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Cardiac magnetic resonance (CMR) is a non-invasive diagnostic tool playing a key role in
the assessment of cardiac morphology and function as well as in tissue characterization.
Late gadolinium enhancement is a fundamental CMR technique for detecting focal or
regional abnormalities such as scar tissue, replacement fibrosis, or inflammation using
qualitative, semi-quantitative, or quantitative methods, but not allowing for evaluating
the whole myocardium in the presence of diffuse disease. The novel T1 mapping
approach permits a quantitative assessment of the entire myocardium providing a
voxel-by-voxel map of native T1 relaxation time, obtained before the intravenous ad-
ministration of gadolinium-based contrast material. Combining T1 data obtained
before and after contrast injection, it is also possible to calculate the voxel-by-voxel
extracellular volume (ECV), resulting in another myocardial parametric map. This
article describes technical challenges and clinical perspectives of these two novel CMR
biomarkers: myocardial native T1 and ECV mapping.
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Introduction

The identification of biomarkers of pathologic processes is
one major aim of biomedical research. This is also possible
using imaging techniques that increase show high sensitiv-
ity, specificity, and reproducibility as well as the possibility
to provide quantitative measures on a voxel-by-voxel basis
within particular organs and tissues. This represents a chal-
lenge both for technologists and clinicians.

In particular, a predictor for adverse cardiac outcome is
diffuse fibrosis, due to an increase of collagen deposition,
that can lead to an abnormal myocardial stiffness and con-
traction and finally to heart failure. For these reasons, the
evaluation and quantification of diffuse fibrosis represent

an interesting biomarker of several cardiac diseases, with
the potential for early diagnosis and prognostic value.1,2

In the past, the detection of this collagen deposition was
possible only invasively throughout myocardial biopsy.
More recently, the capability of cardiac magnetic reson-
ance (CMR) to non-invasively characterize different soft
tissues allowed for reliably discriminating fibrotic from
normal myocardium. Late gadolinium enhancement (LGE)
is a well-established CMR technique widely used to evalu-
ate ischaemic and non-ischaemic myocardial diseases,
being the standard of care for detecting non-invasively
scar tissue and replacement fibrosis.3

Nevertheless, LGE has several limitations. First of all, it
isnotaquantitative technique: signal intensity ismeasured
using arbitrary units. These data could be normalized
according to an internal or external reference, but the pro-
cedure is difficult and not always reproducible, a heavy
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limitation when longitudinal studies are under consider-
ation. All in all, the LGE technique is incapable to provide
useful information about diffuse pathological processes.
In fact, the typical LGE findings are based on the difference
between pathological myocardium and the remaining
‘normal’ myocardium whose signal is ‘nulled’ (in practice,
strongly decreased) by special radiofrequency ‘inversion’
pulses at the beginning of the dedicated CMR sequence.
As a consequence, the signal intensity of this apparently
normal myocardium is strongly determined by the variable
effect of nulling pulses, creating great difficulties for nor-
malization and standardization. As a matter of fact, inter-
stitial fibrosis commonly shows no regional scarring on
images acquired for LGE and is often missed using this
standard approach.4

In the past years, T1 mapping has been recognized as the
electivenon-invasivemethodtoquantifydiffusemyocardial
fibrosis.2 It provides parametric maps representing T1
values (in milliseconds) on a voxel-by-voxel basis. In order
to overcome some intrinsic remaining limitations of this
approach, the estimation of extracellular volume (ECV)
fraction after intravenous administration of a gadolinium-
based contrast material is emerging as an accurate bio-
marker in many cardiac diseases associated with diffuse
myocardial fibrosis.5 Myocardial ECV represents the per-
centage of tissue volume corresponding to the extracellular
space, which increases in the presence of diffuse fibrosis.6

Several studies underlined the importance of ECV imaging
byCMRasatool forvisualizingandquantifyingbothfocaland
diffuse myocardial fibrosis due to either ischaemic or non-
ischaemic origin.7 The use of novel quantitative parameters
such as native T1 and ECV can facilitate diagnosis and prog-
nosis of these conditions and can lead to a personalized
therapy planning.7 This article describes technical chal-
lenges and clinical perspectives of these two novel CMR bio-
markers: myocardial native T1 and ECV mapping.

Technical considerations

Each biological tissue has a specific T1 relaxation time
based on its cellular and interstitial components. The tech-
nical protocol for T1 mapping requires a series of images
using different inversion times to derive a T1 recovery
curve resulting in a map that describes the relaxation
value on a pixel-by-pixel (i.e. voxel-by-voxel) basis, ex-
pressed in milliseconds. In fact, a fundamental principle
of MR imaging is that the signal intensity is based on the re-
laxationofhydrogennucleiprotonscontained ineachvoxel
(mainly those of the water and fat), when the patient body
is positioned within a strong homogenous static magnetic
field and irradiated with radiofrequency pulses approxi-
mating the Larmor frequency, i.e. the physical condition
for the ‘resonance’.8

Several post-processing software may be used to perform
curve fitting of the data and calculate a T1 time for each
voxel. Examples of images generated from one unenhanced
and one contrast-enhanced T1 mapping sequences are
shown in Figures 1 and 2 respectively. Epicardial and endo-
cardial contours or regions of interest (ROIs) within the
left ventricular myocardium (carefully excluding the blood
pool as well as the epicardial fat) are drawn to measure
average myocardial T1 times (Figure 3). Of course,
contrast-enhanced images are essential for the calculation
of ECV. A dedicated software is used to perform three-
parameter curve fitting of the data, and T1 relaxation
time is displayed on a voxel-by voxel basis, as a parametric
image.

Multiple technical approaches are currently available to
obtainaT1mappingstudy,all of themderived fromanelec-
trocardiographically gated inversion-recovery (IR) se-
quence, including the Look-Locker (LL) sequence, the
modified LL inversion-recovery (MOLLI) sequence, and
the shortened MOLLI (ShMOLLI) sequence.

Figure 1 Native (i.e. unenhanced) short-axis T1-weighted acquisition of a healthy subject using a MOLLI sequence at 1.5T (Magnetom Aera, Siemens Medical
Solutions, Erlangen, Germany): inversion time increases progressively from 100 ms (A) to 2675 ms (H ). Note how the signal intensity of myocardium and blood
changes according to the inversion time.
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The LL sequence is composed of a series of �20 images,
which are usually acquired in a routine CMR examination
to select the appropriate inversion time that nulls the myo-
cardial signal (usually from 200 to 300 ms) for LGE studies.
These images can be post-processed in order to provide a
voxel-by-voxel map of T1 values.9,10 Major limitations are
due to the variability of heart rate and the fact that the
acquisition of images at different phase of the cardiac
cycle is not allowed with this sequence.

The MOLLI sequence is a variant of the LL sequence.
Images can be acquired from three consecutive IR pulses
into one data set, generating single-slice T1 maps of the
myocardium10 and the data are acquired at a fixed point
in the cardiac cycle during 17 breath-hold heart beats for
each T1 map slice.9 However, the accuracy of voxel-by-
voxel T1 estimation could be compromised by the myocar-
dial motion between frames, mainly due to beat-to-beat
variation and respiration. For this reasons motion correc-
tion algorithms have been developed.9 Compared with LL
sequence, MOLLI results to be shorter and significantly
less burdened by errors correlated with the variability of
the cardiac cycle phase.10,11

A short breath-hold sequence represents an important
goal especially for patients with pulmonary disease and a
low heart rate. In order to reach this relevant aim, Piechnik
et al.12 described the ShMOLLI sequence, which requires a
breath-hold of lasting 9.1 s; data acquisition is performed
during 9 and not 17 heartbeats as is for the MOLLI sequence.
They also demonstrated that ShMOLLI provide a T1 map in
goodagreementwiththatobtainedwithMOLLI sequences.12

Of note, these sequences led to an underestimation of
the real T1 myocardial values by up about 30% due to
several factors such as T2 dependence, magnetization

Figure 2 T1-weighted short-axis images of a healthy subject using a MOLLI sequence as in Figure 1, 15 min after intravenous injection of
0.1 mmol/kg of Gadobutrol (Bayer Pharma AG, Berlin): inversion time increases progressively from 100 ms (A) to 2675 ms (H ). Note how the
signal intensity of myocardium and blood changes according to the inversion time. If compared with Figure 1, the signal intensities of both myo-
cardium and blood are generally higher as an effect of the reduction in T1 relaxation time due to the interaction between the paramagnetic Gd+++

and the water molecules.

Figure3 Anativecolour-codedT1mapgenerated fromtheoriginal images
shown in Figure 1. A ROI of 0.67 cm2 drawn within the interventricular
septum reveals that the T1 relaxation time of myocardium is 978+ 51 ms
(mean+ standard deviation), in the range of normal values. On left side,
the colorimetric scale spans from 0 to 2000 ms.
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transfer effect, and dependence on the inversion pulse
efficiency.13

Recently, other sequences for T1 mapping were intro-
duced such as saturation recovery single-shot acquisition
(SASHA) and saturation pulse prepared heart-rate-
independent inversion recovery (SAPHIRE). The SASHA
sequence can be performed in a single 10-heartbeat
breath-hold; its accuracy is independent of absolute T1,
heart rate, and flip angle, but it has lower precision com-
pared with MOLLI.13 SAPHIRE sequences use a magnetiza-
tion preparation obtained with pulses of saturation and
inversion to create a T1 map with an increased dynamic
range, but they are still inaccurate to assess native T1
values if compared with MOLLI.13,14

Native T1 mapping

The native T1 is obtained without administration of con-
trast material using the previously described sequences.
Native T1 reflects a composite of both intra- and extracel-
lular compartments.15 It depends on different physiologic
factors and technical parameters. For instance, myocar-
dial T1 is longer at 3 Tesla than at 1.5 Tesla with an
average increase by 28%.16

Normal native myocardial T1 values at 1.5 T using
the MOLLI sequence are reported to be from 900 and
1100 ms.16 Increased or decreased T1 values in comparison
with thisnormal rangewereobserved in severalmyocardial
diseases, showing a potential for T1 mapping in clinical
diagnostics.

Several authors demonstrated an increased T1 native
value in the case of oedema related to acute infarction,
as a consequence of an increased water content resulting
from cellular destruction and surrounding interstitial
oedema, lasting up to 1 or 2 months after acute infarc-
tion.17 Oedema-related T1 elevation was demonstrated
toprovide a 90% sensitivity and specificity for the detection
of acute myocardial infarction.18,19

Others conditions related to the presence of myocardial
oedema are myocarditis and Takotsubo syndrome, in which
increased T1 relaxation times can be observed. In myocar-
ditis, increased focal native T1 is co-localized with regions
of LGE.20 In Takotsubo syndrome, in which LGE is infre-
quently found, increased T1 relaxation time is found in
typical hypokinetic regions.21 Patients with myocarditis
were evaluated in 5 studies, including a total of 403
patients.20,22–25 In most of these studies, a comparison of
T1 maps with T2-weighted imaging and LGE imaging was
performed. Ferreira etal.24 studied50patients and 45con-
trols: sensitivity of native T1 mapping resulted to be 91%,
specificity 90%, when compared with the Lake Louise cri-
teria. Luetkens et al.25 found a 92% sensitivity associated
to an 80% specificity for the same comparison. In a recent
study of 60 patients, native T1 prolongation displayed the
typical non-subendocardial non-ischaemic patterns in
acute myocarditis, similar to that obtained using LGE
imagingbutwithout theneed for contrastmaterial injection;
using a threshold of T1 .990 ms, they obtained a 90% sensi-
tivity and an 80% specificity for the diagnosis of focal injury
undetected by T2-weighted imaging and LGE.20 Hinojar

etal.22demonstratedthatnativeT1canreliablydiscriminate
between healthy controls and patients as well as determine
the disease stage in patients with a clinical diagnosis of myo-
carditis; native T1 mapping was superior to T2-weighted
imaging and LGE, providing a very high diagnostic accuracy
and positive and negative predictive values.

ThenativeT1mapping ismore useful in the caseofextra-
cellular space expansion induced by diffuse fibrosis (e.g.
interstitial fibrosis in hypertrophic cardiomyopathy and
dilated cardiomyopathy), than by focal fibrosis (replace-
ment fibrosis, infarction scar). In fact, focal lesions are as-
sessable by both T1 mapping and LGE techniques. In
contrast, in the case of diffuse, quite uniform T1 altera-
tions, LGE is no longer able to depict abnormal patterns,
since no relevant contrast is revealed between one region
and another,16 while native T1 mapping can play a role as
is in the case of diffuse fibrosis.26,27

Another disease in which native T1 has a great potential
is myocardial amyloidosis, a restrictive cardiomyopathy
due to infiltration of fibrillar proteins with a reduction of
systolic function, diastolic dysfunction (Figures 4 and
5).28 Karamitsos et al.29 evaluated the utility of unen-
hanced T1 mapping using ShMOLLI sequences at 1.5 Tesla
in patients with primary light-chain amyloidosis compared
with normal controls. They found a native T1 threshold of
1020 ms resulting in a 92% accuracy for the diagnosis of
cardiac amyloidosis. They also demonstrated how native
T1 relaxation times correlated well withmarkers for systolic
and diastolic dysfunction, reflecting the severity of cardiac
involvement in these patients. Fontana et al.30 studied 85
patients with transthyretin amyloidosis using ShMOLLI at
1.5 Tesla. They obtained an average native T1 value of
1097+43 ms, slightly lower than of 1130+68 ms in
patients with light-chain amyloidosis. This differentiation
may be clinically relevant in consideration of the different
treatment and prognosis for each amyloidosis subtype.

The main causes of reduction in native T1 are intracel-
lular sphingolipids overload (Anderson-Fabry disease)
and iron overload. Sado et al.31 demonstrated a 9% reduc-
tion in native T1 septal relaxation time in patients with
Anderson-Fabry disease, allowing for discrimination
between this disease and several other causes of left ven-
tricular hypertrophy, without overlap. Pica et al.32 demon-
strated that in 50% of patients with the Anderson-Fabry
disease without left ventricle hypertrophy myocardial T1
is reduced in association with echocardiographic para-
meters of cardiac dysfunction, suggesting that a lower T1
is a biomarker of early myocardial involvement.

A recent study demonstrated that LGE may underesti-
mate the extension of fibrosis in patients affected with
hypertrophic cardiomyopathy33: a relatively lower native
T1 value was measured in myocardial areas adjacent
to LGE compared with that in remote areas. Puntmann
et al.34 demonstrated in 25 patients affected with hyper-
trophic cardiomyopathy and 25 patients with dilated
cardiomyopathy that native T1 has a 100% sensitivity and
a 96% specificity for this differentiation.

In thecardiac ironoverload (e.g. in transfusion-dependent
patients, mostly including thalassaemia major), a T1 reduc-
tion by �14% strongly correlated with a reduction in T2*
values.35
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Mapping of extracellular volume fraction

Diffuse fibrosis implies the expansion of ECV. As a conse-
quence, the biodistribution of two-compartment (intra-
vascular/interstitial) extracellular contrast materials is
locally influenced in tissues affected with diffuse fibrosis.
Of note, the measurement of myocardial T1 after the
intravenous administration of an extracellular contrast
material implies several factors to be considered such as
the injected dose, heart rate, gadolinium chelate clear-
ance, time of measurement after injection, and haemato-
crit.36 For these reasons, a direct ECV measurement was
proposed for detecting and quantifying diffuse myocar-
dial fibrosis.37 Several studies underlined the potential
of this approach.6,38–40

Extracellular volume estimation is based on the myocar-
dial uptake of contrastmaterial relative toblood,when the
equilibriumwith thecontrastmaterial concentration in the
bloodpool is achieved.More indetail, changes in relaxivity,
which are proportional to contrast material concentration,
are defined as follows:

DR1 = 1
T1post

− 1
T1post

,

whereDR1 is theD relaxivity, T1post is the T1 after contrast
injection, and T1pre is the T1 before contrast injection.

If the ratio of the contrast material concentration
between myocardium and blood is in equilibrium or in
dynamic equilibrium, then the constant between DR1 and
contrast agent concentration can be cancelled out and
for myocardium and blood, we obtain:

DR1myo

DR1blood
= CAmyo

CAblood
,

where CAmyo and CAblood represent the contrast material
concentration in the myocardium and blood, respective-
ly. This ratio represents the partition coefficient l. To
obtain myocardial ECV, the percentage of extracellular
space in the myocardium, i.e. the partition coefficient,
has to be corrected for the fraction composed of plasma
using haematocrit.

Finally, myocardial ECV can be expressed as follows:

ECVmyo(%) = (1 − haematocrit) · DR1myo

DR1blood

( )
.

Myocardial ECV is calculated starting from native and
contrast-enhanced T1 values both in blood and myocar-
dium. These values can be obtained drawing ROI within
the myocardium and the blood pool of the native and
contrast-enhanced T1 map, thus obtaining only local ECV
information. As a consequence, several authors have
developed software to obtain reliable ECV maps.37

Figure 5 A 61-year-old male with chronic myocardial infarction. In (A), short-axis native T1 map (MOLLI sequence); in (B), same T1 map after injection of
0.1 mmol/kg Gadobutrol. Only in the T1 map after contrast (B), the infarct scar can be clearly differentiated from the blood pool as an elongated subendo-
cardial area of reduction in T1 relaxation time. The finding is also visible in the usual inversion-recovery-prepared sequence of LGE (C). However, the conspi-
cuity and the extension of the scar are better appreciated in the T1 map (B).

Figure 4 A 56-year-old male with left ventricle hypertrophy (amyloidosis). In (A), a short-axis, end-diastolic image showing a marked hypertrophy of the
lateral wall. In (B), the native T1 map obtained with the MOLLI sequence showing higher and inhomogenous T1 values of the hypertrophic lateral wall; con-
versely, the T1 map after injection 0.1 mmol/kg of Gadobutrol shows reduced signal intensity, as expected in the case of amyloid infiltration.
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Co-registration between unenhanced and contrast-
enhanced T1 maps represents a very important require-
ment for ECV map quality. In fact, the images to derive
unenhanced and contrast-enhanced T1 maps are acquired
at different times, at least the time necessary to reach
the contrast material equilibrium between myocardium
and blood. This can lead to a patient displacement that
has to be corrected to avoid misregistration in ECV map.
The complexity of this procedure depends intrinsically on
the T1 mapping technique. While usual image co-registration
techniques are based on similar image contrast, image
series for T1 mapping have different contrast due to differ-
ent inversion times, necessary to obtain the T1 relaxation
curve. To avoid this problem, Kellman et al.37 suggested to
co-registrate the last images of unenhanced and contrast-
enhanced series (i.e. the ones with the longest inversion
time) that present a similar contrast because both are
acquired at the end of the recovery curve. The non-rigid
transformation between these two images can then apply
to the unenhanced and contrast-enhanced T1 maps.

One of the most relevant aspects involving ECV measure-
ment regards the achievement of contrast material equi-
librium between blood and myocardium. In theory, the
steady state should be obtained using a continuous infusion
of contrast material during the scan, but this approach has
some practical limitations that make the use of bolus injec-
tion a preferred solution. The reliability of achieving the
steady state using only a bolus of contrast agent has been
studied in several works,36,40 and no differences with con-
tinuous infusion have been reported. In particular, the
Society of Cardiovascular Magnetic Resonance has recom-
mended the bolus-only approach to ECV measurement
as sufficient for most myocardial ECV applications.41 In
detail, for the bolus-only approach, with a single time-
point contrast-enhanced measurement, a 15 min minimum
delay should be used for ECV measures in non-infarcted
myocardium.

Myocardial ECV has a normal range between 20 and 30%,
and it isaltered in the presenceof severalmyocardialpatho-
logic conditions such as diffuse fibrosis, acute and chronic
myocardial infraction, myocarditis, hypertrophic cardiomy-
opathy, and amyloidosis.37–40 In particular, in hypertrophic
cardiomyopathy, mean ECV is found increased by 36% in
chronic myocardial infarction by 69%.37

Amyloidosis also affects the myocardial ECV: several
authors reported a significant increase of ECV.37,43 In par-
ticular, as yet shown for native T1values, ECV is sensitive
to different amyloidosis subtypes: ECV is significantly
higher (58 vs. 54%) in patients with transthyretin amyloid-
osis than in those with light-chain amyloidosis, reflecting
the presence of a greater amount of amyloid.43

Five studies concerned T1 mapping amyloidosis, for a
total of 280 patients.29,30,43–45 Despite the diversity of
these studies, as mentioned above, authors demonstrated
that myocardial nativeT1 mapping provides a high diagnos-
tic performance for both light-chain and transthyretin
amyloidosis when each group of patients is compared
against patients with left ventricle hypertrophy from
different causes such as aortic stenosis and hypertrophic
cardiomyopathy.30,44 Banypersad et al.44 studied a group
of 100 patients and found a correlation with current

markers of disease severity in cardiac light-chain amyloid-
osis, confirming the presence of an increased ECV also in
early cardiac involvement and its progressive increase
when the disease is established. An ECV .0.45 remained
significantly associated with mortality (hazard ratio ¼
4.41, P ¼ 0.01) in a multivariate Cox model including
measures of systolic and diastolic functions and serum bio-
markers. In another recent study, Barison et al.45 also
demonstrated the correlation between ECV and amyloid-
osisdisease severity (correlationbetweenECVand left ven-
tricle ejection fraction, wall thickness and diastolic
function, as well as natriuretic peptide, and cardiac tropo-
nin). Using a cut-off of ECV .0.316 (corresponding at 95th
percentile innormal subjects), theyobtaineda 79% sensitiv-
ity and a 97% specificity for discriminating patients affected
with amyloidosis from controls.

Subclinical cardiac abnormalities are common in patients
affected with rheumatoid arthritis, including focal and
diffuse myocardial fibrosis and inflammation. A recent
study by Ntusi et al.46 showed that these patients present
a significantly increased ECV (30%) when compared with
controls. High agreement has been found between ECV
values and histological measurements of collagen depos-
ition in myocardial tissue with a R2 varying from 0.69 and
0.90,47 while isolated contrast-enhanced myocardial na-
tive T1 measurements did not represent a good candidate
to assess the collagen deposition.48

Importantly, unlike native T1 values, ECV is not altered
in patients affected with the Anderson-Fabry disease
compared with control subjects.49

On the contrary, ECV can play a relevant role in detecting
fibrosis: ECV was higher in hypertrophic left ventricle seg-
ments without LGE in patients affected with hypertrophic
cardiomyopathy.50

Conclusions

Novel CMR T1 mapping techniques allow for a quantitative
assessment of diffuse myocardial disease, in terms of both
native T1 and ECV, the latter obtained combining images
acquired before and after contrast injection. Even if
those techniques are not yet routinely used in clinical prac-
tice, they are promising tools for early detection and mon-
itoring of progression of cardiomyopathies. Large studies
are warranted for clarifying the clinical role of T1 mapp-
ing. A potential for also an important prognostic role of
these CMR imaging biomarkers does exist.

Conflict of interest: none declared.
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