.)

Figure 6 

those of younger age might benefit from 
non–breath-hold T1 mapping tech-
niques that require a longer acquisition 
time but provide higher spatial resolu-
tion (106).

Storage Disease
Given the distribution of amyloid in 
the interstitial space, it is not surpris-
ing that cardiac involvement in amy-
loidosis leads to an excessive accumu-
lation of extracellular contrast agents 
and subsequent marked increase in 
ECV (107,108). ECV is emerging as an 
excellent tool to detect and quantify 
disease severity related to cardiac am-
yloidosis where the expansion of the 
myocardial interstitium is especially 
pronounced. Efforts to validate ECV 
for this purpose are underway. The 
substantial shortening of postcontrast 
myocardial T1 values was initially ob-
served in the first publication on con-
trast-enhanced cardiac MR in cardiac 
amyloidosis by Maceira et al in 2005 
using nonmapping T1 quantification 
(59). They noted the irregular behav-
ior of myocardium with amyloid in 
LGE imaging. In contrast, Anderson-
Fabry disease is the prime example of 
an intracellular storage disease that 
generally spares the extracellular 

space. Consequently it was shown 
that patients with Anderson-Fabry 
disease do not manifest increased 
ECV except for regions with addi-
tional regional scarring (63).

Chemotherapy-induced Myocardial Injury
Anthracycline therapy, an important 
element in the treatment of many 
solid tumors and hematologic malig-
nancies, causes toxic injury to the 
myocardium through multiple mecha-
nisms (109) and can lead to ventricu-
lar dysfunction and heart failure. The 
degree of myocardial damage depends 
on individual sensitivity and is further 
enhanced with increasing cumulative 
dose. The identification of particularly 
sensitive individuals before the onset 
of ventricular dysfunction might help 
to adjust oncologic therapy at that 
stage to ameliorate mid- and long-
term outcome.

Early studies using nonparametric 
cardiac MR approaches demonstrated 
increased myocardial gadolinium up-
take after a single course of chemo-
therapy in individuals who later devel-
oped LV dysfunction, demonstrating 
the potential of contrast-enhanced 
cardiac MR in this application (110). 
Published data show that ECV is in-
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creased in mid- and long-time survi-
vors of anthracycline therapy when 
compared with normal control sub-
jects. These changes correlate with 
cumulative dose, impairment of peak 
oxygen consumption (111), and pa-
rameters of diastolic dysfunction 
(112). Currently, several studies on 
the acute effect of anthracyclines on 
myocardial T1 and ECV are underway 
but results are pending.

Myocardial Inflammation
Given the evidence for increased 
gadolin ium uptake in inflammatory 
myocardial diseases (viral myocarditis, 
sarcoidosis, systemic lupus erythemato-
sus) based on conventional MR imaging 
methods, it can be expected that ECV 
will be impaired in these conditions. 
However, there are not enough data on 
the use of ECV in inflammatory myocar-
dial diseases (53,113) to determine its 
role in this setting at this point. A key 
issue is whether suspected increases in 

Figure 7: Myocardium, blood, and vascular plaque have been identified as 
the principal domains underlying patient vulnerability to adverse outcomes. 
Cardiac MR with T1 mapping and ECV measurement allows one to determine 
the presence and extent of health or disease in the myocardial domain. For 
example, infiltrative diseases (ie, amyloid, Anderson-Fabry, and siderosis) and 
interstitial myocardial disease (usually myocardial fibrosis but also amyloidosis) 
can be detected and quantified routinely with T1 mapping techniques. Intersti-
tial heart disease in particular indicates myocardial and patient vulnerability to 
adverse outcomes.

Figure 7 

ECV are attributable to inflammation-
induced myocardial edema versus myo-
cardial fibrosis. Native T1 data com-
bined with ECV data may be an 
especially helpful tool to separate these 
entities.

Myocardial Fibrosis and Paradigms of 
Vulnerability to Adverse Outcomes

Naghavi et al (136) have previously 
specified derangement in human myo-
cardium, blood, and vascular plaque as 
the principal domains underlying pa-
tient vulnerability to adverse cardiovas-
cular outcomes (Fig 7). As discussed 
above, T1 mapping and ECV measure-
ments excel at determining the pres-
ence and extent of myocardial health or 
disease. Infiltrative diseases (ie, amy-
loid, Anderson-Fabry, and siderosis) 
and interstitial myocardial disease (usu-
ally myocardial fibrosis but also amy-
loidosis) in particular can be detected 
and quantified routinely with T1 map-

ping techniques. Interstitial heart 
disease in the form of myocardial fibro-
sis or amyloidosis especially indicates 
vulnerability to adverse outcomes 
(82,83,91).

Given the historical difficulties of as-
sessing the interstitium quantitatively, 
little is known about how the intersti-
tium interacts with myocytes to affect 
myocyte energetics (114). Similarly, lit-
tle is known about how diseased and 
vulnerable myocardium may interact 
with vulnerable plaque or vulnerable 
blood. For example, pre-existing inter-
stitial fibrosis may increase the lethality 
of other myocardial insults such as 
acute myocardial infarction, given its 
adverse effects of mechanical, vasomo-
tor, and electrical function (115,116).

Recent work from large cohorts 
(1,82,83) suggests that the interstitium 
may be a principal determinant of vul-
nerability, governed more by myocar-
dial fibrosis or amyloidosis in nonin-
farcted myocardium measured by ECV 
than a disease classification scheme 
(eg, dilated cardiomyopathy) (22,117) 
or a disease “exposure variable” such 
as aortic stenosis (35,89), diabetes 
(83), heart failure with or without pre-
served ejection fraction (14,118) (Fig 
8). Indeed, preliminary single-center 
data suggest that ECV appears to be at 
least as prognostically powerful a risk 
factor as LV ejection fraction. Surpass-
ing this prognostic benchmark around 
which many clinical decisions revolve 
suggests a central role of myocardial 
fibrosis in assessing patient vulnerabil-
ity. Among the multitude of changes 
that occur in diseased myocardium, 
myocardial fibrosis may rank highly in 
the hierarchy these changes and confer 
vulnerability. Preliminary data also in-
dicate that ECV may reclassify individ-
ual patients at risk for death, hospitali-
zation for heart failure, or both, using 
contemporary statistical metrics (eg, 
net reclassification improvement, NRI) 
and significant risk adjustment (119). 
Conceivably, interstitial heart disease 
could be a causal “risk factor” and not 
simply a “risk marker.” Indeed, myo-
cardial fibrosis is associated with me-
chanical, vasomotor, and electrical 
dysfunction (86,120–126). Notably,  
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myocardial fibrosis appears modifiable 
with resultant improvement of mechan-
ical and vasomotor function accompa-
nying regression of diffuse fibrosis 
(123–126). Finally, “antifibrotic” treat-
ment with agents that block the renin-
angiotensin-aldosterone system im-
proved patient outcomes in several 
landmark large-scale trials (127–133) 
in select populations (128).

Figure 8: Vulnerability appears to be governed more by myocardial fibrosis measured by ECV than exposure to a particular disease category. Note 
that the distributions of myocardial fibrosis may exhibit considerable overlap (A) between those who are or are not exposed to a given disease state 
(eg, diabetes, hypertension, aortic stenosis, heart failure with or without preserved ejection fraction). One might falsely assume that this overlap of 
disease categories limits its clinical assessment of vulnerability, but such an inference is false without ascertainment of subsequent events, which 
represent the reference standard for vulnerability. Indeed, among those actually experiencing adverse events (B), the separation between ECV 
distributions is wide (far wider than the disease category in A), where most have significantly elevated ECV compared with those who did not experi-
ence events. Therefore, myocardial fibrosis response to any given stimulus or disease process may be the critical determinant of vulnerability re-
gardless of a patient’s disease category. Chart C summarizes these observations and depicts myocardial fibrosis governing vulnerability more than 
a particular disease exposure.

Figure 8 

A common concern arises when ECV 
distributions overlap between those with 
and those without a disease state or 
when ECV distributions overlap accord-
ing to some disease category. Some 
may infer that that ECV may not pro-
vide clinical and prognostic value be-
cause of this overlap. Some may wonder 
if ECV can only be used to determine 
the presence or absence of disease at 

the population level, but not at the indi-
vidual patient level. One might then in-
advertently assume that this overlap of 
ECV between disease categories limits 
its clinical assessment of vulnerability.

We do not share these concerns. It is 
critical to recognize the current state of 
ECV data: (a) ECV has very strong his-
tologic validation for measuring fibrosis 
as shown repeatedly by a series of publi-
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cations (18–22); (b) ECV is highly repro-
ducible between cardiac MR studies per-
formed on different days (8,20,102); and 
(c) ECV can reclassify individual patients 
at risk for outcomes (119) based on 
contemporary statistical metrics. In our 
opinion, these data clearly suggest the 
potential for use of ECV data in individ-
ual patients. We also stress that the role 
of ECV is not to diagnose the specific 
disease category for which there is over-
lap. Rather, ECV can show the extent of 
fibrosis in individual patients that mostly 
likely reflects the “fibrotic response” to 
the various stimuli that govern fibrosis, 
although regulation of myocardial colla-
gen remains poorly understood. Individ-
uals may be exposed through disease 
states to conditions that promote fibro-
sis, yet the fibrotic response across indi-
viduals may vary considerably and re-
sult in overlapping distributions across 
disease states.

Ascertainment of subsequent event 
rates then establishes the associations 
of any given patient variable with vul-
nerability. Outcomes data specifically 
permit one to compare ECV and a 
given disease category (eg, diabetes) 
in their strength of association with 
outcomes. Indeed, with multivariable 
Cox regression models, we find that el-
evated ECV confers risk that can be 
more important statistically than the 
disease category itself (Fig 7). For ex-
ample, despite the marked overlap of 
ECV distribution in those with or with-
out diabetes at baseline, the associa-
tion between ECV and death or hospi-
talization for heart failure (. 100 
events among . 1200 individuals) is 
approximately threefold higher com-
pared with diabetes based on x2 values 
(unpublished data). Certainly, examin-
ing the distributions of ECV reveals a 
markedly higher ECV in those who ex-
perience adverse events compared 
with those who do not (82). Outcomes 
are more strongly associated with ECV 
suggesting the actual fibrotic response 
of an individual is more prognostically 
important than that specific disease 
category which may promote fibrosis 
inconsistently across individuals.

We propose that the myocardial fi-
brosis “response” to any given stimulus 

or disease process may be the critical 
determinant of vulnerability, regard-
less of a patient’s disease category, but 
such knowledge is only apparent by ex-
amining subsequent event rates. In 
general, the stronger the association 
with outcomes, the more likely the 
specific measurement is biologically 
important. Myo cardial fibrosis there-
fore may be an important modifiable 
therapeutic target for contemporary 
and emerging treatments (81). Ascer-
tainment of myocardial fibrosis can al-
low one to assess a patient’s vulnera-
bility and allow the clinician to 
modulate it with antifibrotic therapy. 
Undoubtedly, more work is needed to 
understand these emerging issues.

Data regarding the prognostic value of 
native T1 are limited. Initial reports show-
ing the prognostic ability of native T1 in 
amyloidosis where native T1 predicted 
mortality are encouraging (1). Whether 
disease severity measured by native T1 
values of myocardial siderosis or glyco-
sphyngolipid accumulation carries prog-
nostic value in addition to the apparent 
diagnostic value has not yet been report-
ed.

Limitations of T1 Mapping

A number of issues can compromise 
T1 and ECV measurements. These 
have been previously reviewed (15,28). 
Partial volume effects whereby aniso-
tropic voxels straddle anatomic bor-
ders limit the ability of T1 mapping to 
measure thin structures such as the 
atria and the right ventricle (15). For 
this reason, investigators avoid the en-
docardial and epicardial layers of myo-
cardium when obtaining T1/ECV data. 
Misregistration of component images 
that are used to construct the para-
metric maps is another source of par-
tial volume error. Motion correction 
techniques with parametric error 
maps appear important to minimize 
this problem (7,134,135). In addition, 
native T1 values appear sensitive to off 
resonance, heart rate, and specific 
methodology. ECV calculations, which 
represent the ratio of T1 values, are 
less sensitive to systematic biases that 
are likely to cancel one another in the 

mathematical derivation of ECV. Most 
studies for ECV have reported upper 
limits of normal in the 25%–30% 
range, although ECV fundamentally 
mea sures a spectrum of disease where 
the ECV measures reflect the extent of 
abnormality rendering the dichotomy 
between normal and abnormal less of 
an issue. T1 appears sensitive to mag-
netization transfer effects (26) and 
ECV exhibits some contrast agent 
dose/concentration dependence (the 
tissue concentration of contrast will of 
course vary with time elapse after a 
bolus) that may be attributable to 
water exchange (27). These issues are 
addressable with careful implementa-
tion of methodology (15,28).

Additional issues include different 
T1 values from different vendors and 
sites using different methods of T1 map-
ping. There is no consensus yet on pro-
tocol standardization, and it is uncer-
tain whether T1 values obtained with 
particular pulse sequences are inter-
changeable across MR imaging machines, 
which is relevant for multicenter and 
multivendor studies using T1 mapping 
data. These factors will be critical to 
address for broader implementation 
and utilization of T1 mapping and ECV 
data. Normalization of native T1 data 
to a 1000-msec scale and stratification 
by site for multicenter statistical analyses 
are some potential solutions to these 
problems. Despite these pitfalls, T1 
mapping and ECV can still stratify pa-
tient groups within a center into rele-
vant diagnostic and prognostic categories 
and fulfill a clinical role.

Similar to a multitude of other car-
diac parameters, elevations in native 
T1 and ECV need to be interpreted 
within the clinical context. Edema, fi-
brosis, and amyloidosis can all increase 
native T1 values and ECV measure-
ments, while low myocardial T1 values 
appear specific to iron overload or gly-
cosphingolipid accumulation. Because 
the clinical context is usually known, 
the clinician may infer whether edema 
or fibrosis is more clinically likely—for 
example, an acute chest pain syndrome 
may favor edema while a chronic car-
diomyopathy may favor fibrosis. Amy-
loidosis appears to cause extreme ele-
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vations in native T1 as well as ECV. 
Given the availability of ancillary clini-
cal data, T1 mapping and ECV still re-
main promising since they appear to 
enable detection of important pertur-
bations in myocardial structure. Inves-
tigations into the diagnostic and prog-
nostic performance of native T1 
remain an active area of research.

Future Role of Cardiac T1 Mapping

Given its incremental diagnostic and 
prognostic utility to date, cardiac T1 
mapping is expected to become an 
integral part of clinical cardiac MR 
protocols in patients with known or 
suspected myocardial disease, which 
follows a general trend toward quanti-
tative approaches in cardiovascular im-
aging. The integration of native T1 and 
ECV measurements into existing pro-
tocols for diffuse LV disease is not too 
burdensome and requires only the as-
sessment of hematocrit (preferably at 
the time of the examination) and the 
acquisition of two single–breath-hold 
T1 maps each before and after the ap-
plication of an extracellular gadolini-
um-based contrast agent (15). Typical 
applications are listed in Figure 1 and 
include assessment of LV hypertrophy, 
myocarditis, and overall risk for car-
diac events. In general, the major limi-
tation to broad clinical application of 
this relatively new diagnostic tool is 
the lack of data from large-scale multi-
center trials. With several robust ac-
quisition strategies available, technical 
aspects have recently become less 
dominant and there is more emphasis 
on clinical studies that will hopefully 
close this gap in information in the 
field soon. Investigators are laying the 
foundation to test the hypothesis that 
cardiac MR-guided care with T1 map-
ping and ECV improves outcomes.

Conclusion

T1 and ECV mapping appear to be ro-
bust, provided care is exercised in their 
measurement. These cardiac MR tech-
niques can be used to characterize fun-
damental myocardial structural derange-

ments that otherwise may be difficult to 
detect noninvasively with other modal-
ities. As such, T1 and ECV mapping are 
emerging as important diagnostic and 
prognostic tools that could affect the 
delivery of care and influence para-
digms of myocardial disease and the 
degree of associated vulnerability.
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