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Cardiovascular disease is the leading cause of death and hospitalization in the 
United States. Early and precise diagnosis of the cardiomyopathy will reduce 
the resultant morbidity and mortality from heart failure (HF). More than five 
million people suffer from HF with an annual incidence of 500,000 patients 
in our country alone. Despite significant therapeutic advances over the last 
three decades, the 5-year survival remains at a dismal 50%. Clinical studies 
have confirmed that the major sequela of HF is left ventricular (LV) arrhyth-
mia, dilatation, and dysfunction. Patients with a history of coronary artery 
disease and HF have a 6-month mortality of greater than 10%, one-third of 
which is attributed to sudden cardiac death.

This book provides a comprehensive description of the advances in car-
diac MRI to quantitate the tissue characteristics of the diseased myocardium, 
using myocardial and blood T1 measurements. This novel approach detects 
both the regional and diffuse pathological processes in the complex and con-
tractile myocardium, the only moving organ in the human body, consisting of 
cardiac, interstitial, fibrotic, smooth muscle and endothelial cells. Evaluation 
of the native myocardial fibrosis, disarray, injury, remodeling, apoptosis and 
necrosis and measurement of their extracellular niche have allowed an 
unprecedented opportunity to elucidate the underlying pathology, provide 
accurate early- and late-diagnoses, and determine the prognosis of these 
patients afflicted with severe cardiovascular diseases.

T1-Mapping in Myocardial Disease: Principles and Applications aims to 
cover the broad spectrum of cardiomyopathic processes to provide a practical 
and meaningful guidance on how to apply this novel technique in daily clini-
cal practice. The main objective of this book is not only to convey the innova-
tion in T1-mapping but also to emphasize the relevance of this technique in 
managing cardiomyopathy patients. The specific topics include the funda-
mental principles of T1-mapping technique and their application in a variety 
of disease entities. These unique properties of T1-mapping are illustrated spe-
cifically through their ability to analyze and measure the pathology in hyper-
trophic cardiomyopathy, cancer chemotherapy induced cardiomyopathy, 
cardiac fibrosis, aortic stenosis, ischemic cardiomyopathy, uncommon non-
ischemic cardiomyopathy, and cell therapy for myocardial restoration. This 
comprehensive application of T1-mapping in cardiovascular diseases will 
appeal to the entire cardiovascular medicine and imaging communities.

In conclusion, I would like to express my gratitude to the tremendous 
effort of all the authors and the support of their family members in complet-
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ing this book. I am truly honored to have experienced this opportunity to 
collaborate with the experts and leaders of their respective field. If I may, I 
would like to acknowledge my wife, Mariko, for her kind and genuine sup-
port throughout the entire duration. Her patience and unconditional support 
often provided the necessary emotional strength and intellectual fortitude to 
move forward. I also appreciate our three children, Risako, Seiji, and Masako, 
who challenged me to think harder, persevere and appreciate multiple per-
spectives, which enabled me to carry this project to completion. Finally, our 
pet dog, Rocky, provided sanity, calm, and many moments of self-reflection. 
I am forever grateful to all. Thank you.

Stanford, CA Phillip C. Yang
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Fundamentals of Cardiac  
T1 Mapping

Joëlle K. Barral, Matthias G. Friedrich, 
and Nikola Stikov

Magnetic resonance imaging (MRI) has revolu-
tionized the way we visualize and understand the 
human body. MR image acquisition enables cli-
nicians and scientists to tweak a number of 
parameters (e.g., repetition time, echo time, flip 
angle) to generate unique tissue contrast. Each 
combination of parameters leads to a wealth of 
information about the tissue microstructure, yet 
reverse engineering the tissue makeup from MR 
images is not an easy task.

The fundamental contrast mechanisms that 
produce MR images are the longitudinal and the 
transverse relaxations, characterized by the T1 
and T2 parameters, respectively. The MR signal 
is the product of the interaction between billions 
of spins (atoms with a magnetic moment) over a 
macroscopic volume (on the order of millimeters 
cubed). T1 and T2 share a complex relationship, 
making it difficult to isolate their individual con-
tributions to the MR signal and understand 

exactly how many different spin populations are 
being imaged, as well as what their relative con-
tributions are.

Quantitative MRI attempts to make sense of 
this wealth of information using biophysical 
models that relate the MR signal to the tissue 
makeup. In this chapter we will focus on the fun-
damentals of T1 mapping.

 T1

Hydrogen atoms (H) exhibit nuclear magnetic 
resonance, and water molecules (H2O) are the 
source of most of the signal in MRI. We distin-
guish between free water, where motion is unhin-
dered, structured water, where water is bound to 
a macromolecule by a single hydrogen atom, and 
bound water, where water is bound to a macro-
molecule by both hydrogen atoms [1].

In the absence of an external magnetic field, 
spins are randomly oriented and the net magneti-
zation is zero. In an applied magnetic field (1.5T 
or 3T for clinical scanners), spins align with the 
applied field, contributing to a non-zero magneti-
zation. From a classical physics perspective, 
spins precess around the applied field at the 
Larmor frequency, which is proportional to the 
field strength. If an ensemble of spins is now 
excited by a radiofrequency (RF) pulse at the 
Larmor frequency, the magnetization is per-
turbed. In a classical representation, the RF pulse 
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tips the magnetization away from equilibrium. 
The longitudinal component of the magnetization 
exponentially returns to equilibrium it relaxes 
with a time constant T1. Precession and relax-
ation are embedded in the Bloch equations, which 
describe the evolution of the magnetization over 
time. It is important to keep in mind that the 
Bloch equations are phenomenological: they 
agree with experience but cannot be entirely 
derived from first principles. They are also mac-
roscopic, which is why we always refer to an 
ensemble of spins.

T1 is known as the longitudinal relaxation 
time constant, the relaxation in the z-direction, or 
the spin-lattice relaxation time constant. The 
term “lattice” comes from the early days of 
Nuclear Magnetic Resonance (NMR), where 
relaxation back to equilibrium was explained in 
solids in terms of interactions between the nuclear 
spins and the crystal lattice. We can still talk 
about T1 as a spin-surroundings relaxation time 
where the surroundings are the local environment 
of the spin. T1 relaxation occurs because of local 
magnetic field fluctuations due to molecular 
motion (tumbling) and is the most efficient 
(shortest T1) when the fluctuations are near the 
Larmor frequency, which is the case for soft tis-
sue (structured water) but not for liquids (free 
water) or solids (bound water). For bound water, 
T1 decreases when the temperature increases 
because the higher temperature breaks the bonds 
and allows faster molecular motion. For in vivo 
imaging of soft tissue at common field strengths, 
T1 increases when the temperature increases [1]. 
T1 decreases in the presence of gadolinium- 
based contrast agents because gadolinium creates 
strong local magnetic field fluctuations at the 
Larmor frequency.

 T1 Outside of the Heart

T1-weighted imaging provides an image with 
arbitrary units, where contrast can only be 
described by comparison between different tis-
sues or with respect to a reference tissue in that 
same image, in a qualitative manner. T1 mapping 
produces an image, the map, in which each pixel 

represents the measured T1 value at that location 
(measured in milliseconds, see Fig. 1.7), where 
contrast can be described in an absolute, quanti-
tative manner.

Fast, accurate and precise T1 mapping is never 
and nowhere trivial. Nevertheless, T1 mapping 
has been successfully used in the brain to study 
patients with Parkinson’s disease, multiple scle-
rosis, stroke, schizophrenia and HIV [2]. It has 
yet to become part of routine clinical evaluation, 
partially due to the long scan times. Recently, 
there have been efforts to standardize the field 
through the implementation of vendor-specific 
relaxometry techniques. Cardiac T1 mapping has 
been leading the way in these efforts, even though 
cardiac and respiratory motion present major 
challenges. This apparent paradox might be 
because the arsenal of pulse sequences is more 
limited in the heart, making it more difficult to 
relate the MR signal to physiology without 
explicit quantification.

 T1 in the Heart

Figure 1.1 shows a schematic of the composition 
of the heart tissue. Myocytes (muscle cells) 
make up 75% of the volume of the heart. The 
remaining 25% constitute the extracellular 
space, which is made of fibroblasts and collagen, 
other glycoproteins and proteoglycans, as well 
as blood vessels (smooth muscle cells and endo-
thelial cells) [3, 4]. Each of these components 
has a specific T1 and contributes in a unique way 
to the MR signal.

 Native T1

Cardiac MRI has seen tremendous growth over 
the past 20 years, with a recent focus put on the 
ability to relate macroscopic changes in the MRI 
signal to tissue pathology.

In the myocardium, many factors (e.g., cell 
volume, edema, infiltration, scarring, fibrosis) 
contribute to the MR signal, so it is difficult to 
determine the specificity of T1 to any particular 
spin population. Even in a single voxel, multiple 

J. K. Barral et al.
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tissue compartments (homogeneous “buckets” of 
spins) contribute to the signal. For example, stud-
ies have explored the relationship between T1 
and collagen in the myocardium of canine speci-
mens and found a moderate negative correlation 
(r = −0.45) between T1 and the hydroxyproline 
concentration (a measure of collagen) [5]. 
However, this correlation is primarily driven by 
bulk differences in the collagen concentration 
between the atria and the ventricles, so it is not 
clear whether (native T1) can be used to discrimi-
nate between more subtle changes in collagen 
content that occur during scarring and fibrosis. 
Additionally, T1 is significantly influenced by 
water content, so any T1 measurements need to 
be controlled for inflammation and hydration.

Native T1 can still be helpful clinically, even 
when the underlying contrast mechanism is not 
fully understood. For example, recent data indi-
cates that native T1 may allow to differentiate 
normal myocardium not only from acute injury 
with edema but also from scarring in myocardial 

infarction and myocarditis [6, 7]. It is also the 
method of choice when the risks of contrast 
enhancement (gadolinium side effects) outweigh 
the benefits. For example, contrast enhancement 
is contraindicated in patients with chronic kidney 
disease, but it is precisely these patients that are 
at a much higher risk of cardiovascular disease 
than the general population.

 Late Gadolinium Enhancement

Unlike native T1 mapping that provides a nar-
row dynamic range in the myocardium, late 
gadolinium enhancement (LGE) can produce 
significant shortening of T1 in regions of infarc-
tion [8–10]. Gadolinium is considered an extra-
cellular contrast agent due to its ability to diffuse 
from the vascular space into the extracellular 
tissue fluid without affecting the intracellular 
space. As gadolinium accumulates in infarcted 
tissue, it can be used as a tracer sensitive to 
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collagen and therefore scarring and fibrosis. The 
decrease of T1 associated with gadolinium 
administration has been used to measure the 
extracellular volume (ECV) [11], as described 
below, as well as to correlate ECV with the col-
lagen volume fraction [12].

 Extracellular Volume Calculation

ECV is computed by measuring T1 before and 
after gadolinium administration. The difference 
in T1 pre- and post-contrast is interpreted as a 
measure of the amount of collagen present in the 
myocardium, because other tissues in the myo-
cardium are not affected by gadolinium, which 
stays in the extracellular space. Therefore, an 
ECV map is physiologically relevant and easier 
to interpret than a T1 map. The ECV measure-
ment assumes that the transfer rate of gadolinium 
between blood and tissue is much faster than the 
removal of the gadolinium from the blood pool. 
The post-contrast T1 value is highly dependent 
on (1) gadolinium dose, (2) time post bolus, 
which is hard to control in practice, (3) clearance 
rate, which is influenced by the cardiac output, 
and (4) hematocrit (ratio of the volume of red 
blood cells to the total volume of blood), because 
gadolinium is present in plasma but does not 
enter red blood cells. The latter is particularly 
important for normalizing the ECV and produc-
ing values that are comparable across patients. 
Recently, a method has been proposed where the 
hematocrit can be determined based on blood T1 
[13], but it is typically obtained through an inde-
pendent blood test.

In a 2-compartment model, ECV can be com-
puted according to

 

ECV
T T

T T

myocardium post myocardium pre

blood post bl

=

-

-

1
1

1
1

1
1

1
1

 

 oood pre

Hct1-( )

 

where Hct stands for hematocrit.
Because of imperfections in T1 mapping, the 

ECV calculation is sequence-dependent and there-
fore difficult to standardize. In practice, however, 

ECV appears more robust than post- contrast T1, 
and it has shown prognostic value [14]. Therefore, 
efforts have been made towards its standardiza-
tion, as evidenced by the consensus statement of 
the Society for Cardiovascular Magnetic 
Resonance (SCMR) and CMR Working Group of 
the European Society of Cardiology consensus 
statement [15]. A scientific consensus has the 
potential to make ECV the gold standard for the 
assessment of focal fibrosis. ECV can also help 
discriminate between non-focal expansion of the 
extracellular space and a sequence- dependent bias 
in T1, making it a candidate for evaluating diffuse 
fibrosis [16].

 T1 Mapping  Gold Standard

 Inversion recovery T1 mapping was first per-
formed in the late 1940s for NMR experi-
ments. It consists in inverting the longitudinal 
magnetization and sampling it as it recovers 
toward equilibrium with a time constant T1. 
There is a consensus among researchers that 
gold standard T1 mapping uses inversion 
recovery (IR) pulse sequences with long 
 repetition times. However, many different 
sequences and fitting techniques are used in 
practice, which can lead to a wide range of 
“gold standard” T1 values. This discrepancy in 
the gold standard makes it difficult to validate 
new T1 mapping sequences, as there is a large 
variability of reference T1 values in literature. 
We have investigated this problem in detail, 
developing a robust methodology for in  vivo 
T1 mapping, open source code for data fitting, 
as well as reference data sets [17]. We expect 
to see additional efforts in this direction, in 
keeping with the concepts of open science and 
reproducible research [18].

The key in the development of T1 mapping 
techniques is to start from the Bloch equations 
and derive the complete signal equation keeping 
simplifications to a minimum. All assumptions 
should be stated so that further simplifications 
can be justified. Such simplifications are often 
needed to come up with a model that can be more 
easily fitted. Anyone using a given T1 mapping 

J. K. Barral et al.
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technique should ensure that the assumptions are 
met. For example if the model assumed TR much 
greater than T1, one should at least check that the 
value of T1 obtained is indeed much smaller than 
TR.  This check is a necessary, but not a suffi-
cient, condition to ensure that the model holds. 
The new technique should also be compared to 
the gold standard in simulations and phantom 
scans, so that expected precision and accuracy 
are known.

Let us illustrate this approach for gold standard 
T1 mapping. Consider a spin echo IR sequence 

q q q1 2 32 2
- - - - - - -æ

è
ç

ö
ø
÷

ì
í
î

ü
ý
þ

TI
TE

TR TI
TE  

where 

θ1, θ2 and θ3 are RF pulses, typically prescribed as 
180°, 90° and 180°, respectively, TI is the inver-
sion time, TR the repetition time, and TE the 
echo time. If we assume instantaneous pulses, 
perfect spoiling of Mxy after θ1 and no off- 
resonance effects, then sampling the magnetiza-
tion at different inversion times TIn leads to the 
following data equation for the received signal: 

S TI e r r en
i

a b

TI

T
n

( ) = +
æ

è
çç

ö

ø
÷÷

-f 1 , which has four 

real-valued unknown parameters (ϕ, ra, rb, T1). 
This signal equation can be simplified to a differ-
ent four-parameter model if TR is much greater 

than T1 or to a three-parameter model if TR is 
much greater than T1 and θ1 = 180°.

Model Assumptions
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pulses
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  •  All of the 
above

  • θ1 = 180°

Let us, for example, examine the assumption 
θ1 = 180° (from the three-parameter model) a bit 
closer. Even if an adiabatic RF pulse is used [19], 
the effective flip angle depends on T1 and T2, 
making it impossible to obtain a perfect 180° 
inversion. Figure 1.2 illustrates the effects of T1 
and T2 for muscle at 1.5T: the flip angle is about 

ignoring T1, T2

T1 = 1130 ms, T2 = 35 ms
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Fig. 1.2 A Silver-Hoult adiabatic inversion pulse of 
length 8.64  ms was simulated, with a prescribed slice 
thickness of 2 mm. T1 and T2 values of muscle at 1.5T 

were used [20]. The pulse profile is shown (left), with a 
zoom on the passband (right), illustrating a ~15% discrep-
ancy introduced by ignoring T1 and T2 effects
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155° instead of the prescribed 180°, which trans-
lates into the correct signal equation being  

S TI c en
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-
1 1 9 1.

 
vs
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-
1 2 1 ; the effect is therefore far 

from negligible! In addition the transition bands 
of the inversion pulse are often partially included 
in the imaging slice, and the effective flip angle 
should be taken as the integral of the inversion 
profile over the slice thickness.

Once an appropriate signal equation is used,  
the fitting procedure should be carefully con-
sidered. Often a Levenberg-Marquardt algo-
rithm is used and initialization of the parameters 
is required, which may bias the results [21]. 
We have proposed an alternative algorithm, 
which optimizes the precision and accuracy of 
the T1 estimation and is much faster than 
Levenberg-Marquardt [17]. The quality of the 
fit should be checked visually in different 
regions of interest (Fig. 1.3) to make sure that 
the fitting line indeed goes through (or is close 
to) the sampling points. Alternatively, metrics 
like the goodness of fit or the error (uncer-
tainty) map can be inspected.

It is important to understand the influence of 
the signal-to-noise ratio (SNR) on the fitting 
performance. For in-vivo experiments, time is 
always critical and SNR is the obvious trade-

off. Many sampling strategies overlook the fact 
that having more points on the curve may not 
help if each point has a lower SNR.  For gold 
standard T1 mapping, we recommend using 
four points corresponding to inversion times TIs 
of 50, 400, 1100 and 2500 ms. One should also 
keep in mind that in a given T1 map the preci-
sion of the T1 estimation is worse for tissues 
with large T1 values.

 T1 Mapping in the Heart

Figure 1.4 summarizes four T1 mapping tech-
niques, one that is considered the gold standard  
(inversion recovery spin echo), and three that are 
commonly used for cardiac T1 mapping (MOLLI, 
ShMOLLI and SASHA). While there are a num-
ber of other cardiac T1 mapping sequences being 
developed, we focus on those that are readily 
available as product sequences on a clinical MRI 
scanner. With an inversion recovery gold stan-
dard pulse sequence, a single line of k-space is 
acquired every TR and TR is long (on the order of 
T1, typically a few seconds) to enable sufficient 
recovery of the magnetization before each inver-
sion pulse [17]. For example, with a TR of 
2550 ms, and a 192 × 144 matrix size (typical for 
a cardiac T1 mapping acquisition), a single slice 
gold standard acquisition takes approximately 
6 min per inversion time, i.e., 6 min per point on 
the curve that will be fitted to derive T1.

To perform T1 mapping in the heart, both 
cardiac and respiratory motion have to be taken 
into account. If the acquisition is gated, the 
same phase of the cardiac cycle can be obtained 
every TR, and cardiac motion is less of an issue 
as long as the patient does not suffer from 
arrhythmias. Respiratory motion is mitigated by 
breath holding, which constrains the full acqui-
sition (i.e.,  the acquisition of all the points) to 
be shorter than a breath hold, i.e., less than 
about 20  s. Another mitigation strategy is to 
resolve the respiratory motion either prospec-
tively or retrospectively. If a prospective 
approach is taken, the sequence can be gated. If 
a  retrospective approach is taken, one has to 

3
T1 = 304 ms

0 500 1000 1500 2000

2

1

0

-1

-2

Fig. 1.3 Sampling points (blue) and corresponding fit 
(red) for an individual voxel in a T1 map
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either (1) ensure that k-space was fully sampled 
or (2) use compressed sensing or a similar tech-
nique for reconstruction [22]. Approaches com-
bining prospective and retrospective navigation 
schemes have also been proposed [23].

Another challenge specific to T1 mapping in 
the heart is the need to be accurate over the wide 
range of T1 and T2 values found in blood and tis-
sue pre- and post-contrast.

 Look-Locker Techniques: MOLLI 
and ShMOLLI

The Look-Locker (LL) method is a rapid tech-
nique that measures T1 from a single recovery of 
longitudinal magnetization. It alleviates the limi-
tation of the conventional IR method of requiring 
a long delay (on the order of T1) for longitudinal 
magnetization to recover until the next inversion 
pulse is played for subsequent readout. This 
approach was first theorized by Look and Locker 
and later implemented in the form of TOMROP 
(T One by Multiple Read Out Pulses) [24, 25]. 
The basic sequence diagram is shown in Fig. 1.4. 

It consists of a single inversion pulse followed by 
a series of very small angle excitation RF pulses 
α with gradient echo readouts to sample the 
recovery curve. Since small angle RF pulses are 
used, the longitudinal magnetization is only min-
imally disrupted during T1 recovery and sam-
pling is performed in a continuous manner, i.e., 
no wait time is necessary until equilibrium is 
reached. However, if the separation between α 
pulses is less than T2, the T1 signal is corrupted 
by residual transverse magnetization gathered 
from previous α pulses. To avoid this corruption, 
either the spacing between the α pulses needs to 
be long (>5T2), or gradient spoiling needs to be 
employed to crush any residual transverse mag-
netization. It is also important to note that due to 
continuous perturbation of the magnetization by 
successive α pulses, the recovery is driven into 
equilibrium more quickly, resulting in an “effec-

tive” T1 or T1* given by S TI A Ben

TI

T
n

( ) = -
-

1* ,
where the T1* calculated from the recovery curve 
needs to be converted to the “actual” T1 using 

T

T TR
lncos

1
1

1
1

1
* =

- a

 [26].

IR

MOLLI

ShMOLLI

SASHA

ECG

Fig. 1.4 Schematic of 
four T1 mapping 
sequences: IR, MOLLI, 
ShMOLLI and 
SASHA. The ECG 
signal, which is used for 
triggering, is shown at 
the bottom

1 Fundamentals of Cardiac T1 Mapping
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Model Assumptions

S TI A Ben

TI

T
n

( ) = -
-

1*

T

T TR
lncos

1
1

1
1

1
* =

- a

  •  T1 much greater 
than TR

  •  Flip angle α less 
than 10°

  •  TR much greater 
than T2

Recently, several variants of the LL method have 
been developed for cardiac T1 mapping. Basic LL 
cannot be applied due to cardiac and respiratory 
motion, so a Modified LL Inversion recovery 
sequence (MOLLI) has been proposed for high-
resolution T1 mapping of the heart [27]. MOLLI 
consists of a series of single-shot images acquired in 
diastole, separated by inversion pulses. Several vari-
ants of the MOLLI sequence try to make the most 
out of a total number of heartbeats available, limited 
by the breath-hold duration. The first of these vari-
ants was named 3(3)3(3)5 [27]. The name indicates 
that three images are acquired after the first inver-
sion pulse, three after the second, and five after the 
third pulse; the number in parenthesis is the number 
of heartbeats the sequence waits before applying the 
subsequent inversion pulse. Another common vari-
ant of MOLLI is the ShMOLLI sequence (where Sh 
stands for “Shortened”), which uses nine heartbeats 
(5(1)1(1)1) [28]. The last two images from 
ShMOLLI are used only if the T1 of the tissue of 
interest is short enough to allow near-complete 
relaxation recovery after the first inversion pulse. 
For longer T1s, the fitting is done only with the first 
five images. Note that MOLLI and ShMOLLI use a 
bSSFP readout and the relationship between T1 and 
T1* used in LL no  longer holds. Empirically, the 
“effective” T1∗ is converted to the “actual” T1 using 

T T
B

A
1 1 1= -æ

è
ç

ö
ø
÷

*  or T T
B

A
1 1 1

1

1

= -æ
è
ç

ö
ø
÷

*

q
 to 

compensate for the imperfect adiabatic inver-
sion θ1 [29, 30].

 Saturation Recovery Techniques: 
SASHA

Despite several acceleration strategies imple-
mented in MOLLI/ShMOLLI, IR-based tech-

niques require long wait times for magnetization 
recovery. To avoid these wait times SASHA is 
based on saturation recovery instead of inver-
sion recovery (Fig.  1.4). The SASHA pulse 
sequence images a single slice over ten heart-
beats, at a specific time of the cardiac cycle. A 
full image, corresponding to one point on the 
recovery curve, is acquired every heartbeat. A 
saturation pulse is added and its position in the 
cardiac cycle varies from heartbeat to heartbeat 
so that each image is acquired at a different 
point of the recovery curve. Using a saturation 
pulse erases the prior history: there is no need 
to wait for full recovery as in inversion recov-
ery techniques and TR can therefore be much 
shorter. In the original SASHA article [31], the 
saturation recovery times uniformly span the 
cardiac cycle. No saturation pulse is added 
before the first image acquisition so that a fully 
recovered image is obtained. Each image is a 
single-shot bSSFP image, with an acquisition 
window of about 175  ms. The signal 

equation can be written as S A eapparent

TS

T= -
æ

è
ç

ö

ø
÷

-
1 1h  

where

• A is a scaling factor
• TS is defined as the time between the end of 

the saturation RF pulse and the center line of 
k-space

• h happarent
T

actual

a

a b
e=

+

D
1  is the apparent 

saturation efficiency, where
 – ηactual is the actual saturation efficiency
 – a and b are functions of the acquisition 

parameters as well as T1
 – Δ is the time from beginning of imaging to 

center of k-space

ηapparent depends on T1, therefore solving for 
T1 in the equation above ignoring ηapparent is not 
exact. The assumption is that ηapparent does not 
vary much with T1 and the dependency can be 
neglected.

The signal equation can also be simplified to a 
2-parameter model.

J. K. Barral et al.
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Model Assumptions

S A eapparent

TS

T= -
æ

è
ç

ö

ø
÷

-
1 1h

  •  ηapparent does not 
vary much with T1

S A e
TS

T= -
æ

è
ç

ö

ø
÷

-
1 1

  •  Ideal saturation

Depending on the model used, a 3-parameter or 
a 2-parameter fit is then performed on the magni-
tude of the signal intensity, with the 3-parameter fit 

providing greater accuracy [29]. Note that breath 
holding is required during the entire pulse sequence.

 T1 Mapping Limitations

The table below summarizes the sensitivity of 
MOLLI/ShMOLLI and SASHA, respectively, 
to various factors [29, 31, 34, 35]. For SASHA, 
we only consider the three-parameter model, as 
the two-parameter model introduces lots of 
inaccuracies.

Factor MOLLI/ShMOLLI sensitivity SASHA sensitivity
T2 Yes, due to SSFP readout and inversion 

inefficiency (imperfect 180 and non-zero 
pulse duration)

Negligible

Heart rate and cardiac motion Significant effect of irregular heart rate for 
long T1 values for which sampling occurs 
over more heartbeats. It can be mitigated 
by using a single inversion or increasing 
the time between inversions. ShMOLLI 
deals with long T1s by ignoring all but the 
first inversion

Long acquisition window per 
image (~175 ms) results in the loss 
of resolution

SNR Higher SNR Lower SNR because the sequence 
is saturation-based
Magnitude fit instead of complex 
fit introduces a bias

Off-resonance Significant, bigger at higher field strengths 
and larger flip angles. ±100 Hz can result 
in a 6% error

Negligible.
±100 Hz results in less than 1% 
error

Flip angle T1 underestimated for larger flip angles Until SAR limits are reached, a 
larger flip angle increases the SNR

Inversion/saturation efficiency Assumes ideal inversion, source of 
significant bias. Adiabatic pulses can help

Imperfect slice profile for the 
saturation, which depends on T1 
and T2

Fitting model Three-parameter fit uses magnitude data, 
problematic when zero crossing is close to 
the inversion time because SNR is low. 
Estimating zero crossing requires an 
additional parameter

Two-parameter model introduces 
biases, resolved when three-
parameter model is used

Inflow effects (for blood T1 
estimation)

More sensitive to blood flow, as it samples 
the recovery curve at several points after 
inversion. Mainly affects the longer T1s

Less sensitive as it samples the 
recovery curve before the 
non- saturated blood has flowed in

Partial voluming Significant for small matrix size and/or large slice thickness (~8–10 mm). Blood 
contamination can affect the myocardium T1 estimate

Magnetization transfer (MT) Inversion pulses introduce significant MT 
effect, and T1 is underestimated

Negligible

1 Fundamentals of Cardiac T1 Mapping
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 Post-Processing

Once a T1 map is obtained, the average T1 value 
for a region of interest (ROI) is typically com-
puted. Care must be taken in automating the choice 
of the ROI and the computation of the average T1, 
so that results are reproducible and no bias is intro-
duced (e.g., due to partial volume effects from 
blood or epicardial fat). The choice of the segmen-
tation method that provides the ROI should refer to 
published recommendations. The 17-segment 
model proposed by the American Heart Association 
is commonly used [36]. Newer methods based on 
machine learning look promising but most have 
yet to be clinically validated [37, 38]. Orientation, 
number of segments and nomenclature present 
some variability depending on the application. 
Figure 1.5 shows a segmental representation of the 
short-axis view of the left ventricle, as well as the 
T1 maps obtained using MOLLI, ShMOLLI and 
SASHA. If an observer notices artifacts (such as 
susceptibility artifacts), the corresponding ROIs 
should be excluded from the analysis. Global 

(averaged over the entire heart) and segmental T1 
values can then be compared.

Even with cardiac gating and breath holding, 
motion can still be problematic, e.g., because the 
heart rate is variable, or patients have a hard time 
holding their breath. Images are often co- registered 
before the fit, although standard registration tech-
niques may not work well because the different 
TIs lead to contrast differences. Co-registration is 
also used before generating an ECV map as the 
heart position typically moves between pre- and 
post-contrast acquisitions. Rather than co-register-
ing the T1 maps, co- registration is performed on 
the individual images before the fit [39].

 Validation

Once a new T1 mapping technique has been 
developed and simulated, its validation is com-
monly performed with phantoms and histology. 
Phantom validation should be the first step, and 
accuracy and precision can be explored using one 

ShMOLLI MOLLI SASHA
2000 ms

0 ms

1516

15381499

1489

1515

15911182

1182

1230

1211

1191 1199

1183

1214

1199

1162

1165

1166

Fig. 1.5 (Top row) Representative cardiac T1 maps in a 
healthy subject obtained with ShMOLLI, MOLLI and 
SASHA. (Bottom row) Segmental analysis of the corre-

sponding T1 maps. The details of the acquisition parame-
ters can be found in Teixeira et al. [33]
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of the commercially available T1 phantoms, such 
as the T1MES phantom [32], or Phannie, the 
phantom developed by the National Institutes of 
Standards and Technology (NIST) [40]. Note that 
temperature needs to be controlled when phan-
toms are scanned as it influences T1.

While most T1 mapping sequences show 
excellent agreement in phantoms (see Fig. 1.6), 
this agreement does not necessarily translate to 
good accuracy and precision in tissue (see Fig. 1.7). 
A recent study in brain MRI has demonstrated 
that T1 mapping sequences that agree well in 
phantoms can show dramatic differences 
in vivo [41]. These findings have recently been 
corroborated in the heart [33], demonstrating 
that in  vivo T1 measurements are still con-
founded by magnetization transfer, RF inhomo-
geneity and imperfect spoiling, issues that are 
less prominent in phantoms. Because accuracy 
and precision are challenging, the focus is 
often  instead put on reproducibility as the 
 minimum requirement for a useful sequence. 
Reproducibility in cardiac T1 mapping varies 
but can be controlled for specific tissue/
sequence parameters [42]. Precision then allows 
differentiating between normal and  diseased 
tissue. From a pragmatic standpoint,  systematic 
errors (inaccuracies) can be tolerated as long as 
the T1 estimate is reproducible and sensitive to 
pathology.

In vivo validation of T1 mapping sequences 
is still in its infancy. Late gadolinium enhance-
ment remains the gold standard for non-invasive 
evaluation of focal fibrosis; native (i.e., non-
contrast) T1 mapping and ECV make it possible 
to quantify the extent of expansion of the extra-
cellular matrix and characterize diffuse fibrosis. 
Native T1 has been demonstrated to correlate 
with histology in diffuse fibrosis [43] whereas 
ECV has been validated with biopsy in patients 
with severe aortic stenosis and hypertrophic car-
diomyopathy [44, 45]. Cardiac T1 mapping is 
still far from routine clinical use. It is primarily 
used as a means to observe group differences, or 
to provide optimal contrast for specific tissues 
to the radiologist. A truly quantitative approach 
would allow comparisons between patients, 
scanners, and sites, as well as across time for a 
given patient.

T1 (ms)
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2000

1500

1000

500

0

IR MOLLI

ShMOLLI SASHA

T1MES Phantom
2000

1500

1000

T
1 

(m
s)

500

0
0 500 1000

TSE T1 (ms)
1500 2000

ShMOLLI

SASHA

MOLLI

Fig. 1.6 Comparison of four T1 mapping techniques: 
Spin Echo (gold standard), ShMOLLI, SASHA and 
MOLLI in the T1MES phantom [32]. All techniques agree 
well for a wide range of T1 values. The details of the 
acquisition parameters can be found in Teixeira et al. [33]
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 Recommendations

A consensus statement on T1 mapping was 
recently issued by the Society for Cardiovascular 
Magnetic Resonance (SCMR) and the CMR 
Working Group of the European Society of 
Cardiology [15]. Regular updates by these 
 societies are expected. A number of recommen-
dations for performing and standardizing T1 
mapping have been provided in that statement, 
related to terminology, scan type, scan planning 
and acquisition, site preparation, quality control 

visualization and analysis, and technical develop-
ment. It is important that each site be aware of the 
above recommendations, to enable better stan-
dardization of T1 mapping across sites.

T1 mapping including ECV quantification is 
on its way to becoming an important imaging 
biomarker in cardiology. It has significant diag-
nostic and prognostic value. It overcomes limita-
tions of signal-intensity based methods and 
provides unique information in diseases affecting 
the myocardial tissue. Current limitations 
include the variations and lack of standardization 

IR MOLLI

ShMOLLI SASHA
500

1000

1500

2000

2500

3000
T1 (ms)

Fig. 1.7 A comparison of T1 mapping sequences in 
explanted pig hearts. The IR map was obtained using 
a turbo spin-echo acquisition and five inversion times, 
using a slice selective inversion pulse (TI = 33, 100, 
300, 900, 2700, 5000 ms; TE/TR = 12 ms/10 s; slice 

thickness 8 mm; flip angle = 90°; matrix 192 × 144; 
FOV 360 × 270 mm and turbo factor = 7). The rest of 
the maps (MOLLI, ShMOLLI and SASHA) were 
obtained with the protocols published in Teixeira 
et al. [33]
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among sites, scanners, sequences and evaluation 
 procedures. Even though many diseases (e.g., 
amyloidosis, myocarditis, Fabry’s disease) have 
been explored by T1 mapping, data from large 
scale multicenter trials is lacking, and standards 
for data acquisition and reference values for nor-
mal and diseased myocardium will have to be 
established before T1 mapping can be more 
broadly applied. The field continues to evolve in 
a complex interplay between engineering prog-
ress and demonstration of clinical utility. 
Limitations of any existing technique have to be 
broadly acknowledged to make room for 
improved techniques that do not necessarily 
agree with past clinical literature.
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T1 Mapping in Cardiac 
Hypertrophy

Michael Salerno and Christopher M. Kramer

 Introduction

Cardiac hypertrophy is defined as an increase in 
left ventricular mass and can result from a num-
ber of underlying pathologies including hyper-
tensive heart disease, physiological hypertrophy 
in athletic heart, hypertrophic cardiomyopathy 
and infiltrative cardiac processes such as cardiac 
amyloidosis or storage diseases such as Fabry’s 
Disease. The end process of an increased LV 
mass can result from changes in both the intracel-
lular space due to myocyte hypertrophy and/or 
due to expansion of the interstitial space by fibro-
sis, inflammation or protein deposition. While 
some changes in myocardial architecture mani-
fest as focal scar, which can be detected by con-
ventional late-gadolinium enhanced imaging 
(LGE), more diffuse processes cannot readily be 
detected, using conventional LGE techniques. It 
is in this situation where techniques based on T1 

mapping, such as assessment of native T1 or 
extra-cellular volume (ECV), can provide unique 
insights into diffuse changes in the myocardial 
structure of a thickened heart muscle. This chap-
ter will first review the relationship between T1 
parameters of native T1 and ECV with the intra-
cellular and extracellular spaces. Then we will 
review the current state of the art for using these 
T1 mapping techniques in cardiac pathologies 
characterized by left ventricular hypertrophy.

 Relationship of T1 and ECV 
to the Pathophysiology 
of Hypertrophy

 Native T1

The native myocardial T1 relaxation time, which 
is the T1 of the myocardium in the absence of a 
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contrast agent, is sensitive to the local microenvi-
ronment sampled by water molecules in the heart. 
As water is freely diffusible between both the 
intracellular and extracellular spaces, the native 
T1 measured is a weighted average of the T1 in 
these compartments. In this way, changes in the 
native T1 have a complex relationship to myocyte 
hypertrophy, interstitial changes, fibrosis or other 
processes, as well as the changes in the size of the 
vascular space and hematocrit. In multiple car-
diac pathologies associated with hypertrophy and 
fibrosis (including aortic stenosis and HCM), 
increases in the native T1 have been associated 
with histological myocardial fibrosis [1, 2]. 
However, changes in the degree of vasodilation 
(such as during adenosine stress or increased 
afterload in AS) can also increase the native T1 
[3, 4]. It is important to note that the T1 of the 
blood (and hence the myocardium which has a 
vascular volume fraction of around 10%) is sen-
sitive to changes in hematocrit [5]. This relation-
ship has been well described in the literature and 
has been used to estimate the hematocrit from 
blood T1 [6]. This likely explains the sex- 
difference in T1, which is more pronounced in 
premenopausal women [7]. Figure  2.1 shows 
example T1 maps from a normal subject, and 
from patients with hypertensive LVH, HCM, and 
cardiac amyloidosis.

 Extracellular Volume Fraction (ECV)
By performing T1 mapping both with and with-
out a gadolinium contrast agent, one can more 
specifically probe the fraction of myocardium 
which is extracellular [8]. Gadolinium is an 
extracellular extravascular contrast agent, which 
cannot distribute in the intracellular space. As the 
change in R1, or 1/T1, is directly proportional to 
the gadolinium concentration, one can measure 
the T1 of the myocardium and blood both before 
contrast and at an “equilibrium state” where the 
concentrations of gadolinium in blood and myo-
cardium have nearly a constant ratio to derive the 
partition coefficient, lambda  =  [Gdmyo]/
[Gdblood]. This parameter provides an assess-
ment of the relative concentrations of gadolinium 
in the blood and myocardium. As the gadolinium 
is only distributed within the plasma space, the 
partition coefficient can be multiplied by (1-Hct) 
to determine the ECV. ECV has been shown to be 
elevated in hypertensive LVH, HCM, and amy-
loid cardiomyopathy, which are all associated 
with expansion of the extracellular space and has 
been compared to histological collagen vascular 
fraction [9–13]. Again, while ECV is sensitive to 
expansion of the extracellular space, it is impor-
tant to note that it is not synonymous with myo-
cardial fibrosis. ECV can be affected by both the 
changes in the interstitial space and the plasma 
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Fig. 2.1 Example Native T1 maps and post-contrast T1 
maps from (a) a normal subject without LVH, (b) a patient 
with hypertensive LVH (c) a patient with hypertrophic 
cardiomyopathy and (d) a patient with amyloid cardiomy-

opathy. A stepwise increase in Native T1, and reduction in 
post-contrast T1 (indicating increased ECV) is seen across 
these pathologies
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volume. Finally, it is important to realize that 
ECV is a relative metric of the extracellular space 
on a pixel basis. Thus, large changes in the intra-
cellular space without significant increase of the 
extracellular space, or vice versa can effect ECV.

 Intracellular Life-Time of Water

At high concentrations of gadolinium, which are 
not typically used in human studies, significant 
differences in T1 can be created between the 
intracellular and extracellular space. This is asso-
ciated with the “shutter” phenomenon, which 
enables a two-compartment exchange model to 
fit the data and assess the intracellular lifetime of 
water, probing the size of the intracellular space 
[14]. This phenomenon has been demonstrated in 
an animal model where the intracellular lifetime 
of water increases in proportion with the diame-
ter of the myocytes [15, 16]. These studies require 
high concentrations of gadolinium, which are 
typically not feasible in clinical practice, but are 
achievable in pre-clinical animal models.

 T1 Mapping in Hypertensive Heart 
Disease

Hypertension is highly prevalent in the US, 
affecting about a third of the population, with 
an   expected increase to over 40% of the adult 

 population by 2030 [17]. Among adults over age 
60, the prevalence of hypertension has been esti-
mated to be as high as 65%. Hypertension is a 
significant cause of morbidity and mortality and 
about 69% of those with a heart attack, 77% of 
those with a first stroke, and 74% of patients with 
CHF have hypertension [17]. Hypertension has a 
significant global burden and it has been esti-
mated that nearly one billion people in the world 
have high uncontrolled hypertension [17]. 
Patients with chronic hypertension are at 
increased risk of developing LVH and diastolic 
dysfunction [18]. In the Framingham cohort, 
LVH has been found to be independently associ-
ated with cardiovascular morbidity and mortality 
[19]. Hypertensive heart disease is associated 
with myocyte hypertrophy as well as with myo-
cardial fibrosis [20]. Biopsy studies have demon-
strated increased histological evidence of 
myocardial fibrosis in patients with hypertensive 
heart disease [21]. As hypertensive heart disease 
is a major risk factor for heart failure with pre-
served EF, non-invasive assessment of myocar-
dial fibrosis could have important diagnostic and 
prognostic implications [22].

Several studies have analyzed changes in 
Native T1 and ECV in hypertension and 
LVH. Kuruvilla et  al. studied 20 subjects with 
hypertensive LVH, 23 patients with hyperten-
sion without LVH, and 22 normotensive control 
subjects (Fig. 2.2) [9]. The study demonstrated 
that both native T1 and ECV (996 ± 33 ms and 
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Fig. 2.2 Plot of (a) ECV and (b) Native T1 versus left 
ventricular mass index in controls, hypertensive patients 
without LVH, and hypertensive LVH (HTN-LVH). There 
is a modest correlation between Native T1 and ECV and 
LVMI.  (c) The ECV was significantly higher in the 

patients with HTN LVH as compared to the controls or 
subjects with hypertension. There was no difference in 
ECV between the controls and patients with HTN. Adapted 
from Kuruvilla et al. JACC CVI 2015 (8):172–80 [9]
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0.29  ±  0.03 respectively) were increased in 
patients with hypertensive LVH as compared to 
those with hypertension alone (974 ± 34 ms and 
0.27 ± 0.02 respectively) and normotensive con-
trols (967  ±  35  ms and 0.026  ±  0.02 respec-
tively). However, there was no significant 
difference in Native T1 and ECV between 
patients with hypertension alone or normoten-
sive controls. ECV and Native T1 correlated 
with peak circumferential strain and early cir-
cumferential diastolic strain rate. Triebel et  al. 
performed T1 mapping and determined native 
T1 and ECV in 46 patients with hypertension 
and 50 normotensive controls [23]. Similarly, 
they found that native myocardial T1 was simi-
lar in hypertensives and controls (955 ± 30 ms 
vs. 965  ±  38  ms, p  =  0.16) as was ECV 
(0.26 ± 0.02 vs. 0.27 ± 0.03, p = 0.06). In the 
subset of 14 hypertensive subjects who had 
LVH, there was a significantly higher ECV 
(0.28 ± 0.03 vs. 0.26 ± 0.02, p < 0.001). These 
studies suggest that there may be limits in the 
sensitivity of T1 mapping and ECV measure-
ment towards detecting subtle increases in dif-
fuse fibrosis in hypertensive heart disease before 
overt LVH is present.

 Animal Studies of T1 Mapping 
in Hypertensive Heart Disease

Coelho-Filho et  al. used pre- and post-contrast 
T1 mapping to measure the intracellular lifetime 
of water (τic) to characterize murine models of 
cardiac hypertrophy [15]. CMR imaging was 
performed at baseline and after 7 weeks of either 
L-NAME treatment, a model which causes 
hypertension, cardiac hypertrophy and heart fail-
ure, or transaortic constriction (TAC) model of 
pressure overload. They demonstrated that the 
intracellular lifetime of water was correlated 
with cardiomyocyte size parameters such as 
surface- to- volume ratio and cellular volumes. 
Notably, in the TAC model imaged at 2 weeks, 
there was evidence of cellular hypertrophy that 
could be detected using this technique before the 
development of fibrosis. The authors concluded 

that τic can be used to assess cardiac hypertrophy 
in vivo [15].

In a follow up study, mice were randomized to 
either L-NAME treatment or L-NAME with spi-
ronolactone (L-NAME+S), and aldosterone 
antagonist for 7 weeks. CMR was performed at 
baseline and after 7 weeks of treatment. Animals, 
which had received L-NAME, had increased LV 
mass, ECV and intracellular lifetime of water. 
The animals that had also received spironolac-
tone with L-NAME demonstrated a significant 
reduction in these parameters with values similar 
to placebo treated animals. The co-administration 
of spironolactone demonstrated a significant 
reduction in these parameters (ECV: 0.43 ± 0.09 
for L-NAME vs. 0.25  ±  0.03 for L-NAME+S, 
P < 0.001; τic: 0.42 ± 0.11 for L-NAME groups 
vs. 0.12 ± 0.05 for L-NAME+S group) consistent 
with reduction in fibrosis and hypertrophy dem-
onstrated by histology. The animals treated with 
spironolactone had parameters similar to placebo 
animals [16].

Stuckey et al. used the murine TAC model to 
study diffuse cardiac fibrosis and to evaluate 
whether reduction of fibrosis by losartan could 
be detected in-vivo (Fig.  2.3). CMR imaging 
was performed 7 and 28 days following TAC. In 
this model ECV was linearly correlated with 
picoserius red collagen volume fraction. 
Treatment with losartan prevented increases in 
ECV demonstrating that T1 mapping techniques 
may be useful to track changes in fibrosis with 
pharmocological treatment with ARBs [24]. In 
the studies to date, antifibrotic therapies such as 
spironolactone or losartan have been given prior 
to the establishment of fibrosis. Whether 
changes in fibrosis due to antifibrotic therapies 
can be detected in models with established 
fibrosis has yet to be established.

 T1 mapping in Hypertrophic 
Cardiomyopathy

While LGE has established itself as a prognostic 
marker in HCM [25], there has been growing 
interest in using T1 mapping and ECV to study 
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Fig. 2.3 T1 maps pre and post GBCA in a mouse trans-
verse aortic constriction (TAC) model of left ventricular 
pressure overload. In the animals with TAC, native T1 was 
increased at 7 days both untreated and losartan treated ani-
mals. However, at this time point ECV and post contrast 

T1 were normal. This suggests cellular hypertrophy rather 
than fibrosis at early time points. At 28 days ECV was sig-
nificantly higher in the TAC animals that had not received 
losartan, as compared to the treated animals. Modified 
from Stuckey et al., Circ CVI 2014; 7:240–249 [24]
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more diffuse fibrosis in HCM. Dass et al. studied 
28 patients with HCM and 12 normal controls on 
a 3T scanner and demonstrated that the mean T1 
relaxation time was increased in HCM as com-
pared to normal subjects (HCM 1209 ± 28 ms vs. 
normal 1178 ± 13 ms, P < 0.05). They demon-
strated that even in segments without LGE, T1 
was increased in HCM as compared to normal 
subjects reflecting the presence of more diffuse 
fibrosis beyond that which is detected by LGE 
alone [26]. Puntmann et al. compared both native 
and post-contrast T1 relaxation times in 25 
patients with HCM as compared to 30 normal 
control subjects. T1 mapping was performed pre- 
contrast and at 10, 20 and 30 min post-contrast to 
calculate ECV.  Native T1 times were signifi-
cantly longer and post-contrast T1 times were 
significantly shorter at all time-points. Similarly, 
ECV was increased in HCM as compared to con-
trols. These parameters had good discriminatory 
capacity to differentiate cardiomyopathy from 
normal subjects [27]. Ho et al. used T1 mapping 
to determine if patients with known sarcomere 
mutations associated with profibrotic changes 
without significant LVH would have evidence of 
diffuse myocardial fibrosis. Ho et  al. used T1 
mapping to quantify ECV in 37 patients with 
gene mutations and LVH (G+/LVH+), 29 sub-
jects with gene mutations without hypertrophy 
(G+/LVH-) and 11 healthy controls. They found 
that ECV was elevated in both patients with 
hypertrophy and those that carried sarcomere 
mutations as compared to healthy controls. 
(ECV = 0.36 ± 0.01, 0.33 ± 0.01, 0.27 ± 0.01 in 
G+/LVH+, G+/LVH−, controls, respectively, 
P ≤ 0.001 for all comparisons). This study sug-
gested that quantifying ECV could help charac-
terize the development of myocardial fibrosis in 
HCM [28].

As the presence of increased fibrosis has 
implications for mechanical function, Swoboda 
et al. evaluated the relationship between regional 
contractile dysfunction as assessed by feature 
tracking and tagging and CMR tissue character-
ization parameters of LGE, segmental thickness, 
native T1 and ECV in 50 patients with HCM. The 
authors found that in univariate analysis segmen-
tal thickness, native T1, and presence of ECV 
were significantly correlated to circumferential 
strain. However, in multivariate modeling, strain 
measurement was associated with LGE and seg-
mental thickness but no with ECV. In a multivari-
ate model including native T1, wall thickness and 
LGE, strain parameters were associated with wall 
thickness and native T1 but not with LGE. The 
authors concluded that in HCM, abnormal strain 
may be mediated by cellular hypertrophy, as indi-
cated by increased wall thickness and increased 
native T1 rather than by expansion of the extra-
cellular space [29].

There has also been interest in looking at the 
association between pro-fibrotic biomarkers and 
cellular markers, which are associated with fibro-
sis and CMR T1 mapping parameters. Fibrocytes 
are bone-marrow progenitor cells (BMPCs), 
which have been associated with multiple fibrotic 
disorders. Fang et al. used post-contrast T1 map-
ping to classify 37 HCM patient into two groups 
based on their post contrast T1 times as a marker 
of subjects with more diffuse fibrosis. Post 
 contrast T1 mapping was also performed in 20 
healthy controls. They found that the proportion 
of fibrocytes derived from BMPCs were increased 
in patients with diffuse fibrosis as compared to 
those without fibrosis or normal controls. The 
proportion of fibrocytes showed a mild inverse 
correlation with post-contrast T1 time (r = 0.37, 
p = 0.03). They also found differences in stromal 
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cell-derived growth factor-1  in HCM patients 
with diffuse fibrosis as compared to those with-
out fibrosis or to control subjects [30].

 T1 Mapping in the Evaluation 
of Hypertrophy in Aortic Stenosis

One of the first studies, demonstrating the correla-
tion between CMR measures of histology and 
ECV, was performed by Flett et al. They studied 18 
patients with aortic stenosis undergoing AVR and 8 
subjects undergoing myectomy for HCM.  They 
performed T1 mapping pre-contrast and during a 
constant infusion of gadolinium to determine 
ECV. They demonstrated that the mean histologi-
cal fibrosis was 20.5% in AS and 17% in hypertro-
phic cardiomyopathy and demonstrated a strong 
correlation (R2 = 0.80) between ECV and histo-
logical fibrosis [31]. Aortic stenosis is known to 
lead to diffuse myocardial fibrosis and prior studies 
have demonstrated that the presence of diffuse 
myocardial fibrosis is associated with adverse car-
diovascular outcomes. Bull et al. measured native 
T1 in 109 subjects with moderate to severe AS and 
33 age matched controls on a 1.5T scanner using 
the ShMOLLI technique and obtained biopsy sam-
ples to measure collagen volume fraction in 19 sub-
jects undergoing AVR. The authors demonstrated a 
significant correlation between native T1 and col-
lagen volume fraction (r = 0.65, p = 0.002). Mean 
T1 values were significantly longer in all groups 
with severe AS (972 ± 33 ms in severe asymptom-
atic, 1014 ± 38 ms in severe symptomatic) than in 
normal controls (944 ± 16 ms) (p < 0.05). Subjects 
with severe symptomatic AS had significantly 
higher T1 then those with moderate AS; however, 
there was no statistical difference in native T1 
between normal subjects and those with moderate 
AS (955 ± 30) [1].

Whether fibrosis regresses following aortic 
valve replacement in aortic stenosis remains an 
open question. Flett et  al. studied patients with 
severe AS both before (N  =  63) and 6  months 
after aortic valve replacement to measure 
ECV. ECV was also measured in 30 normal con-
trols. The authors demonstrated more diffuse 
fibrosis in patients with AS as compared to nor-
mal controls. At 6  months, a reduction in LV 

mass but no significant change in diffuse myocar-
dial fibrosis suggests that the regression in LV 
hypertrophy following AVR may be related to 
reduction in cellular hypertrophy rather than 
regression of diffuse fibrosis [12].

 Using T1 Mapping to Differentiate 
between Causes of Hypertrophy

There are multiple clinical scenarios where dif-
ferentiating the causes of hypertrophy, using mor-
phological features alone to differentiate between 
different causes of pathology. In these scenarios, 
T1 mapping could provide incremental informa-
tion to make the correct diagnosis (Fig. 2.1).

 Differentiating Hypertensive Heart 
Disease from HCM

While in the presence of typical asymmetric sep-
tal hypertrophy, it may not be difficult to diagnose 
HCM. However, it is often difficult to differenti-
ate between hypertensive LVH and HCM with 
symmetric hypertrophy. Hinojar et al. performed 
pre-contrast and 20 min post-contrast T1 mapping 
in 95 patients with HCM, 69 patients with hyper-
tension, and 23 subjects with positive gene muta-
tions for HCM without overt disease. Native T1 
and ECV were elevated in patients with HCM as 
compared to the gene positive subjects and hyper-
tensive patients. Native T1 was also higher in the 
gene positive subjects with 65% of subjects hav-
ing native T1 greater than 2SD above the normal 
range [13]. Thus, markedly elevated native T1 or 
ECV may be helpful to differentiate between 
HCM and hypertensive heart disease.

 Differentiating Athletic Hypertrophy 
from HCM

It is often difficult to differentiate athletic hyper-
trophy from HCM.  Detraining is frequently rec-
ommended for differentiation, which can have a 
significant negative impact on athletes. Swoboda 
et  al. sought to determine if native T1 or ECV 
could help differentiate athletic hypertrophy from 
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HCM [32]. They studied 50 HCM patients, 40 ath-
letes and 35 sedentary controls, using T1 mapping 
on a 3T scanner before and 15 min following gad-
olinium contrast (Fig. 2.4). Both ECV and native 
T1 in the thickest myocardial segments were lower 
in the athletes as compared to the patients with 
HCM (1182  ±  42  ms vs. 1261  ±  66  ms and 
0.22 ± 0.03 vs. 0.32 ± 0.08 respectively). ECV was 
significantly lower in athletes as compared to con-
trols (0.22 ± 0.03 vs. 0.024 ± 0.03) but there were 
no significant differences in native T1 between 
these groups. As ECV is a relative metric, it is 
likely that cellular hypertrophy in athletes repre-
sents a larger component of their myocardium 
rather than the interstitial space. Among athletes, 
ECV was negatively correlated with wall thick-
ness. In HCM, there is an increase in both cellular 
hypertrophy and ECM deposition with a positive 
correlation between wall thickness and ECV. For 
the detection of HCM among the athletes and 
HCM subjects, the AUC for maximal segment 
thickness, native T1 and ECV were 0.986 (95% 

confidence interval [CI]: 0.935–0.999), 0.847 
(95% CI: 0.756–0.914), and 0.936 (95% CI: 
0.864–0.977), respectively (p  <  0.001 for all). 
There were no differences between the AUC of 
these techniques; however, the AUC of ECV was 
superior to that of LGE. This study suggests that 
the T1 mapping parameters could be used with 
maximal wall thickness to differentiate the athletic 
hypertrophy from HCM [32].

 Differentiation of Hypertensive LVH 
from Infiltrative Cardiomyopathy

A consideration in the differential diagnosis of a 
thickened heart wall is the possibility of an infiltra-
tive cardiomyopathy such as amyloidosis. Patients 
with amyloid have marked elevations in both native 
T1 and ECV as compared to normal controls as 
shown in a preliminary study by Brooks et al. in 
five patients with amyloid and seven controls [10]. 
In a larger study, Karamitsos et al. demonstrated a 
stepwise increase in native T1 in patients with amy-
loid without known cardiac involvement, amyloid 
with possible cardiac involvement, and amyloid 
with definite cardiac amyloid as compared to both 
normal controls and patients with amyloidosis 
[33]. Thus, the marked increases in T1 and ECV 
could help differentiate amyloid from other causes 
of cardiac hypertrophy.

Another group of patients, which may be dif-
ficulty to differentiate from hypertrophic cardio-
myopathy or hypertensive LVH, are patients with 
Anderson Fabry disease. Anderson Fabry disease 
is an X-linked glycolipid storage disease, result-
ing from a deficiency of the α-galactosidase A 
enzyme. Patients with this disease accumulate 
glycosphingolipids in multiple organs, including 
the heart [34]. In contrast to patients with HCM 
or amyloid, who have markedly increased native 
T1, patients with Anderson Fabry disease have a 
marked decrease in their native T1. Thompson 
et  al. studied 31 patients with Anderson Fabry 
disease, 23 controls and 21 subjects with hyper-
tensive disease with concentric remodeling or 
LVH and demonstrated that patients with 
Anderson Fabry disease had a significantly lower 
native T1 [34]. Sado demonstrated that among 
patients with evidence of LVH, all subjects with 
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Fig. 2.4 ECV versus Maximal segmental thickness for 
athletes (light blue) versus patients with HCM (red). All 
of the athletes had a maximal segment thickness less than 
1.5 mm. Within the region of 1.2–1.5 ECV and Native T1 
were able to discriminate between these pathologies. In 
patients with HCM, as LV mass goes up ECV goes up due 
to expansion of the extracellular space greater than intra-
cellular space. In athletes, ECV decreases with increasing 
septal thickness as the hypertrophy is due to cellular rather 
than extracellular expansion. Adapted from Swoboda 
et al. JACC 2016, 67 (18) [32]
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Anderson Fabry disease had a native T1, which 
was less than 940 ms and differentiated this dis-
ease from patients with LVH due to hypertension, 
hypertrophic cardiomyopathy or amyloid cardio-
myopathy [35]. Notably, measurement in the sep-
tum may be most useful as some patients with 
Anderson Fabry disease may have characteristic 
scar in the inferolateral wall, which results in an 
increase in native T1. As the changes in Anderson 
Fabry are intracellular, there is no significant 
change in ECV; however, this has not been exclu-
sively studied.

 T1 Mapping in Right Ventricular 
Hypertrophy

T1 mapping in the right ventricle is challenging 
using current single breath-held T1 mapping 
techniques due to the relatively thin wall of the 
RV as compared to the left ventricle. Mehta et al. 
developed a pulse sequence, ANGIE which uses 
navigator gating and advanced reconstruction 
techniques to obtain high resolution myocardial 
T1 maps (Fig.  2.5) [36]. This technique has 
been  applied to assess patients with pulmonary 
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Fig. 2.5 High 
resolution (a) Pre- 
contrast (b) and post 
contrast T1 maps of a 
patient with HFrEF with 
secondary pulmonary 
hypertension and (c) pre 
and (d) post-contrast T1 
maps from a patient with 
primary pulmonary 
hypertension (PPH) 
using the ANGIE pulse 
sequence. RV ECV and 
native T1 were increased 
in patient with PPH, and 
in patients with HFrEF 
with secondary 
pulmonary hypertension 
as compared to normal 
controls. Adapted from 
Mehta et al. JCMR 
2015, 17 (110) [36]
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 hypertension. The authors demonstrated that 
native T1 and ECV are increased in the right ven-
tricle in both patients with Type I PHTN and in 
patients with pulmonary hypertension secondary 
to heart failure with reduced ejection fraction. 
This could potentially serve as a prognostic 
marker as right heart disease is associated with 
adverse cardiovascular outcomes. T1 mapping 
could also have potential for evaluation of the 
right ventricle in patients with congenital heart 
disease.

 Conclusions
Native T1 and ECV measurements can detect 
changes in myocardial microstructure result-
ing from a number of causes. Notably, native 
T1 and ECV do not appear to be significantly 
increased in hypertensive heart disease without 
LVH. Both native T1 and ECV are increased in 
hypertensive LVH; however, the increase may 
be difficult to detect in most patients. Patients 
with HCM have more significantly elevated 
ECV and native T1. Patients with amyloid tend 
to have the highest increase in native T1 and in 
some patients the diagnosis of amyloid may be 
suggested from the native T1 measurements. 
In amyloid, ECV is also markedly elevated; 
however, the presence of amyloid is typically 
also suggested by LGE. Measurement of ECV 
may not be essential to make the diagnosis of 
amyloid in patients receiving gadolinium-
based contrast agents. T1 mapping and ECV 
provide unique and potentially diagnostic 
information in patients with athletic hypertro-
phy with an intermediate LV thickness of 1.2–
1.5 cm. Their native T1 and ECV are decreased 
whereas in HCM they are increased. In patients 
with evidence of hypertrophy with a markedly 
low T1, genetic testing for Anderson Fabry 
disease would be indicated. Finally ECV and 
T1 are elevated in right ventricular hypertro-
phy, however, given the thinner RV wall, high 
resolution techniques may be required to avoid 
partial volume effects. Thus, T1 mapping tech-
niques may provide innovative and valuable 
assessment of patients with evidence of car-
diac hypertrophy to delineate the etiology and 
severity of the underlying disease.
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T1 Mapping in Cardiomyopathy 
from Cancer Treatment

Jennifer H. Jordan and W. Gregory Hundley

 Cancer and Cardio-oncology

Cancer is a global health care issue increasingly 
requiring a multidisciplinary approach to treat 
the underlying malignancy and manage cancer 
treatment associated comorbidities. In 2016, 
there will be an estimated 1.69 million incident 
cases of cancer and more than 15.5 million can-
cer survivors in the United States [1, 2]. Globally, 
in 2012, there were approximately 14.1 million 
incident cases of cancer [3]. While more than a 
half-million deaths from cancer are reported in 
the United States annually, the 5-year survival 
rate of cancer has increased significantly over the 
last 30 years to an all-time high of 65.4% [4–6]. 
These statistics underscore the interest in address-
ing the comorbidities present among cancer sur-
vivors to maximize post cancer treatment quality 
of life and survival.

Cardio-oncology is an emerging clinical disci-
pline that explores the relationship between car-
diovascular disease and cancer treatment [7]. 
Mounting evidence acquired over the past 
20  years highlight an increasing occurrence of 
cardiovascular events among cancer survivors 
that threatens to offset the gains achieved in 

 cancer treatment such that overall cancer survi-
vorship is threatened. To understand the mecha-
nisms by which cancer and its treatment promote 
cardiovascular events, recent research has 
focused on the use of CMR tissue characteriza-
tion using T1 mapping. This technique can pro-
vide assessments of the LV myocardium before, 
during, and after cancer treatment. This chapter 
reviews the results published to date using CMR 
T1 mapping in patients treated for cancer with 
the goal of gaining understanding of the subclini-
cal cardiovascular disease that impacts cancer 
survivors’ quality of life and survival.

 Pathophysiology 
of Cardiomyopathy from Cancer 
Treatment

Anthracycline-based chemotherapy is one of the 
most broadly used antitumor agents and forms an 
essential component of curative multidrug thera-
pies for many childhood and advanced stage adult 
cancers [8, 9, 11–13]. Despite its clinical efficacy, 
anthracyclines (including doxorubicin, daunoru-
bicin, and epirubicin) are associated with cardio-
vascular side effects. When compared to the 
age-matched controls, long-term survivors of 
childhood cancers have a 15-fold increased rate of 
congestive heart failure, tenfold higher rate of CV 
death, and a ninefold higher rate of stroke that 
persists throughout adulthood (Fig. 3.1) [14, 15]. 
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Survivors of childhood cancer have an 8.2 fold 
greater risk for cardiovascular death than nor-
mal matched controls [16]. Furthermore, the 
5-year survival rate for childhood cancers has 
increased from 30 to 80% over the last four 
decades and the 5-year survival rate for breast 
cancer is now near 90% and steadily increasing 
each year [17, 18]. The prevalence of these 
 cardiovascular events is increasing as patients 
sustain improved cancer cure rates. In fact, car-
diovascular events are now the leading cause of 
death among early stage breast cancer survi-
vors today [19]. For these reasons, the investiga-
tion of the etiology of subclinical and clinical 
myocardial and vascular abnormalities associ-
ated with the acute and chronic effects of anthra-
cycline chemotherapy is a clinical mandate to 
prevent unnecessary cardiovascular events in 
cancer survivors.

Myocardial toxicity from anthracycline-based 
chemotherapy relates to the generation of reactive 
oxygen and nitrogen species that disrupt the cell 
membrane, intracellular proteins and nucleic 
acids that in turn modulate a multitude of regula-

tory pathways important in cell growth, apoptosis, 
and energy production (Fig. 3.2) [20]. Specifically, 
anthracyclines have the capability to induce myo-
cellular death via oxidative stress or apoptosis 
[21]. Pathways and mechanisms for anthracy-
cline-induced myocyte apoptosis include damage 
via a mitochondrial pathway from reactive oxy-
gen species production [22, 23], DNA oxidant 
damage [24], and down regulation of myocellular 
GATA4 expression [25]. Additionally, exposure 
to anthracyclines can lead to the senescence and 
destruction of cardiac progenitor cell populations, 
which interferes with myocyte turnover and 
regeneration in the presence of diffuse cellular 
death [26] and may be a key contributor for the 
proliferation of myocardial fibrosis. Furthermore, 
a reduction in cardiomyocyte size from cardiac 
sarcomere degradation or reactive oxygen species 
derived from Nox2 NADPH oxidase contribute to 
myocardial atrophy in the setting of both cancer 
and anthracycline- based chemotherapy [27, 28].

Histopathologic evidence of anthracycline 
cardiotoxicity includes myocellular vacuolar 
degeneration of the sarcoplasmic reticulum, 
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Fig. 3.1 Cardiotoxicity risk from pediatric cancer treat-
ment continues into adulthood. The cumulative incidence 
of congestive heart failure (and 95% confidence intervals) 
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into adulthood. Reprinted with permission from [14]
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a b

Fig. 3.3 Case example of restrictive cardiomyopathy 
from cancer treatment. Restrictive Cardiomyopathy pat-
tern in a 14 year-old child affected by leukemia treated 
with anthracycline and mitoxantrone chemotherapy. The 
four chamber view of the explanted heart at time of trans-
plantation (a) shows bi-atrial dilatation and small ventri-
cles LA left atrium, LV left ventricle, RA right atrium, RV 
right ventricle. Histologic staining with Azan Mallory 

Trichrome (b) demonstrates cardiomyocyte anisotropy 
with diffuse interstitial reactive (black arrow) and focal 
reparative fibrosis (white arrow). Original magnification 
×25. Images courtesy Annalisa Angelini, MD (Associate 
Professor of Pathological Anatomy, Department of 
Cardiac, Thoracic and Vascular Sciences; University of 
Padua Medical School)

mitochondrial disruption and swelling, and 
myofilament degeneration. Each of these abnor-
malities precedes cardiomyocyte loss, which is 
then followed by replacement fibrosis [29]. 
Replacement fibrosis (or scar) is composed pri-
marily of type I collagen and is the end result of 
myocellular apoptosis or the continued degrada-
tion of the extracellular substrate from diffuse 
interstitial fibrosis (from myocellular injury) 
that is not intervened upon [30]. Figure  3.3 
demonstrates a restrictive cardiomyopathy pat-
tern in the explanted heart of a pediatric leuke-
mia patient treated with anthracyclines and 
mitoxantrone with significant diffuse interstitial 
reactive and focal reparative fibrosis.

The current clinical surveillance marker of 
cardiotoxicity is a reduced left ventricular ejec-
tion fraction (LVEF), which is a marker of global 
left ventricular function [31, 32]. In the setting 
of cardiotoxicity, a reduced LVEF occurs late in 
the pathophysiology and clinical presentation 
and is often not reversible. Therefore, it is of 

high clinical interest to develop early noninva-
sive imaging biomarkers of diffuse fibrosis and 
myocardial injury that occur earlier in the patho-
physiologic cascade of anthracycline cardiotox-
icity. Importantly, cardiotoxicity in the treatment 
of cancer is not limited to anthracyclines 
(Table 3.1). Mediastinal and whole body radia-
tion have been associated with coronary artery 
disease, constrictive pericarditis, restrictive car-
diomyopathy, and fibrosis [33]. Tyrosine kinase 
inhibitors, such as trastuzumab for the treatment 
of breast cancer, have been associated with focal 
lesions with late gadolinium enhancement 
(Fig. 3.4) [34]. Furthermore, fatalities on those 
treated with newer immune checkpoint blockade 
therapies (nivolumab and ipilimumab) have been 
associated with fulminant myocarditis [35]. The 
ability to noninvasively measure early and late 
manifestations of cancer therapies is critical to 
surveillance of cardiotoxicity and evaluation of 
cardiovascular side effects in emerging cancer 
therapies.

J. H. Jordan and W. G. Hundley
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Table 3.1 Cardiovascular toxicity of cancer therapeutic agents and potential utility of T1 mapping to identify cardio-
toxic manifestations

Therapeutic class Agents in class Mechanisms Reported cardiotoxic manifestations
Anthracyclines Doxorubicin

Daunorubicin
Epirubicin
Idarubicin

  •  Myocellular apoptosis 
induction

  •  ETC uncoupling
  •  Iron complexation
  •  Lipid peroxidation of 

myocyte membranes
  •  Nuclear DNA damage
  •  ROS formation
  •  Fibrosis caused by 

inflammatory changes

  •  CHF/LV dysfunction (E)
  •  Myocardial ischemia/

infarction (E)
  •  Pericarditis/myocarditis (E)
  •  QT prolongation (E)
  •  ST-T wave abnormalities (E)
  •  Cardiomyopathy (L)
  •  CHF/LV dysfunction (L)

Anthraquinolones Mitoxantrone   •  ROS formation   •  Arrhythmias
  •  CHF
  •  Myocardial ischemia/

infarction
Antimetabolites 5-Fluorouracil   •  Endothelial cell damage

  •  Vasospasm
  •  Arrhythmias
  •  CHF
  •  Myocardial ischemia/

infarction
Antimicrotubules Paclitaxel

Vinca alkaloids
Vinblastine
Vincristine

  •  Hypersensitivity reaction
  •  Possible vasospasm

  •  Bradyarrhythmias
  •  CHF
  •  Hypotension
  •  Myocardial ischemia/

infarction
  •  Autonomic neuropathy
  •  Hypotension
  •  Raynaud’s phenomenon

Alkylating agents Busulfan
Cisplatin
Cyclophosphamide
Ifosfamide

  •  Coronary artery fibrosis
  •  Hypokalemia
  •  Hypomagnesaemia
  •  Endothelial capillary 

damage
  •  Myocardial fiber 

fragmentation

  •  Arrhythmias
  •  Pericardial effusion
  •  Hypertension
  •  Pulmonary fibrosis
  •  CHF/LV dysfunction
  •  Myocardial ischemia/

infarction (E)
  •  LV hypertrophy
  •  Hemorrhagic myocardial 

necrosis
  •  Hemorrhagic pericarditis

Biological agents Interferon-α
Interleukin-2

Unknown   •  Arrhythmias (E)
  •  Hypertension (E)
  •  Hypotension (capillary leak 

syndrome) (E)
  •  Myocarditis (E)
  •  Thrombotic events (E)
  •  Ventricular arrhythmias (E)
  •  Cardiomyopathy (L)

Hormone- 
modifying therapy

Androgen-
deprivation therapy
Aromatase 
inhibitors

  •  Metabolic syndrome
  •  Dyslipidemia
  •  Insulin resistance
  •  Obesity

  •  Coronary artery disease
  •  CHF/LV dysfunction
  •  Myocardial ischemia/

infarction
  •  QT prolongation
  •  Sudden cardiac death

(continued)
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 Current Imaging Surveillance of LV 
Function in Cardio-oncology

 Left Ventricular Ejection Fraction

To date, left ventricular ejection fraction (LVEF) 
is the primary measure to identify myocellular 
injury, resulting from cardiotoxicity due to the 
administration of cancer therapeutics [36, 37]. 
The use of LVEF is particularly advantageous 
because it is a noninvasive imaging marker that 
may be measured using a variety of imaging 
modalities including radionuclide ventriculogra-
phy (MUGA), 2D and 3D echocardiography, 
 cardiac computed tomography (CT), and cardio-
vascular magnetic resonance (CMR) [38–43]. 
Reductions in LVEF after anthracyclines were 
first observed in the 1970s [44, 45], however, 

Fig. 3.4 Case example of late gadolinium enhancement 
in cancer patient. Mid-wall late gadolinium enhancement 
in lateral wall of patient with trastuzumab-mediated car-
diotoxicity (arrows). Reprinted with permission from [34]

Table 3.1 (continued)

Therapeutic class Agents in class Mechanisms Reported cardiotoxic manifestations
Miscellaneous All-trans retinoic 

acid (Tretinoin)
Arsenic trioxide
Pentostatin

  •  Hypomagnesaemia
  •  Unknown for many agents

  •  Arrhythmias
  •  CHF
  •  Hypotension
  •  Myocardial ischemia/

infarction
  •  Pericardial effusions

Radiation therapy   •  Fibrosis caused by 
inflammatory changes

  •  ROS formation

  •  Pericarditis (E)
  •  Pericardial effusion (E)
  •  Coronary artery disease (L)
  •  CHF (L)
  •  Conduction abnormalities (L)
  •  Constrictive pericarditis (L)
  •  Restrictive cardiomyopathy (L)
  •  Valvular defects (L)

Tyrosine-kinase 
inhibitors

Bevacizumab
Imatinib
Lapatinib
Sorafenib
Sunitinib
Trastuzumab

  •  Possible decrease in nitric 
oxide and prostaglandin 
production

  •  Cardiomyocyte apoptosis
  •  May Inhibit HER-2, EGFR, 

VEGF, or RAF-1
  •  Immune-mediated 

destruction of 
cardiomyocytes

  •  Arterial and venous 
thromboembolism

  •  CHF/LV dysfunction
  •  Hypertension
  •  Pericardial effusion
  •  QT prolongation
  •  Myocardial ischemia/

infarction
  •  Cardiomyopathy

This table describes the mechanisms and reported cardiotoxic effects of several therapeutic classes and agents for cancer 
treatment. Those that may be identified with T1 mapping methods are highlighted in bold italics. Modified and reprinted 
with permission from [32]
Table modified from Vasu and Hundley Journal of Cardiovascular Magnetic Resonance 2013, 15:66 (88) under Open 
Access and Creative Commons Attribution License 2.0
(E) early, (L) late, EGFR epidermal growth factor receptor, ETC electron transport chain, HER human epidermal growth 
factor receptor 2, LV left ventricle, ROS reactive oxygen species, VEGF vascular endothelial growth factor
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both MUGA and cardiac CT incorporate ionizing 
radiation—a limitation in those who may have 
additional ionizing radiation exposure for cancer 
treatment with external beam radiation therapy 
[46]. Thus, imaging modalities such as echocar-
diography or CMR are preferred to reduce expo-
sure to ionizing radiation.

The diagnostic utility of LVEF in monitoring 
cardio-oncology patients has limitations, however, 
as many key therapies induce cardiotoxicity, which 
may manifest in other adverse injuries and events 
prior to a change in LVEF. These co- morbidities 
include valvular and pericardial disease, myocel-
lular injury, diastolic dysfunction, and vascular 
injury. Patients with high grades of cardiotoxicity 
on biopsy can have normal LVEF measures [47] 
and a growing body of work demonstrates that dia-
stolic dysfunction and heart failure may precede 
asymptomatic LVEF depression [39]. While cur-
rent noninvasive surveillance techniques are accu-
rate at detecting changes in LVEF they miss the 
opportunity to detect the early, reversible manifes-
tations of myocardial injury after receipt of ther-
apy for cancer [48]. Comprehensive examinations 
with imaging modalities should include not only 
LVEF evaluations but also other markers of sys-
tolic and diastolic function.

 Left Ventricular Strain

A hallmark of left ventricular dysfunction in 
echocardiography, myocardial strain, may be 
measured with either 2D or 3D speckle tracking 
echocardiography or tissue Doppler imaging [37, 
49]. Global longitudinal strain increases acutely 
just 1  week after anthracycline treatment from 
−17.8  ±  2.1 to −16.3  ±  2.0 (p  <  0.01) before 
detectable changes in LVEF [50]. Diminished 
global longitudinal and radial strain measures 
have also been observed 3 months after anthracy-
cline and trastuzumab treatment for breast cancer, 
which forecasted reductions in LVEF at 6 months 
[34, 51]. An early reduction of 10–15% in global 
longitudinal strain is predictive of LVEF decline 
or heart failure [52]. Changes in echocardio-
graphic measures of diastolic function including, 

decreased E/A ratio, prolonged isovolumic relax-
ation time, and prolonged deceleration time for 
early diastolic filling have been reported [53–56]; 
these changes, however, appear transient and 
their association with long term LVEF reduction 
remains unclear.

Serial measures of myocardial strain may also 
be accomplished with CMR imaging by either 
spatial modulation of magnetization or displace-
ment encoding with stimulated echo CMR to 
measure the Eulerian circumferential strain [57, 
58], however, limited data exist for serial CMR 
strain measures in cardio-oncology patients. 
Notably, however, in a prospective study of 53 
individuals treated for breast cancer or hemato-
logic malignancies with low to moderate doses of 
anthracyclines, circumferential strain (loss of 
contractility) significantly increased during a 
period of subclinical decline in LVEF within 
1–6 months following initiation of treatment [59]. 
Future studies are needed to determine prognostic 
value of abnormal myocardial strain by CMR in 
cardio-oncology patients. It is important to note 
that myocardial strain measures (longitudinal, 
radial, or circumferential) can be affected by both 
time dependent increases in LV end-systolic vol-
ume or decreases in LV end- diastolic volume. 
Cancer patients undergoing therapy can experi-
ence a decrease in appetite, nausea, vomiting, or 
diarrhea that reduce left ventricular preload and 
promote decrements in LVEF and myocardial 
strain [60]. Therefore, when assessing myocardial 
strain, simultaneous assessments of LV volumes 
should also be performed so that strain changes 
may be interpreted while simultaneously consid-
ering LV volumes [61, 62].

Evaluation of cardiovascular dysfunction by 
markers of LV volumes, LVEF, and strain may be 
performed with a variety of imaging modalities 
with increasingly high reproducibility and accu-
racy, however, these imaging parameters are 
unable to distinguish the underlying cause of 
dysfunction. Cardiovascular magnetic resonance 
with tissue characterization techniques such as 
T1 mapping may be able to define the etiology of 
cardiovascular dysfunction in cardio-oncology 
patients at risk for cardiovascular events.

3 T1 Mapping in Cardiomyopathy from Cancer Treatment
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 T1 Mapping in Cardio-oncology

T1 mapping reflects intra- and extra-cellular 
myopathy including inflammation, edema, and 
fibrosis (see Chap. 1) that are included in the 
spectrum of cardiotoxicity from cancer treat-
ments. This section reviews the historical evi-
dence of T1 changes in cardiomyopathy from 
cancer treatment through evolving imaging meth-
odologies and application to the field to identify 
myocardial injury and fibrosis through semi- 
quantitative and quantitative methods.

 Myocardial Injury

While current noninvasive surveillance tech-
niques are accurate at detecting changes in LVEF, 
they miss the opportunity to detect the early, 
reversible manifestations of myocardial injury 
after receipt of doxorubicin [48, 63]. Studies 
from the 1970s demonstrated that intracellular 
and extracellular myocardial edema are early 
manifestations of cardiac injury that occur before 
myocellular death, increased collagen deposi-
tion, reduced contractile performance, and left 
ventricular remodeling [64, 65]. Spectroscopy 
and nuclear magnetic resonance used in rodent 
studies of cardiotoxicity demonstrated an 
increase in myocardial T1 of rodents with histo-
logical evidence of myocardial injury and cardio-
toxicity [66, 67].

Following these spectroscopic observations 
of  T1 changes, several semi-quantitative 
T1-weighted CMR studies using early and late 
gadolinium enhancement were performed. In 
clinically stable patients treated with anthracy-
clines and imaged serially with early enhance-
ment T1-weighted CMR, a relative enhancement 
>5 on day 3 predicted a significant decline in 
LVEF at day 28 [68]. Similarly, mean signal 
intensity of the myocardium on late gadolinium 
enhancement images predicted declines in LVEF 
in a rodent model of doxorubicin cardiotoxicity 
[69]. As demonstrated in the histopathology in 
Fig.  3.5, the increase in mean late gadolinium 
enhancement T1-weighted signal intensity of 

doxorubicin-treated animals with LVEF drops 
was associated with vacuolization. These early 
serial changes in late gadolinium enhancement 
T1-weighted signal intensity were then replicated 
in a clinical population as early as 3 months after 
initiation of chemotherapy [70]. Following these 
and other studies, newer quantitative mapping 
techniques became available to resolve limita-
tions of T1-weighted imaging that identified 
myocardial changes but could not discriminate 
well between acute injury and myocardial fibro-
sis and were difficult to perform in multi-center 
clinical designs due to scanner variability.

 Myocardial Fibrosis

Though published quantitative T1 mapping data 
in the field of cardio-oncology is limited, the util-
ity of noninvasive tissue characterization in this 
population with complex, heterogeneous under-
lying risk factors for extracellular and intracellu-
lar pathologies is promising particularly given 
the myriad of cardiovascular consequences of 
therapies (Table 3.2). Studies have identified the 
correlation of collagen volume fraction with 
CMR measures of extracellular volume (see 
Chap. 1) and the ability to perform T1 mapping 
with and without contrast discriminates between 
intra- and extra-cellular processes. Cancer treat-
ments may involve complex treatments such as 
radiation therapy followed by anthracycline che-
motherapy, each with independent risk of devel-
oping myocardial fibrosis (Fig.  3.6). Thus, T1 
and ECV mapping with CMR offers the ability to 
noninvasively perform serial assessments of the 
myocardial substrate, particularly in those at high 
risk or with underlying cardiovascular comor-
bidities that may contribute to baseline increases 
in extracellular volume. Myocardial fibrosis may 
be the new frontier in cardiotoxicity and thus, 
CMR with T1 and ECV is well poised for appli-
cation in this population [10].

In a cross-sectional study of symptomatic 
adult survivors treated with anthracycline chemo-
therapy who later underwent clinically indicated 
3T CMR examinations (89 ± 40 months), ECV 

J. H. Jordan and W. G. Hundley



35

was elevated compared to healthy controls 
(36  ±  3%, p  <  0.0001) [71]. Furthermore, the 
ECV was highest among survivors with reduced 
LVEF compared to survivors with preserved 
LVEF (38 ± 3% vs. 36 ± 2%, p = 0.03), suggest-
ing that there may be a stepwise progression of 
ECV with respect to LVEF reduction and 
increased ECV and myocardial fibrosis may pre-
cede LVEF reductions (Fig. 3.7). In pediatric sur-
vivor populations 7–10 years after treatment with 
anthracyclines, T1 and ECV have measured in 
the normal range in aggregate, however, a small 
proportion of asymptomatic subjects exhibited 
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Fig. 3.5 Serial histograms and histopathology of changes 
in myocardial tissue following administration of chemo-
therapy with qualitative CMR imaging. Four week histo-
grams of the number of pixels (y axes) and intensities (x 
axes) in individual animals after receipt of normal saline 
(top left), doxorubicin (DOX) without an EF drop (top 
middle), and DOX with an EF drop (top right). Increases 
in signal intensity represent contrast enhancement in areas 

of myopathy. The bottom row displays 40× hematoxylin 
and eosin histopathologic images from the same animals. 
The increased mean intensity in the animals with an LVEF 
drop corresponds with vacuolization (arrows, bottom 
right) and increased extracellular volume (dashed arrows, 
bottom right) on histologic images. Reprinted with per-
mission from [69]

Table 3.2 Cardiac lesions associated with cancer 
therapies

Interstitial Myocellular
Intramyocardial 
vascular

Diffuse 
interstitial 
fibrosis
Reparative 
fibrosis
Perivascular 
fibrosis

Myofibrillar loss
Vacuolizations
Necrosis
Apoptosis
Chromatin 
condensation
Picknotic nuceli

Vessel 
thickening
Endothelial 
injury
Perivascular 
fibrosis

This table lists cardiac lesions that may occur after cancer 
therapy administration categorized by location, many of 
which may contribute to changes in T1 values in cancer 
patients
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elevated ECV similar to adult survivors (38 ± 7%) 
[72, 73]. Interestingly, increased ECV correlated 
with increased cumulative dose of anthracy-
clines, reduced exercise capacity (peak VO2), 
and LV remodeling measures (Fig. 3.8).

More recent findings using T1 mapping in 
the cardio-oncology setting have shown that 

T1 and ECV are elevated in anthracycline-
treated cancer survivors earlier (2  years after 
treatment) and elevations in T1 and ECV are 
independent of other factors that may contrib-
ute to myocardial fibrosis including age, gen-
der, cardiovascular risk factors, and LV 
remodeling parameters (Fig.  3.9) [74]. These 
study results demonstrate the incremental 
effect of anthracyclines on development of 
myocardial fibrosis that can be identified non-
invasively with T1 mapping (Fig.  3.10). 
Moreover, anthracycline-induced myocardial 
fibrosis has been observed in serial imaging as 
early as 3 months after initiation of chemother-
apy (Fig.  3.11) [75], suggesting the need for 
potential early surveillance using T1 mapping 
within CMR protocols as shown in Table  3.3 
for assessment of left ventricular function and 
tissue characterization in cardio-oncology 
patients. In a recent animal model, early edema 
and fibrosis were strongly associated with and 
was predictive of late mortality [76]; these 
findings, however, have not been replicated yet 
in a longitudinal clinical study. Several studies 
addressing the NIH cardiotoxicity workshop 
recommendations are actively investigating the 
development of myocardial fibrosis and its 
relationship with late outcomes including, LV 
dysfunction, fatigue, and reduced exercise 
capacity previously observed in cardio-oncol-
ogy populations [77].

0.50
# ¶

0.45

0.40

0.35

0.30

0.25

0.20
CTRL

E
xt

ra
ce

llu
la

r 
V

ol
um

e 
F

ra
ct

io
n

AC-ALL AC-PEF AC-REF

Fig. 3.7 Extracellular volume fraction is elevated in 
anthracycline-treated cancer survivors. Aggregate mean 
and ranges of myocardial ECV in healthy controls (CTRL) 
and patients with previous anthracycline treatment 
(AC-ALL). Survivors (AC-ALL) were then divided into 
with preserved LVEF (AC-PEF) and those with reduced 
LVEF (AC-REF). ECV was elevated in AC-ALL com-
pared to healthy CTRL participants (#p  <  0.001). 
Furthermore, ECV was higher in those with reduced LVEF 
(AC-REF) than those with preserved LVEF (AC-PEF) 
(¶p = 0.03). Reprinted with permission from [71]

a b c

Fig. 3.6 Case example of diffuse myocardial fibrosis 
with T1 mapping and elevated ECV in cancer survivor. A 
40 year old female treated 14 years prior with whole body 
radiation and three courses of high dose anthracycline- 
based chemotherapy. The patient had LV systolic dysfunc-
tion (LVEF 39%) with no evidence of late gadolinium 
enhancement using CMR imaging. As shown in (a), the 
Native T1 was homogenously elevated (>1000  ms) and 

both septal and right ventricular extracellular volume 
were also elevated at 38% and 45%, respectively (b). 
Tissue histology after heart transplantation for intractable 
right heart failure revealed extensive fine interstitial fibro-
sis (black arrows) around myocytes (white arrows) by 
Masson’s trichome stain (c). Images courtesy Matthias 
Schmitt, MD, PhD (North West Heart Centre, University 
Hospital of South Manchester)
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Fig. 3.8 Elevations in ECV of pediatric survivors treated 
with anthracycline chemotherapy correlates with markers 
of cardiovascular dysfunction and heart failure. 
Correlation of extracellular volume fraction (ECV) with 
(a) anthracycline dose, (b) peak VO2, (c) left ventricular 

mass/LVEDV and (d) LV wall thickness/height in 30 
asymptomatic pediatric cancer survivors treated with 
anthracycline chemotherapy 7.6 ± 4.5 years prior to ECV 
imaging. Reprinted with permission under Open Access 
from [72]
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 New Challenges in T1 Mapping 
in Cardio-oncology

Challenges and limitations still remain in the 
application of T1 mapping to assess cardiomy-
opathy from cancer therapy. There is a growing 
concern in the use of gadolinium-based contrast 
agents, particularly in those who receive serial 
contrast exams [78–80]. This may limit the utility 
of contrast T1 and ECV mapping in this 
 population for serial surveillance. Emerging 
 non- contrast techniques and variants of T1 map-
ping, such as T1-rho mapping [81–83] and mag-

netization transfer mapping, should be evaluated 
in this population and considered for use in those 
unable to receive gadolinium contrast for ECV 
and fibrosis quantification. Furthermore, there is 
now increasing evidence of both early myocar-
dial fibrosis and acute injury in cancer patients; 
 however, reliable discrimination of these disease 
entities continues to be difficult but presents 
opportunities for recovery as presented in 
Fig. 3.12 [10, 74, 84]. Delineation of the complex 
cardiovascular pathologies that occur after can-
cer treatment (Table  3.2) could be aided by T2 
mapping or the use of biomarkers.
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Fig. 3.10 Aggregate data of myocardial ECV demonstrat-
ing elevated ECV in cancer survivors. Myocardial extracel-
lular volume (ECV) assessments of 2-year post- anthracycline 
cancer patients (right, red triangle) are elevated compared to 
newly diagnosed cancer patients yet to begin treatment 
(middle, blue circle) and cancer-free comparators from the 
Multi-Ethnic Study of Atherosclerosis (left, green diamond). 
ECV incrementally increases across each group 
(p < 0.0001). Reprinted with permission from [74]
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Fig. 3.11 Increases in myocardial fibrosis measured with 
CMR ECV may occur as early as 3 months after receipt of 
chemotherapy. Extracellular volume (ECV) analysis dis-
playing the mean ± standard deviations before (blue) and 
3 months after (red) initiation of chemotherapy. ECV was 
evaluated in the entire LV short axis (average of all 
accepted segments, solid bars) and in the LV septum 
(striped bars). Image courtesy Giselle C. Meléndez, MD 
(Wake Forest School of Medicine, Winston-Salem, North 
Carolina)
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Fig. 3.9 Case examples of ECV maps demonstrating 
elevated ECV in a cancer survivor treated with anthracy-
cline. Representative ECV maps from three participants 
of similar age and comorbidity burden either without can-

cer (left), newly diagnosed cancer yet to receive treatment 
(middle), and 2 years after cancer treatment (right) exhib-
iting diffuse increases in elevated extracellular volume of 
the cancer survivor. Reprinted with permission from [74]
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Table 3.3 CMR Protocol for assessment of cardiomyopathy and cancer treatment effects in cancer patients

Scan Assessment
Localizers Extra-cardiac abnormalities including metastases and 

aortic stenosis/enlargement
Long axis (LAX) cines(2, 3, 4 Chamber) Myocardial contractility

Wall motion abnormalities
Global longitudinal strain

Short axis (SAX) cines LV volumes and mass
Wall motion abnormalities
Circumferential strain

Native T1 mapping(3 SAX + 3 LAX views) Inflammation
Edema
Fibrosis

T2 mapping(3 SAX + 3 LAX views) Inflammation
Edema

Tagging
(3 SAX + 3 LAX views)

Global longitudinal strain
Circumferential strain

If eligible, administer Gadolinium (Gd) contrast agent
Post-Gd T1 mapping(3 SAX + 3 LAX views) Fibrosis
TI scout Inversion time determination
Late gadolinium enhancement(SAX stack + 3 LAX 
views)

Fibrosis
Microvascular obstruction

This table demonstrates the scans in a suggested CMR protocol for the cardio-oncology patient. If possible, gadolinium 
contrasted scans provide additive value in describing the etiology of cardiovascular dysfunction

Normal cardiomyocytes

Normal cardiomyocytes

Cardiomyocyte death

Cardiomyocyte dysfunction

Cumulative doxorubicin

Dead cardiomyocytes

Cardiomyocytes with mitochondrial dysfunction

Atrophied cardiomyocytes with decreased myofibrils

Affected area

Compensation

Remodeling of
unaffected area

Remodeling of
unaffected area

Attenuation of functional
abnormalities

Fig. 3.12 Potential mechanisms for recovery from 
doxorubicin- induced cardiomyopathy. Cardiotoxicity is 
complex, multifactorial process that includes both irre-
versible cardiomyocyte death and potentially reversible 
dysfunction (e.g., mitochondrial defects, atrophy, and 

myofibrillar loss). Interventions aimed at attenuating dys-
function or compensating with the uninvolved myocar-
dium may present opportunities for mitigating cardiotoxic 
effects in the myocardium. Reprinted with permission 
from [84]
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 Summary

To date, the vast majority of cardio-oncology 
research has focused on myocellular injury and 
LV dysfunction. Current surveillance strategies 
focused only on LVEF after symptoms may miss 
the onset of subclinical fibrosis and other early 
pathophysiologic manifestations, which require 
different therapy to prevent myocellular injury. 
Early work, utilizing T1 and ECV mapping in 
cardio-oncologic clinical studies, serves as a 
foundation for additional research to investigate 
the onset of myocardial fibrosis and its relation to 
cardiovascular mortality and exercise intolerance 
observed in cancer survivors. New clinical path-
ways are necessary to detect this early disease 
process to improve the cardiovascular health of 
cancer survivors.
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 Introduction

Myocardial fibrosis is a pathological process 
involving extracellular matrix (ECM) 
remodeling.

In practical terms, the two basic types of fibro-
sis are focal and diffuse. Focal fibrosis is defined 
as scar (e.g., myocardial infarction) or focal 
patches of scar interspersed within the normal 
myocardium, as is the case in many cardiomy-
opathies. Conversely, the presence of diffuse, 
reactive fibrosis is increasingly recognized in a 
variety of conditions, even in the absence of myo-
cardial ischemia. The structure and composition 
of the myocardial extracellular matrix (ECM) 
ensure the harmonic structure and function of the 
heart and mediate cell to cell and cell to ECM 
molecular signaling and interactions [1]. In myo-
cardial disease, increased ECM deposition is a 
crucial compensatory and repair process. 
Replacement fibrosis, a process that typically 
occurs after the loss of cardiomyocytes post–

myocardial infarction (MI), contributes to main-
taining the macroanatomy of the heart. On the 
other hand, reactive fibrosis occurs in response to 
cardiac stress and is seen in most cardiac diseases 
with pressure [2] and volume overload [3], under-
lying cardiomyopathy such as HCM [4], ARVC 
[5] or DCM [6], and in areas of post-MI remodel-
ing in the noninfarcted area [7].

Regardless of the etiology, fibrosis causes 
increased myocardial stiffness thus promoting 
cardiac dysfunction. Clinically, these patients 
present with symptoms of cardiac failure although 
in many cases this is a subclinical disease and 
may present at a later stage. As discussed in this 
chapter, imaging techniques such as echocar-
diography, cardiac magnetic resonance (CMR), 
multidetector cardiac computed tomography 
(MDCT) and nuclear imaging have been proven 
to detect early features of systolic and diastolic 
left ventricular (LV) dysfunction and impaired 
contractile reserve. The evolving field of CMR 
and molecular techniques may shortly lead to the 
further identification of diffuse reactive fibrosis. 
The goal of such new modalities is to promote 
and enable targeted therapy to be instituted ear-
lier, thus, leading to prevention of disease pro-
gression and fibrosis accumulation long term.

Traditionally, endomyocardial biopsy has 
been the method utilized for quantification of 
myocardial interstitial collagen content. However, 
imaging techniques and serum collagen biomark-
ers may be used as surrogate markers of 
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 myocardial fibrosis [8]. These imaging methods 
may be divided into methods to visualize fibrosis 
(CMR, MDCT, and nuclear imaging) and tech-
niques to assess subtle subclinical LV systolic 
and diastolic dysfunction (predominantly echo-
cardiographic). These methods are discussed in 
detail below.

 Cardiac MRI (CMR)

In CMR imaging, the signal intensity of the pixel 
is based on the relaxation of hydrogen nuclei pro-
tons in the static magnetic field, the strength of 
which is measured in Tesla (T), and typically 1.5 
or 3.0T for cardiac imaging. The relaxation of the 
hydrogen nucleus proton is characterized by two 
very distinct MR relaxation parameters. First, the 
T1 or spin-lattice relaxation time corresponds to 
a specific time constant when the 1H nuclear 
magnetization has recovered to roughly 63% of 
its equilibrium value after magnetization inver-
sion. Secondly, the transverse relaxation time 
(T2) or spin-spin relaxation time corresponds to 
the specific time when the 1H transverse magne-
tization created by a radio-frequency (RF) pulse 
excitation drops to roughly 37% of its initial 
value right after the RF pulse [9]. Both of these 
time constants depend on the molecular environ-
ment of the water molecules in the tissue and thus 
they characterize each tissue specifically. Times 
vary significantly from one type of tissue to 
another, but also can vary within the same tissue 
depending on its pathophysiological status (e.g. 
inflammation, edema, fibrosis).

Late gadolinium enhancement cardiac MRI 
(LGE-CMR) has become the clinical reference 
standard for determining the presence and extent 
of myocardial infarction in ischemic heart dis-
ease. For nonischemic cardiomyopathy, it has 
become an effective tool providing an accurate, 
non-invasive detection of focal myocardial fibro-
sis with both diagnostic and prognosis values. It 
has been extensively validated against histopath-
ological examination in nonischemic conditions 
[10, 11] and ischemic heart disease [12]. After 
injection of intravenous gadolinium contrast 
(Gd), distinct enhancement patterns occur in 

 different myocardial disorders, all characterized 
by tissue disarray, fibrosis, and inflammation 
[13–17]. Regardless of the etiology, myocyte 
injury typically leads to increased myocardial 
collagen content and a marked reduction of car-
diomyocyte volume [18]. Gd-based contrast 
agents permeate the extra-cellular space, leading 
to enhancement in regions of focal myocardial 
necrosis. The physiological basis of the LGE of 
myocardial fibrosis is based on the combination 
of an increased volume of distribution for the 
contrast agent and a prolonged wash-out related 
to the decreased capillary density within the 
myocardial fibrotic tissue [12, 19]. In CMR, the 
discrimination between scarred/fibrotic myocar-
dium and normal myocardium relies on contrast 
concentration differences in addition to the cho-
sen setting of the inversion-recovery sequence 
parameters (TI-time). These parameters are set to 
“null” the normal myocardial signal that appears 
dark in the final image relative to the bright signal 
of the scarred/fibrotic myocardium as shown 
in Fig. 4.1 [9].

Although LGE-CMR allows a very sensitive 
and reproducible qualitative assessment of myo-
cardial replacement fibrosis, it is limited to cases 
where focal necrosis produces a localized loss of 
cardiomyocytes, that can be contrasted against 
other regions in the heart that remain viable. 
A diffuse loss of cardiomyocytes and concurrent 
expansion of the extra-cellular matrix can be dif-
ficult to visualize and quantify with LGE imag-
ing, as it resembles more of a binary diagnostic 
test, rather than a method that can detect the 
build-up of fibrosis as a continuum. As a result, in 
recent years T1 and T2 mapping techniques have 
been developed by the CMR community to quan-
tify myocardial fibrosis accurately. Recent tech-
nical improvements in acquisition sequences 
have enabled us to perform myocardial 
T1mapping with high spatial resolution by using 
both 1.5 and 3T magnetic resonance imaging 
scanners within a single breath hold [20, 21]. 
Compared with LGE imaging, T1 mapping by 
CMR before and after contrast administration 
provides a continuous measure of extra-cellular 
volume (ECV) expansion that correlates in my 
cardiac conditions closely with the build-up of 
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interstitial fibrosis. It thus allows quantification 
of ECV on a standardized scale of each myocar-
dial voxel to characterize myocardial tissue [9]. 
The myocardial native T1 (i.e. measured without 
giving any contrast agent) can by itself also pro-
vide an indication of tissue pathology, but in the 
case of diffuse fibrosis the origin of changes in 
native T1 can encompass a range of conditions 
such as edema, and also the build of connective 
tissue.

In practice, by reconstructing a sequence of 
images corresponding to various times after an 
magnetization inversion (TI), T1 maps can be 
generated in which each pixel intensity value rep-
resents the T1 relaxation time (e.g., in ms). A key 
requirement is that all images are acquired in the 
same of the cardiac cycle, so that the inversion 
recovery can be tracked for single pixels. For this 
purpose, Messroghli et  al. [20] introduced 
the  Modified Look-Locker Inversion-recovery 

(MOLLI) sequence, which has become a stan-
dard in CMR T1 mapping. More recently, a short 
MOLLI (modified Look-Locker inversion recov-
ery) sequence has been described, which approx-
imately halved the required breath hold duration 
and the number of required heartbeats decreased 
from 17 to 9 [21], but requires more complex 
processing to generate T1 maps. From a clinical 
perspective, shMOLLI has enabled significant 
reduction of the duration of the scan and the qual-
ity of the T1 maps is arguably improved due to 
shorter breath hold time and reduced residual 
motion.

Areas of diffuse myocardial fibrosis have 
greater T1 values than normal tissue before intra-
venous Gd-based contrast media (Gd) is given. 
Post-Gd administration, T1 value is lower than 
normal in diffuse myocardial fibrosis. The reason 
for this lies in the fact that the expanded extracel-
lular space in diffuse fibrosis accumulates more 

a b c d
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Fig. 4.1 LGE-CMR images from patients with myocar-
dial fibrosis caused by cardiac amyloidosis (a–d), 
hypertrophic cardiomyopathy (e–h) and ischemic car-
diomyopathy with evidence of prior subendocardial 
infarction in the distribution of the distal LAD (i–l). 

Gadolinium contrast media accumulates in the abnor-
mal fibrotic myocardium and appears bright in contrast 
to the normal myocardium (dark). The distribution and 
extent of LGE in these examples are classic for the asso-
ciated condition
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Gd-based contrast than the healthy tissue with 
compact myocytes. A reduction in T1 value is not 
specific for diffuse myocardial fibrosis; however, 
T1 reduction may also occur with cardiomyopa-
thies where the extracellular space is expanded 
such as in amyloid depositions [22].

A number of validation studies have been car-
ried out comparing histology to T1 mapping and 
ECV values. That being said, Iles et  al. [23] 
examined a symptomatic heterogeneous 
heart  failure population using post-contrast 
MOLLI. They compared post-transplant myocar-
dial biopsies with T1 values and demonstrated an 
inverse correlation between T1 values with per-
centage fibrosis. They also found a reduction in 
T1 with worsening diastolic function. Sibley 
et al. used a post-contrast Look-Locker technique 
and also demonstrated an inverse correlation 
between T1 time and histological fibrosis on 
myocardial biopsy in patients with a broad range 
of cardiomyopathies [24]. Studies that are based 
on the use of post-contrast T1, rather than deriva-
tion of ECV, for the detection of diffuse fibrosis, 
require careful standardization of the time 
between contrast-injection and T1 mapping, to 
eliminate the potential confounding variable of 
contrast clearance times. Furthermore, the post- 
contrast T1 will also depend on the rate of renal 
clearance of the contrast agent, introducing the 
patients’ renal function as additional confounder. 
ECV, which is calculated as the change of the 
myocardial T1 rate constants (inverse of the mea-
sured myocardial T1) between pre- and post- 
contrast states, normalized by the change of the 
blood T1 rate constants (inverse of the measured 
blood T1), is largely independent of the rate of 
contrast clearance. Also, ECV values are also 
independent of scanner field strength since this 
measurement is a ratio of the changes in 
myocardial- blood rate constants, which is in con-
trast to T1 values that increase with field strength 
both for native- and post-contrast T1 measure-
ments. Robustness of ECV derivation is also 
enhanced by capturing the myocardial and blood 
wash-in and wash-out dynamics during the 
15–30 min period after Gd injection by acquiring 
multiple post-contrast T1 map in addition to the 
pre-contrast T1 map. Table  4.1 explores the 

 various studies to date, investigating the use of 
T1 map in various cardiac conditions associated 
with myocardial fibrosis.

In practice, myocardial T1 mapping is techni-
cally demanding and standardization of the meth-
odology is required. The CMR community has 
made a concerted effort at standardization [37]; 
however, in the coming years, the routine use of 
T1 map for clinical evaluation of myocardial 
fibrosis will become more user-friendly and less 
time-consuming for routine clinical practice.

 Novel CMR Approaches

Concerns about the administration of Gd-bound 
contrast agents (GBCA) to patients with poor 
renal function have provided a strong impetus for 
developing CMR methods that do not rely on 
GBCA for the detection of diffuse fibrosis. With 
the standard imaging techniques, generally the 
signal from 1H nuclei in connective tissue com-
ponents such as collagen is not detected due to 
the very short T2 constants for collagen 1H nuclei 
that are approximately 1  ms. Standard 
T1-mapping techniques such as MOLLI [38] do 
not detect or detect poorly the signal components 
from 1H nuclei in connective tissue. A direct 
detection of the 1H signal from connective tissue 
components such as collagen can be achieved 
with imaging sequences that use ultra-short echo 
times (UTE) on the order of a fraction of a milli-
second. UTE imaging is increasingly seen as a 
promising approach for the detection of diffuse 
fibrosis by measuring the fraction of 1H signal 
that comes from connective tissue relative to the 
1H signal from mobile 1H nuclei. Initial studies 
have demonstrated encouraging feasibility of this 
approach for detecting diffuse fibrosis [39]. The 
1H signal from collagen is shifted relatively to 
the 1H from the mobile 1H nuclei by −3.2 ppm. 
The decay of the 1H signal from myocardial tis-
sue as a function of the echo-time, therefore, can 
be described as a bi-exponential decay where the 
relatively quick decaying collagen component 
oscillates as a function of the 3.2  ppm 1H fre-
quency shift for the collagen component. Using 
this type of model for the myocardial signal 
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decay as a function of TE, one can show that the 
collagen signal fraction changes linearly with 
collagen concentration [40], suggesting feasibil-
ity in fibrosis quantitation.

Another approach with the same goal of quanti-
fying the connective tissue fraction in the myocar-
dium is based on a technique termed 
chemical-exchange saturation transfer (CEST) 

imaging. The endogenous CEST between macro-
molecules in fibrotic scar tissue and surrounding 
water has been investigated in a murine model of 
myocardial infarction (MI). CEST contrast is gen-
erated through frequency-selective RF saturation to 
exchange the magnetization between scar tissue 
and surrounding water in normal myocardium, fol-
lowed by image-acquisition. The signal read-out 

Table 4.1 Data supporting the use of T1 mapping in the evaluation of myocardial fibrosis and the conditions studied

Author and 
date Disease Technique Conclusion
Messroghli 
[25] 2003

Acute 
Myocardial 
Infarction

Look- 
Locker

In acute MI patients post-contrast T1 values were significantly 
lower than normal myocardium T1 values

Maceira 
[26] 2005

Amyloidosis Look 
locker

Subepicardial post-contrast T1 values were significantly reduced in 
cardiac amyloidosis patients compared with controls

Messroghli 
[27] 2007

Myocardial 
infarction, acute 
or chronic

MOLLI In acute and chronic myocardial infarction, pre-contrast T1 values 
were higher than T1 values in remote myocardium

Iles [23] 
2008

Heart failure VAST Post-contrast myocardial T1 times correlated histologically with 
fibrosis and were shorter in heart failure subjects than controls 
(p 0.0001) [23]. The post-contrast myocardial T1 time reduced as 
diastolic function worsened

Broberg 
[28] 2010

Adult congenital 
heart disease

Look- 
Locker

Patients with ACHD have diffuse, extracellular matrix remodeling 
similar to patients with acquired heart failure as measured by T1 
mapping

Flett [29] 
2010

Aortic stenosis. 
HCM

Look- 
Locker

A high correlation was seen between T1 mapping with equilibrium 
contrast CMR and histologic fibrosis in aortic stenosis and HCM

Gai [30] 
2011

Diabetes 
mellitus

Look- 
Locker

A significant difference was noted in post-contrast T1 values 
between those at low risk of diabetes compared with those at high 
risk

Bauner [31] 
2012

Chronic MI MOLLI A significant difference was noted in post-contrast T1 values in 
chronic myocardial infarct regions compared to healthy 
myocardium

Turkbey 
[32] 2012

Myotonic 
Dystrophy

Look 
locker

Postcontrast myocardial T1 time was shorter in myotonic 
dystrophy patients compared to controls, likely reflecting the 
presence of diffuse myocardial fibrosis

Dass [33] 
2012

HCM/DCM ShMOLLI HCM/DCM patients had higher pre-contrast T1 times than controls

Fontana [34] 
2012

HCM, AS, 
amyloid

ShMOLLI ECV quantification using single breath-hold ShMOLLI T1 
mapping can measure ECV by EQ-CMR across a spectrum of 
interstitial expansion

Rao [35] 
2013

Diabetes Look 
locker

The myocardial ECV in this diabetic population was elevated 
compared with published values of ECV in healthy subjects and 
with the mean ECV of 0.27 ± 0.03 (p < 0.0001) obtained in 
healthy, normotensive volunteers

Ellims [36] 
2014

Post-cardiac 
transplant

VAST Diffuse myocardial fibrosis (as assessed by post-contrast 
myocardial T1 time), correlates with invasively-demonstrated LV 
stiffness in cardiac transplant patients

Ntusi 2015 Rheumatoid 
Arthritis

ShMOLLI Focal fibrosis (LGE) was found in 46% of RA patients compared 
with none of the controls. Larger areas of focal myocardial edema 
were seen in patients with RA. They also had higher native T1 
values, larger areas of involvement as indicated by native 
T1 > 990 ms and expansion of ECV compared with controls
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during the image-acquisition is thereby encoded by 
the molecular signature of the target tissue of inter-
est (e.g. fibrotic tissue). A recent study [41] has 
shown the feasibility of detecting scar tissue though 
it remains uncertain whether the diffuse interstitial 
fibrosis, a more challenging target than infarct scar, 
can be quantified with this technique.

Another approach aimed at the direct detec-
tion of scar and fibrosis is based on the use of 
targeted contrast agents, specifically the use of 
collagen-binding contrast agents. In this type of 
contrast agents, the wash-out time constants in 
regions of post-infarction scar become signifi-
cantly longer, compared to a Gd-based contrast 
agent without binding affinity for collagen or 
other myocardial scar components [42]. To-date 
it remains unclear if such collagen-binding con-
trast agents are also suitable for the detection of 
diffuse interstitial fibrosis. The approach for 
detecting diffuse interstitial fibrosis with a 
collagen- binding contrast agent is likely to 
involve T1-mapping to quantify collagen-bound 
fraction of contrast.

 Nuclear Imaging

Molecular imaging techniques for detecting dif-
fuse myocardial fibrosis using SPECT or PET 
imaging are predominantly research-based tools 
with great potential for future clinical use [1, 7, 
43]. Ischemic fibrosis, however, may be readily 
detected, using myocardial perfusion techniques, 
which are currently in routine clinical practice.

Radionuclide imaging techniques are fre-
quently used in the evaluation of patients with 
known or suspected CAD. These techniques use 

radiolabeled drugs or radiopharmaceuticals 
which are injected intravenously and trapped in 
myocardial tissue. Radioactivity within the heart 
decays by emitting gamma rays. The interaction 
between these gamma rays and the detectors in 
specialized scanners—single photon emission 
computed tomography (SPECT) and positron 
emission tomography (PET)—creates a scintilla-
tion event, which can be captured by digital 
recording equipment to create an image of the 
heart. Electrocardiogram (ECG)-triggered gated 
rest and stress images are acquired after intrave-
nous injection of the radiopharmaceutical and 
used to define the extent and severity of myocar-
dial ischemia and scar as well as regional and 
global cardiac function and remodeling. In 
SPECT imaging, technetium-99m (99mTc)-
labeled tracers are frequently used because they 
generate the best image quality and the lowest 
radiation dose to the patient. After intravenous 
injection, these tracers become trapped intracel-
lularly in mitochondria and show minimal change 
over time (Figs. 4.2 and 4.3).

PET myocardial perfusion imaging (MPI) is 
an alternative to SPECT and is associated with 
improved diagnostic accuracy and lower radia-
tion dose to the patient. To evaluate myocardial 
viability in post-MI patients, myocardial perfu-
sion imaging with SPECT or PET usually is com-
bined with metabolic imaging—specifically, 
18F-fluorodeoxyglucose (FDG) PET.  The pres-
ence of a reversible myocardial perfusion defect 
is indicative of ischemia whereas a fixed perfu-
sion defect generally reflects scarred myocar-
dium (area of fibrosis) from previous infarction. 
18F-FDG is used to assess regional myocardial 
glucose utilization and compared to perfusion 

Fig. 4.2 Rest myocardial perfusion images in a normal patient with normal myocardial uptake of sestamibi seen in 
short axis, vertical long axis and horizontal long axis images (top, middle and bottom rows respectively)
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images to define metabolic abnormalities associ-
ated with infarction and hibernation. Myocardial 
regions showing reduced perfusion and increased 
FDG uptake at rest (so-called perfusion-FDG 
mismatch) identify areas of viable but hibernat-
ing myocardium, whereas regions showing 
reduced perfusion and FDG uptake at rest (so- 
called perfusion-FDG match) are consistent with 
myocardial scar or fibrosis.

Using H215O and C15O tracers, PET can assess 
the perfusable tissue index (PTI), i.e. the fraction 
of the myocardium that is perfusable by water 
[44]. As fibrotic myocardium is unable to 
exchange water rapidly, a reduction in this vari-
able may correlate with fibrosis. PTI, reduced in 
patients with advanced dilated cardiomyopathy 
[45], correlates with reduced contractile function 
[46] and is also present in areas of focal fibrosis 
following MI [47]. However, its use has not been 
validated in a histological comparison study. 
Technetium-99m-labelled Cy5.5-RGD injection 
followed by PET imaging [48] has been shown in 
animal models as a tracer that binds to myofibro-
blast cells and correlates with new collagen depo-
sition in an experimental model of myocardial 
infarction [7]. These techniques are not in routine 
clinical use, and although they have shown prom-
ising results, currently they are not applicable to 
patients in the current era.

Hypertrophic cardiomyopathy patients may 
show abnormalities and replacement fibrosis on 
myocardial SPECT and positron emission tomog-
raphy (PET) indicative of underlying abnormali-
ties of oxidative metabolism, which may precede 
myocardial perfusion abnormalities and replace-
ment fibrosis [49]. Impaired metabolism has been 
noted in up to 73% of segments when radiotrac-
ers such as FDG, C-acetate or 123I-BIMPP were 
used; these observations suggest that the impair-
ment of long-chain fatty acid metabolism may 
precede other metabolic abnormalities in HCM 
patients [50]. Another study examining myocar-
dial fibrosis in HCM patients who underwent 
LGE-CMR, Tc99m-MIBI SPECT, and I23- 
BIMPP SPECT [51] showed that segments with a 
larger extent of replacement fibrosis on LGE- 
CMR had more abnormalities in perfusion and 
metabolism on SPECT.

 Echocardiography

 Backscatter
The reflectivity of tissue to ultrasound is a nonin-
vasive measure of myocardial tissue character-
ization and collagen deposition that has been 
used for multiple decades [52]. Qualitative 
M-mode and 2D echo imaging techniques have 

Fig. 4.3 Stress (top row) and rest perfusion (bottom row) images in a patient with a medium to large region of myocar-
dial fibrosis (scar) in the distribution of the mid left anterior descending (LAD) artery, with minimal ischemia
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been widely used for scar detection and wall 
motion assessment in ischemic fibrosis. In addi-
tion to these methods, backscatter techniques 
were developed in the 1980s to quantify myocar-
dial tissue changes characteristic of fibrosis in 
conditions such as HCM and hypertension [53]. 
This quantitative echocardiographic estimation 
of fibrosis was predominantly performed via 
ultrasonic video densitometric and texture analy-
sis [43]. The relationship between backscatter 
and histologically quantitated collagen has been 
confirmed in the literature [54]. Noninvasively, 
amplitudes of integrated backscatter have also 
been correlated with elevated pro-collagen con-
centration [55].

Two myocardial backscatter parameters have 
been established for use: (1) magnitude of cyclic 
variation in integrated backscatter, which is a 
marker of regional function, and although abnor-
mal in conditions of diffuse fibrosis, this param-
eter has been largely replaced by myocardial 
strain, and (2) calibrated integrated backscatter. 
A greater calibrated integrated backscatter is 
indicative of larger fibrosis [43]. This technique 
has been used to establish a transmural trend of 
fibrosis in non-transmural infarction and hence 
could potentially be employed to assess fibrotic 
gradients in conditions, such as diabetic heart 
disease or Duchenne muscular dystrophy with 
predominantly endocardial or epicardial fibrosis, 
respectively [56, 57]. Elevated backscatter also 
occurs with systemic sclerosis although predomi-
nantly in the diffuse rather than the limited sub-
group [58].

 Tissue Doppler Imaging (TDI)
Doppler echocardiography relies on the detec-
tion of the shift in frequency of ultrasound sig-
nals reflected from moving objects. Conventional 
Doppler techniques evaluate the velocity of 
blood flow by measuring high frequency, low 
amplitude signals from small, fast-moving 
blood cells [59]. In Tissue Doppler imaging 
(TDI), these principals are used to quantify the 
high amplitude, low- velocity signals of myocar-
dial tissue motion. This in turn serves as a mea-
sure of myocardial function, typically reduced 
in the fibrotic heart.

Pulsed wave TDI is used to measure peak 
myocardial velocities and performs well at the 
measurement of long-axis ventricular motion, 
mostly because the longitudinally oriented endo-
cardial fibers are most parallel to the ultrasound 
beam in apical views of the heart.

Reduction of longitudinal function appears to 
be one of the most sensitive markers of subclini-
cal heart disease in many conditions associated 
with fibrosis, including diabetes and hyperten-
sion [43]. The impairment of longitudinal func-
tion reflects the principal initial involvement of 
subendocardial fibers, followed by compensation 
by mid-wall fibers and subsequent improvement 
in radial contractility to maintain overall cardiac 
function [57].

Because the apex remains relatively stationary 
throughout the cardiac cycle, mitral annular 
motion is a good surrogate marker of overall lon-
gitudinal left ventricular contraction and relax-
ation [60]. Systolic myocardial velocity (Sa), 
measured at the lateral mitral annulus is a mea-
sure of longitudinal systolic function and has 
been correlated with measurements of LV ejec-
tion fraction (EF) [61]. When carrying out an 
assessment of left ventricular diastolic function, 
transmitral velocities are directly related to left 
atrial pressure (preload) and independently 
related and inversely related to ventricular relax-
ation [59]. Because of intrinsic differences in 
myocardial fiber orientation, septal Ea velocities 
are slightly lower than lateral Ea velocities.

In adults over 30 years old, a lateral Ea veloc-
ity >12 cm/s is associated with normal LV dia-
stolic function [62] (Fig.  4.4a). Reductions in 
lateral Ea velocity to ≤8 cm/s in middle-aged to 
older adults indicate impaired LV relaxation. In 
cases of restrictive cardiomyopathy, the charac-
teristic intrinsic myocardial abnormalities result 
in impaired relaxation and reduced Ea 
velocities.

Peak systolic and early diastolic myocardial 
tissue velocities have been used to identify early 
subclinical disease despite normal conventional 
echocardiographic values in several progressive, 
nonischemic fibrotic processes [43]. A reduction 
in both parameters has been detected in patients 
with diabetes but no evidence of heart failure, 
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and early diastolic tissue velocity has also been 
found to be reduced with advancing age and 
hypertension [63]. This impairment in myocar-
dial velocity and resultant impaired ventricular 
relaxation may reflect interstitial fibrosis, altered 
cardiomyocyte cytoskeleton properties, or a com-
bination of both. This relationship is supported 
by endomyocardial biopsy findings that inversely 
relate percent fibrosis to tissue Doppler-derived 
systolic and early diastolic tissue velocity [64].

In a recent study of echo versus cardiac MRI 
post aortic valve replacement (AVR) in patients 
with severe AS, LGE+ patients had lower E′, S′, 
and had higher E/E′ [65]. These findings indicate 
that echo may be used clinically in patients with 
contraindication to CMR. TDI E′, especially, is a 
clinically useful clue of risk stratification before 
AVR in patients with severe AS and preserved LV 
systolic function. Another study comparing TDI 
with CMR-LGE imaging showed that subjects 

with normal diastolic function by TDI exhibited 
no or minimal fibrosis (median LGE score 0, IQR 
0–0) [66]. In contrast, the majority of patients 
with cardiomyopathy (regardless of etiology) had 
abnormal diastolic function indices by Doppler 
echo, and substantial fibrosis (median LGE score 
3, IQR 0–6.25). In this study, the prevalence of 
LGE-positivity by diastolic filling pattern was 
13% in normal patients, 48% in impaired relax-
ation, 78% in pseudo-normal and 87% in restric-
tive filling pattern (p < 0.0001) [54].

 Strain and Strain Rate Imaging
Myocardial velocities measured with TDI can be 
overestimated by translational motion of the 
myocardium or underestimated by myocardial 
tethering. As a result, it is useful to measure the 
actual extent of myocardial deformation by strain 
and strain rate imaging. Strain is defined as the 
change in length of a segment of myocardium 

a b

c d

Fig. 4.4 TDI of the lateral (a) and septal (b) mitral annu-
lus in a normal subject. There are three major velocities: 
systolic velocity, S′ or Sa, which reflects the systolic func-
tion of the left ventricle; E′ or Ea which reflects the status 
of myocardial relaxation (Normal E′ medial is 10  cm/s 

and lateral is >15 cm/s); and A′ or Aa is also related to 
diastolic function of the left ventricle. Panels (c and d) are 
from a patient with cardiac amyloidosis and show fusion 
of the E′ and A′ waves due to underlying atrial 
fibrillation
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relative to its resting length and is expressed as a 
percentage; strain rate is the rate of this deforma-
tion [67]. By convention, shortening is repre-
sented by negative values and lengthening by 
positive values for both strain and strain rate [68]. 
In a normal individual, longitudinal strain rate 
values are similar from base to apex. It is possible 
using a curved cursor during image acquisition, 
to measure regional strain rate. Ultimately the 
ultrasound beam needs to be aligned parallel with 
the direction of myocardial motion. By measur-
ing regional myocardial function, TDI and strain 
imaging have potential incremental value for the 
evaluation of cardiomyopathy and diastolic heart 
failure. Thick myocardial walls due to infiltration 
or primary cardiomyopathy have reduced TDI 
and strain values. This is in contrast to normal 
values obtained in an athlete’s heart. It is also 
useful how the pattern of regional dysfunction 
can help to identify various underlying cardio-
myopathies [69, 70]. In general, global strain 
measures typically perform better than LVEF in 
predicting risk [71], and at least two studies sug-
gest that they also offer incremental value beyond 
clinical information and LVEF [72, 73].

 Speckle Tracking Echo
This method quantifies myocardial motion in 
various planes using 2D images. Reflection, scat-
tering and interference of the ultrasound beam in 
the myocardial tissue produce a speckle forma-
tion [68]. Myocardial regions have unique 
speckle patterns, which can be tracked from 
frame to frame throughout the cardiac cycle [69]. 
Thus an assessment can be made of LV rotational 
motion, typically referred to as torsion or twist. 
LV myocardial fibers have a spiral shape, which 
results in a complex three-dimensional torsion 
mechanism for systolic contraction and untwist-
ing for diastolic relaxation [74]. The LV suben-
docardial layer wraps around the LV cavity in the 
direction of a right-handed helix. In contrast, the 
subepicardial layer wraps around in the direction 
of a left-handed helix. When viewed from the LV 
apex, apical rotation is counterclockwise, and 
basal rotation is clockwise during systole [68]. 
Speckle tracking can be used for quantification of 
LV systolic and potentially diastolic function. In 

addition, it can be used for measuring strain 
instead of TDI as discussed above.

Recent work aiming to explore whether LV 
twist analysis can detect the extent of myocar-
dial fibrosis in patients with hypertrophic cardio-
myopathy (HCM) showed that HCM patients 
had significantly higher basal (Bas)-Rotation, 
anteroposterior (AP)-Rotation, LV Twist, left 
ventricular ejection fraction (LVEF), left atrium 
end systolic dimension (LADs), interventricular 
septal thickness (IVST), left atrial volume index 
(LAVi), E/Em and left ventricular mass index 
(LVMI) than controls (all p < 0.0001) and sig-
nificantly lower left ventricular end-diastolic 
dimension (LVDd) and E/A (both p  <  0.001) 
[75]. The authors concluded that LV twist analy-
sis has good sensitivity and specificity in indicat-
ing the severity of myocardial fibrosis in HCM 
patients [75].

Another study utilizing standard echocardiog-
raphy, 3-dimensional speckle tracking echocar-
diography measured peak systolic longitudinal, 
circumferential, and area strain, LSt, CSt, and 
ASt, respectively, to quantify LV systolic myo-
cardial mechanics. LGE CMR in HCM patients 
revealed the area strain as a net result from longi-
tudinal and circumferential deformations. This 
measurement correlated with functional parame-
ters and the number of significantly hypertro-
phied segments detected on 2D echo and 
CMR.  All three deformation parameters were 
attenuated in those myocardial segments with 
hypertrophy and LGE scar. There was no differ-
ence in strain parameters between hypertrophied 
and LGE segments. They thus concluded that 
these data demonstrate that hypertrophy seem to 
be the major independent factors altering global 
systolic myocardial mechanics in HCM.

In other conditions such as Fabrys disease 
(FD), it has been proven that fibrosis, as evi-
denced by the presence of LGE, is associated 
with lower longitudinal strain (as measured by 
speckle tracking) in the corresponding fibrotic 
wall segments [76]. Speckle tracking can thus be 
used as a tool for the indirect evaluation of LGE 
and thus myocardial fibrosis in FD.  Its use has 
also been studied in conditions such as severe 
aortic stenosis [77], and in patients with 
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 cardiotoxicity from prior Anthracycline use [78]. 
In cardiac amyloidosis (CA), speckle tracking 
echo reveals regional variations in longitudinal 
strain (LS) from base to apex [79] and with a 
relative ‘apical sparing’ pattern of LS, this allows 
us to differentiate CA from other causes of LV 
hypertrophy (Figs. 4.5 and 4.6).

In clinical practice, the widespread use of 
speckle tracking has not been seen to date, likely 
related to the increased time required for data 
analysis, however as a research tool it has a fun-
damental role to play in the evaluation of myo-
cardial fibrosis.

 Cardiac Computed Tomography 
(Multidetector CT)

Cardiac CT thus far has demonstrated initial util-
ity predominantly for the evaluation of myocar-
dial scar. Lardo et  al. [80] demonstrated in an 
animal model that the spatial extent of acute and 
healed MI could be determined and quantified 
accurately with contrast-enhanced CT.  In this 
study, the CT findings were compared to histol-
ogy. Bettencourt et al. [81] found that CT delayed 
enhancement had good accuracy (90%) for isch-
emic scar detection with low sensitivity (53%) but 

Fig. 4.5 Longitudinal Strain Measurement in a Normal 
Individual, measured from the 2 chamber view, 3 chamber 
view and 4 chamber view, respectively, in the same patient 

(left to right). Shortening is indicated by negative values, 
which range from −17 to −33, indicating regional varia-
tion in a normal heart

a c

d f

e

b

Fig. 4.6 Normal regional and global strain in a normal 
individual (a, b). In contrast the images from panels (c–f) 
are taken from a patient with cardiac amyloidosis. There 

is abnormal longitudinal strain affecting the basal seg-
ments with relative sparing of the apical segments and 
reduced overall global longitudinal strain
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excellent specificity (98%). The use of MDCT for 
diffuse abnormalities of myocardial tissue is sig-
nificantly more challenging than the evaluation of 
focal myocardial scar due to the low contrast reso-
lution of CT scanning [82]. ECV measured with 
cardiac CT represents a novel approach toward 
the clinical assessment of diffuse myocardial 
fibrosis. It has been shown that there is a good 
correlation between myocardial ECV measured 
with cardiac CT and with T1 map measured by 
cardiac MR imaging in 24 subjects [83]. This 
study included patients with heart failure and nor-
mal controls and showed that ECV was higher in 
patients with heart failure for both cardiac CT and 
cardiac MR imaging. Also, for both cardiac MR 
and cardiac CT, ECV was positively associated 
with end diastolic and end systolic volumes and 
inversely related to ejection fraction (EF).

Additional supportive data for MDCT comes 
from Bandula et al. [84] who demonstrated that 
ECV measured using a equilibrium CT technique 
in patients with aortic stenosis correlated well 
with histologic quantification of myocardial 
fibrosis, and also with ECV derived by using 
equilibrium MR imaging. From a clinical per-
spective, MDCT has also been studied in hyper-
trophic cardiomyopathy [85] and found to 
reliably detect myocardial fibrosis as evident by 
LGE. Patient- and segment-based sensitivity was 
100% and 68%, respectively, compared to LGE- 
CMR.  In patients with a contraindication to 
CMR, this technique could therefore be useful.

 Conclusion
The use of noninvasive imaging methods of 
myocardial fibrosis has increased in recent 
years. Exciting and novel techniques will con-
tinue to emerge in the years to come. Cardiac 
MRI has proven to be an important tool 
through the use of LGE-CMR and T1 map-
ping techniques, both in the clinical and 
research arena. Clinically it is now possible to 
carry out a full study and answer the question 
regarding the presence or absence of underly-
ing myocardial fibrosis in under 45 min. In the 
presence of claustrophobia, non-CMR com-
patible devices, and inability to breath hold, 
alternative imaging techniques must be 

 considered. Echo is a reliable clinical and 
research tool, which has been well validated in 
this area. Nuclear techniques for detection of 
myocardial scar and myocardial viability play 
an important role in clinical practice. 
Molecular techniques are still very much 
research tools but are promising for future use 
in this field. MDCT has also proven its use as 
described above although the radiation dose 
makes it a less attractive option.

Overall, cardiac MRI has a proven benefit 
in the detection of underlying myocardial 
fibrosis. It is hoped that with earlier detection, 
therapies may be developed to tackle myocar-
dial disease prior to the development of heart 
failure symptoms and signs.
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T1 Mapping in Aortic Stenosis

Russell J. Everett, David E. Newby, 
and Marc R. Dweck

 Epidemiology

Aortic stenosis is the most clinically important 
valve disease in the Western world and is set to 
triple by 2050 [1, 2]. Calcification and stenosis of 
the valve lead to progressive left ventricular 
hypertrophy (LVH) and ultimately left ventricu-
lar (LV) decompensation and heart failure (HF) 
unless aortic valve (AV) replacement surgery is 
performed (Fig. 5.1).

 Natural History

Current clinical guidelines advise AV replace-
ment in the presence of symptoms (exertional 
angina, syncope or dyspnoea) or impairment of 
left ventricular ejection fraction. This recommen-
dation is, however, based on studies dating back 
to the 1960s, showing poor prognosis following 
symptom development in a middle-aged patient 
population with bicuspid or rheumatic heart dis-
ease [3]. The demographics of aortic stenosis 
have since shifted with most patients developing 
calcific disease of tri-leaflet valves. In addition, 
patients are now usually elderly with multiple 
comorbidities, which may confound the valvular 

etiology of the symptoms. The development of a 
reduced left ventricular ejection fraction (LVEF 
<50% on echocardiographic assessment), while 
undoubtedly portending a poor prognosis [4, 5], 
is now recognised as an insensitive marker of LV 
decompensation and is often irreversible follow-
ing AV replacement [4]. The identification of 
other more sensitive markers of LV decompensa-
tion or adverse prognosis is, therefore, desirable.

 Clinical Presentation

Aortic stenosis (AS) is diagnosed in the majority 
of patients after the incidental detection of a sys-
tolic ejection murmur on clinical examination. 
The diagnosis is then confirmed on transthoracic 
echocardiography. The classical symptoms of AS 
are exertional chest pain, dyspnea and syncope 
but they do not manifest themselves until the dis-
ease is very advanced and severe valve narrowing 
has developed. Even then, the correlation between 
the valve gradient and symptoms is weak, sug-
gesting other factors, such as the LV myocardial 
response to pressure overload, which are impor-
tant in determining symptomatology and the nat-
ural history of the condition.
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 Pathobiology of Valvular Disease

Our understanding of the pathophysiology of AS 
has progressed significantly in recent years, and a 
disease that was once thought to be caused by 
degenerative “wear and tear” of the valve has been 
shown to comprise a highly regulated process of 
inflammation, calcification and fibrosis (Fig. 5.2) 
[6]. The early stages of aortic stenosis are thought 
to be similar to atherosclerosis with predominantly 
endothelial damage and inflammatory response. 
This is due to the increased wall stress and reduced 
sheer stress, which is highest around the flexion 
areas of the cusps adjacent to aortic root attach-
ment where most AS lesions are observed. Both 
cusp tips and commissures are also frequently 
involved with lesions usually occurring in the 
fibrosa layer on the aortic aspect of the valve. 
Endothelial damage and lipid deposition trigger 
inflammation within the AV, resulting in an inflam-
matory cell infiltrate. One of the best ways of non-
invasively assessing the presence of inflammation 
is with 18F-fluorodeoxyglucose positron emission 
tomography (PET) and computed tomography 
(CT). There have been few studies so far in this 

area but 18F-fluorodeoxyglucose uptake is detect-
able in vivo and is increased in patients with AS 
compared to controls with a correlation between 
PET signal intensity and AS severity [7].

This inflammation is further sustained by 
angiogenesis in the valve tissue. Thin neovessels 
can be seen in the areas of inflammation in the 
calcific valves, which express a variety of intra-
cellular adhesion molecules and suggest their 
role in point of entry for inflammatory cells. 
These neovessels are frequently associated with 
hemorrhage and accelerated disease progression.

Over time, inflammation appears to progress 
to fibrosis. This occurs as a subset of the valve 
interstitial cells, the predominant cellular com-
ponent of valve tissue, which differentiate into 
myofibroblasts under the influence of inflam-
matory signaling molecules. These myofibro-
blasts then secrete matrix metalloproteinases 
(MMP), which are thought to play a role in 
restructuring the extracellular matrix (ECM) of 
the valve, leading to accumulation of ECM 
components, predominantly collagen types I 
and III (Fig. 5.3). This leads to valve thickening 
and increased stiffness.

Normal Left
Ventricle

Left Ventricular
Hypertrophy

Increased
afterload

Ischemia, mechanical stress 
and apoptosis

LV decompensation

Myocardial Fibrosis Heart Failure

Fig. 5.1 Progression 
from left ventricular 
hypertrophy in aortic 
stenosis. Progressive 
aortic valve narrowing 
results in increased left 
ventricular (LV) wall 
stress due to increased 
afterload. This results in 
increasing LV 
hypertrophy which 
normalizes wall stress. 
However, this process 
ultimately 
decompensates with 
mid-wall myocardial 
fibrosis (black arrow) 
secondary to direct wall 
stress, myocardial 
ischemia and the effects 
of angiotensin. If 
pressure overload is not 
alleviated with aortic 
valve intervention, heart 
failure and death ensue. 
LV left ventricular
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a

b

Fig. 5.2 Picrosirius red 
staining of myocardial 
biopsies in patients with 
aortic stenosis. 
Histological samples 
examined with light 
microscopy (×20) 
(right-sided images) and 
auto-generated color 
threshold masks 
(left-sided images). The 
first patient has minimal 
myocardial fibrosis (a) 
whereas advanced 
fibrosis is present in the 
second (b)
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Fig. 5.3 Summary of the pathological processes occur-
ring within the valve during aortic stenosis. Mechanical 
stress results in endothelial damage that allows infiltra-
tion of lipid and inflammatory cells into the valve. Lipid 
oxidization further increases inflammatory activity 
within these lesions and the secretion of pro-inflamma-
tory and -fibrotic cytokines. The latter drives the differen-
tiation of fibroblasts into myofibroblasts that secrete 
increased collagen. Disorganized fibrous tissue accumu-
lates within the valve leading to thickening and increased 

stiffness of the valve. Myofibroblast differentiation into 
osteoblasts occurs under the influence of several pro-cal-
cific pathways. Osteoblasts, subsequently, coordinate cal-
cification of the valve as part of a highly regulated process 
akin to skeletal bone formation with expression of many 
of the same mediators. These pathogenic processes are 
sustained by angiogenesis with new vessels localizing, in 
particular, to regions of inflammation surrounding cal-
cific deposits
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The final pathological process in most patients 
appears to be valvular calcification, which is 
thought to be driven by the differentiation of myo-
fibroblasts into osteoblasts under the control of a 
variety of cellular signalling pathways. This leads 
to progressive calcification similar to skeletal bone 
formation with the production of a number of 
osteogenic signaling proteins, resulting in increas-
ing valve stenosis. Once established, the presence 
of active calcification appears to beget further cal-
cification leading to rapid disease progression in 
what is termed the “propagation” phase.

There are no effective medical treatments to 
date that slow or reverse the pathological pro-
cesses occurring in the valve. Given the similari-
ties with atherosclerosis in the early phases of AS 
(lipid accumulation and inflammation), it was 
postulated that cholesterol modifying therapies 
may have been effective in slowing disease pro-
gression. However, three trials of statin therapy 
all failed to show benefit [8–10].

Patients with osteoporosis have increased 
severity of aortic stenosis and faster disease pro-
gression. Given that both conditions express 
abnormalities of calcium metabolism, treatments 
for osteoporosis such as bisphosphonates and 
denosumab may have a beneficial effect in 
AS.  This is currently being examined in the 
SALTIRE 2 randomised controlled trial 
(NCT02132026).

 Pathobiology of LV Remodeling

Significant pathological changes occur in the LV 
as a consequence of progressive increases in 
afterload and left ventricular wall stress due to 
valvular stenosis. Left ventricular hypertrophy 
occurs as an adaptive response to increasing 
afterload, characterised by myocyte enlargement 
and LV wall thickening. This initially normalises 
LV wall stress; however, this process eventually 
becomes maladaptive, leading to LV decompen-
sation and HF.

Myocyte hypertrophy is accompanied by 
expansion of the extracellular network of capil-
laries, nerves and support fibres, comprising the 
ECM. The increase in capillary density is, how-

ever, insufficient to meet the metabolic demands 
of the hypertrophied myocardium, and coronary 
flow is further attenuated by increases in coro-
nary vascular resistance due to increased LV 
transmural pressure. This leads to myocardial 
ischaemia and a net loss of myocytes due to 
increase in the rates of cell death by apoptosis. 
Angiotensin II may also be implicated in this pro-
cess as studies have shown that angiotensin 
receptor blockers can inhibit apoptosis in patients 
with hypertension.

 Myocardial Fibrosis

The growth in extracellular matrix itself also 
becomes maladaptive, similar to that occurring in 
valve tissue. Myofibroblasts produce extracellular 
matrix components, predominantly collagen type 
I and III, which are deposited in the interstitial 
space [11]. This is thought to be driven by factors 
similar to those that occur in the valve tissue, 
namely increases in transforming growth factor 
beta, angiotensin and relative imbalance in matrix 
metalloproteinases compared to their inhibitors.

This homogenous increase in extracellular 
matrix is termed diffuse fibrosis and can be 
appreciated on histological analysis of myocar-
dial biopsy samples in aortic stenosis patients. 
This is usually assessed, using picrosirius red or 
fibronectin staining, and enables automated 
quantification of fibrosis expressed as a percent-
age of the myocardial area on the slide, some-
times termed “collagen volume fraction”. 
Progressive accumulation of diffuse fibrosis is 
associated with increase in LV end-diastolic pres-
sure, impairment in LV diastolic function and 
ejection fraction [11] and adverse clinical out-
comes [12].

Fibrosis appears to co-localise to areas of 
focal myocyte apoptosis. It has been suggested 
that this “replacement fibrosis” occurs in areas of 
scarring, following myocyte cell death, and 
 represents end-stage progression from diffuse 
fibrosis. Moreover, it is a strong independent pre-
dictor of adverse outcome in aortic stenosis and 
is irreversible, following relief of pressure over-
load with aortic valve intervention.
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In contrast, there is evidence that diffuse 
fibrosis may regress following AV replacement. 
In an early longitudinal pathological study, 
Krayenbeuhl and colleagues investigated 27 
patients with severe aortic stenosis, awaiting 
valve replacement, who underwent invasive 
angiography with endomyocardial biopsy [13]. 
Twenty-three patients underwent repeat study 
with biopsy 18 months following surgery and 9 
of these patients were re-biopsied at an average 
of 70  months following aortic valve replace-
ment. There was significantly more histological 
fibrosis in patients with aortic stenosis compared 
to controls (18.2 ± 6.2% versus 7.0 ± 1.8%). As 
expected, 18  months following aortic valve 
replacement both the volume and mass measure-
ments decreased consistent with regression of 
the left ventricular hypertrophic response, fol-
lowing relief of pressure overload. Interestingly 
they were able to show this was predominantly 
due to regression of cellular hypertrophy with no 
change in absolute fibrosis volume in the heart. 
As a result, diffuse fibrosis measured as a per-
centage of the myocardial mass actually 
increased in the initial post-operative period. 
However, on later long-term (6–7  years) re-
examination following aortic valve replacement, 
the percentage diffuse fibrosis had fallen and the 
absolute fibrosis volume had decreased. It, there-
fore, appears that diffuse fibrosis is reversible 
but that regression may take years and be delayed 
compared to the observed resolution in 
hypertrophy.

This is the only histological study that pro-
vides us with a guide to possible timeframe of 
diffuse fibrosis regression following AV replace-
ment in AS.  Using T1 mapping, Flett and col-
leagues examined 63 patients with severe aortic 
stenosis, 42 had repeat imaging 6 months post AV 
replacement. These results mirrored the above 
histological study showing regression in myocar-
dial mass at 6 months but with no reduction in 
myocardial fibrosis [14]. We currently lack stud-
ies to examine regression in diffuse fibrosis 
longitudinally.

Left ventricular hypertrophy and myocardial 
fibrosis appear crucial to the development of 
symptoms and adverse events, which are poorly 

predicted from assessment of AS severity alone. 
This reinforces that importance of evaluation of 
the health of the LV myocardium alongside tradi-
tional measures of AS severity.

 Investigations

 Electrocardiography

The 12-lead electrocardiogram (ECG) is useful 
in the assessment of patients with AS. Although 
unable to directly detect valve stenosis, the sec-
ondary left ventricular hypertrophy leads to char-
acteristic ECG changes, which are specific but 
poorly sensitive for the presence of significant 
left ventricular hypertrophy. These include left 
axis deviation, increasing QRS voltage in both 
chest and limb leads, change in ST or T wave 
vector, and broadening of the QRS duration. 
Furthermore, the presence of ST depression in 
the lateral leads, representing LV strain, has been 
shown to predict increased LV mass, high- 
sensitivity troponin value, and mid-wall replace-
ment fibrosis (positive predictive value 100%) 
[15]. The ECG-strain pattern is also a powerful 
predictor of adverse events in AS.

 Echocardiography

Echocardiography is the cornerstone of assess-
ment for aortic stenosis and has almost entirely 
supplanted invasive catheter-based assessment. It 
is non-invasive, safe, relatively inexpensive and 
widely available. In particular, echocardiography 
enables detailed assessment of AV morphology 
and function both by visual and Doppler assess-
ment. Severity of valvular stenosis is largely 
defined by clinical guidelines, using the Doppler 
based hemodynamic variables calculated on 
echocardiography, namely peak AV trans- 
valvular velocity, mean trans-valvular pressure 
gradient (mean gradient) and AV area. The AV 
area is calculated using the continuity equation, 
which encompasses both valve and LV outflow 
tract velocities, as well as the LV outflow 
tract area.
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Echocardiography can also provide detailed 
assessment of LV geometry and function. In par-
ticular, it can assess LV hypertrophy, using the 
LV end-diastolic measurement of the basal poste-
rior and septal diastolic wall thicknesses on a 
parasternal long axis view.

 Cardiac Magnetic Resonance

Cardiac magnetic resonance (CMR) provides 
gold-standard measurements of LV mass, volume 
and ejection fraction (LVEF) as a result of its 
high spatial and temporal resolution. It also pro-
vides detailed views of the AV and is able to iden-
tify anatomical variants such as congenitally 
bicuspid valves. This is particular valuable in 
patients with poor acoustic windows, prohibiting 
adequate assessment by echocardiography 
(Fig. 5.4).

Cardiac magnetic resonance is able to assess 
potentially more sensitive measures of left ven-
tricular dysfunction. Although reduced LVEF is 
strongly associated with a poor prognosis in 
patients with AS, this is a late finding and is pre-
ceded by impairment of diastolic function, longi-
tudinal strain and longitudinal systolic function 
(subendocardial myocardial fibres oriented in a 
longitudinal direction are affected first by pres-
sure overload). Longitudinal systolic function can 
be measured using CMR by assessing the mitral 

valve annular excursion between systole and dias-
tole [16]. In addition, CMR is able to assess 
regional and global myocardial strain, using tech-
niques such as myocardial tissue tagging, velocity 
encoding or tagged cine displacement encoding 
with simulated echoes (DENSE) [17].

Although pressure overloaded states such as 
hypertension and AS induce concentric LV 
remodeling and hypertrophy, several studies 
using CMR have suggested that asymmetric phe-
notypes (defined as left ventricular wall thickness 
>1.5 times the opposing segment) are present in 
up to 25% of patients [18]. While the exact mech-
anism is unknown, it is possible that increased 
wall stress could exacerbate a pre-existing genetic 
tendency towards a hypertrophic cardiomyopa-
thy phenotype. Regardless, LV mass is most 
accurately calculated using CMR where the 
entire volumetric data of the LV is quantified.

There is also significant heterogeneity in the 
range of the LV hypertrophic response, which 
individual patients develop for a given severity of 
valve stenosis. Several studies have shown a poor 
correlation between the degree of LV hypertro-
phy and the severity of valvular stenosis (as 
assessed on echocardiography using aortic valve 
area, peak or mean gradient) [18–20]. This varia-
tion is partly explained by sex differences and 
clinical factors such as co-existent hypertension, 
age, obesity, metabolic syndrome and polymor-
phisms in the angiotensin-converting enzyme 

a b

Fig. 5.4 Cardiac magnetic resonance imaging in a patient with moderate aortic stenosis. Three-chamber (a) and short 
axis (b) views of a patient with moderate aortic stenosis of a tri-leaflet valve
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gene. Importantly, LV mass index whether calcu-
lated using echocardiography or CMR is an inde-
pendent predictor of adverse cardiovascular 
events or all-cause mortality [18, 21, 22]. This 
emphasizes the importance to assess both the 
valve and myocardium independently.

Importantly, CMR provides a crucial advan-
tage over other imaging techniques in that it 
offers assessment of myocardial fibrosis. The 
gold-standard assessment of fibrosis is invasive 
endomyocardial biopsy but this is susceptible to 
sampling error and associated with a small but 
significant risk of complications [23]. Cardiac 
magnetic resonance can non-invasively detect 
and quantify whole-heart myocardial fibrosis, 
using two methods, the late gadolinium enhance-
ment (LGE), which detects replacement fibrosis 
and T1 mapping for diffuse fibrosis.

 Late Gadolinium Enhancement

The late gadolinium enhancement (LGE) tech-
nique has been used since 1999. This method 
uses T1-weighted imaging sequences, 15–20 min 
following an intravenous bolus of gadolinium- 
based contrast agent. Gadolinium is too large to 
cross cell membranes and therefore distributes 
itself in the extracellular space where it accumu-
lates in areas of extracellular volume expansion. 
A qualitative difference can be appreciated 
between “nulled” normal myocardium and areas 
of extracellular matrix expansion, as seen in focal 
replacement fibrosis, which are bright on 
T1-weighted sequences. These focal areas of 
replacement fibrosis are likely a consequence of 
increased coronary flow resistance in the regions 
of left ventricular hypertrophy and tend to occur 
in a mid-wall distribution [24]. This can usually 
be differentiated from myocardial infarction, 
which is another common cause of focal replace-
ment fibrosis that characteristically occurs in a 
subendocardial distribution.

Mid-wall replacement fibrosis is detectable 
on CMR in 29–62% of patients with AS  
[25–27] depending on the population studied. 
Subendocardial LGE, suggesting previous 
myocardial infarction, is also commonly seen 

in patients with AS (10–28% [26]) as patients 
are often elderly with vascular risk factors and, 
therefore, have co-existent ischemic heart dis-
ease. Interestingly, the presence of mid-wall 
LGE appears more closely related to the degree 
of left ventricular hypertrophy rather than the 
severity of valve narrowing. Importantly, sev-
eral studies have shown no regression in 
replacement fibrosis following relief of LV 
pressure overload associated with AV replace-
ment [12, 28, 29], suggesting that this type of 
fibrosis is irreversible. As well as being a poten-
tial substrate for re-entrant arrhythmias, mid-
wall fibrosis also correlates with myocardial 
injury as measured by high- sensitivity cardiac 
troponin I [30] and predicts functional recovery 
following surgery. Perhaps most importantly, 
the presence of mid-wall fibrosis has been 
shown to be a strong independent predictor of 
all–cause mortality in three separate studies 
[12, 26, 27], underlining its utility as an objec-
tive marker of LV decompensation in AS.

Late gadolinium enhancement techniques are 
unable to detect diffuse fibrosis as there is no nor-
mal myocardium present to provide visual con-
trast. Therefore, a considerable interest exists in 
the use of T1 mapping CMR assessment of dif-
fuse fibrosis to detect and quantify fibrosis bur-
den in AS patients (Fig. 5.5). This may potentially 
identify the optimal time-point to perform AV 
intervention before the development of irrevers-
ible pressure overload-induced pathological 
changes to the LV.

 T1 Mapping

T1 mapping technique enables the detection and 
quantification of diffuse myocardial fibrosis, an 
earlier form of myocardial fibrosis. This process 
is characterised by collagen deposition and 
 associated expansion of the extracellular volume 
(ECV), which precedes replacement fibrosis. 
This progressive change occurs due to an 
increased requirement for extracellular matrix to 
support the hypertrophied myocytes as a conse-
quence of an increased LV afterload, triggering 
increased myofibroblast collagen synthesis.
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As described in the earlier chapters, there are 
a variety of T1 mapping measures that have been 
studied in literature. The evidence for and utility 
of each of these measurements in the assessment 
of patients with AS will be examined in detail.

 Native T1

The use of native T1 has many advantages. It has 
good reproducibility in some studies involving 
patients with AS [31]. Scanning times are shorter 
than the equivalent contrast-based approaches. 

Indeed, the lack of gadolinium-based contrast 
agents makes this approach particularly attractive 
in patients with advanced renal impairment 
(EGFR <30 mL/min/1.73 m2) and other contrain-
dications to contrast.

Native T1 values are influenced by the changes 
in the molecular composition or water content in 
any of the tissue compartments of imaged tissue. 
In some conditions such as the hypertrophic car-
diomyopathy, the most significant changes are 
intracellular abnormality with sarcomeric and 
myocyte disarray. Much of the current literature 
regarding AS focuses on the extracellular 
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Fig. 5.5 T1 mapping and late gadolinium enhancement 
in aortic stenosis. Left column: a healthy control patient 
with normal myocardium, extracellular volume values 
and no late gadolinium enhancement. Middle column: a 
patient with severe aortic stenosis with raised extracellular 

volume indicating diffuse fibrosis. Right column: a patient 
with severe aortic stenosis with asymmetrical anteroseptal 
left ventricular hypertrophy, a raised extracellular volume 
and mid-wall late gadolinium enhancement (white arrows)
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 compartment where extracellular matrix expan-
sion with collagen deposition (myocardial fibro-
sis) causes an increase in native T1 values. Other 
conditions show similar increases in native T1 
due to deposition of other proteins, such as in 
amyloidosis. However, water content, whether 
intra or extravascular, is an important determi-
nant of native T1. For example, patients with 
myocarditis have raised native T1 values in areas 
of myocardial inflammation due to the presence 
of myocardial edema. The intravascular compart-
ment is often overlooked as highlighted in a 
recent study using adenosine stress CMR. Patients 
with severe AS have increased resting coronary 
flow volume and reduced flow reserve [32]. 
Native T1 values also increase with vasodilator 
pharmacological stress, presumably due to 
increased water volume in in the imaged tissue 
associated with increased myocardial blood flow. 
This may partially explain why native T1 values 
are higher in patients with aortic stenosis (with 
increased resting coronary flow volume) com-
pared to controls but both increase to a similar 
level at pharmacological stress [28].

In general, native T1 has demonstrated a good 
correlation with diffuse myocardial fibrosis on 
histological analysis [33–35] although this has 
not been a universal finding [36]. Moreover, his-
tology is performed on biopsy samples obtained 
at the time of AV replacement. This approach is, 
therefore, restricted to patients with severe symp-
tomatic disease. The T1 mapping data in less 
advanced stages of the disease have not been his-
tologically validated.

Bull and colleagues first investigated the use 
of native T1  in 109 patients with moderate or 
severe aortic stenosis. Native T1 values were 
raised in patients with aortic stenosis compared 
to 33 age and sex matched controls. Both AV area 
and LV mass index were independently associ-
ated with native T1 values [33]. Several other 
studies have shown that native T1 is able to dif-
ferentiate patients with AS from controls albeit 
with considerable overlap in values between the 
two groups [31, 37]. Chin and colleagues investi-
gated various T1 mapping measures at 3 tesla 
(3T) in 20 patients with AS and 20 healthy volun-
teers. While native T1 had excellent intra and 

inter–observer variability and acceptable scan- 
rescan reproducibility, it was unable to discrimi-
nate between AS and control subjects [37]. This 
finding may have been due to a wider spectrum of 
AS severity in this study (mild to severe) com-
pared to the previous studies, which involved 
patients with more severe disease.

The accumulation of diffuse myocardial fibro-
sis leads to progressive impairment in LV func-
tion. Although no studies have yet shown a link 
between native T1 and reduced ejection fraction 
in aortic stenosis, native T1 has been associated 
with these earlier measures of left ventricular 
dysfunction. Lee and colleagues assessed 80 
asymptomatic patients with moderate or severe 
aortic stenosis using 3T cardiac magnetic reso-
nance and included echocardiographic speckle 
tracking imaging. Native T1 values showed a 
good correlation with measures of impaired 
global longitudinal strain and diastolic dysfunc-
tion (mean e’ and left atrial volume) [34].

The primary utility of native T1  in clinical 
practice will be to establish normal native T1 val-
ues in healthy hearts and, therefore, to define cut- 
off values of abnormal levels of fibrosis in cardiac 
pathology. To date, two studies have attempted to 
do this in patients with AS. Lee and colleagues 
showed that at 3T, a cut off of 1190 ms could dis-
criminate between moderate and severe AS with 
c-statistic of 0.704 [34]. However, given the poor 
correlation between AS severity and the LV 
remodeling response, it may be more useful to 
identify native T1 cut-offs that predict future 
adverse events. In another recent study of 40 
patients undergoing AV replacement (AS 77.5% 
and aortic regurgitation 15%) or root replacement 
(7.5%) with concurrent myocardial biopsies, 
Kockova and colleagues defined an optimum 
native T1 cut-off value of 1010 ms, generating a 
sensitivity of 90%, specificity of 73% and 
c- statistic of 0.82 to detect severe diffuse fibrosis 
on histology (defined as collagen volume fraction 
of >30%) [35]. Again, outcome studies are 
needed to show that these cut-offs can detect 
patients at higher risk of future adverse events.

The major limitation of native T1 is that the 
values obtained are specific to the sequence, 
scanner and magnetic field strength. As such, a 
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reliable comparison between the clinical centers 
is challenging and has limited the guideline for 
reference ranges to define health and disease 
states, which in turn limits clinical applicability.

 Post-contrast T1 and the Partition 
Coefficient

Intravenous gadolinium shortens the T1 values 
and localizes the extracellular space. These 
behaviours can be utilized in conjunction with T1 
mapping to aid further in the assessment of dif-
fuse myocardial fibrosis. The use of equilibrium 
CMR (where a constant intravenous gadolinium- 
based contrast media infusion is used to create 
contrast equilibrium) have been supplanted by 
dynamic equilibrium techniques (where imaging 
is performed at a set time following bolus admin-
istration when it is assumed to be a dynamic 
equilibrium between myocardial and blood gado-
linium concentrations). However, the isolated 
post-contrast T1 values are highly dependent on 
an individual’s gadolinium kinetics and the vary-
ing time to image post contrast administration 
results in poor scan-rescan reproducibility, limit-
ing its clinical use [37].

Correction to post-contrast T1 values can be 
performed by calculating the partition coefficient 
(λ), which calculates the ratio of myocardial T1 
to blood T1 and corrects for the variation caused 
by an individual’s gadolinium contrast kinetics. It 
has a much improved scan-rescan variability 
compared to the isolated post-contrast T1 and 
differentiates AS from control subjects [37].

 Extracellular Volume Fraction

The further use of the hematocrit to calculate the 
blood volume in turn allows the myocardial vol-
ume to be estimated (assuming contrast equilib-
rium between these two compartments). As 
gadolinium is purely extracellular, its distribution 
in the myocardial volume is equal to the extracel-
lular volume (ECV) and this measure is termed 
ECV fraction. Although the extracellular space 
contains not just collagen but other extracellular 

matrix components, including myocardial capil-
laries, the ECV measure has been shown to cor-
relate well with histological collagen volume 
fraction on myocardial biopsy samples in multi-
ple studies of AS patients undergoing AV replace-
ment [35, 38–40].

Extracellular volume was first validated in AS 
in 2010 by Flett and colleagues who used equilib-
rium contrast CMR at 1.5T to investigate 18 
patients with severe AS who underwent myocar-
dial biopsy at the time of AV replacement. 
Extracellular volume strongly correlated 
(r2  =  0.86) with collagen volume fraction as 
assessed by picrosirius red quantification on his-
tology [39]. Equilibrium contrast CMR involved 
a highly complex protocol, requiring an extra 
30–90  min of patient time in the radiology 
department.

Flett and colleagues went on to examine, 
using similar methods in 63 patients with severe 
AS undergoing AV replacement and 30 healthy 
controls [14]. Diffuse myocardial fibrosis was 
estimated using a line of best fit correlation 
between histological fibrosis (collagen volume 
fraction) and CMR obtained ECV values from 
their previous study [39]. Patients with AS had 
more diffuse myocardial fibrosis compared to 
control subjects (18 versus 13%) although these 
values overlapped significantly. Diffuse fibrosis 
was associated with diastolic dysfunction and 
impaired functional status as measured by 6-min 
walk test independent of age, sex, LVEF, AV area 
and presence of LGE [14].

Extracellular volume has excellent reproduc-
ibility and appears to have superior inter-observer, 
intra-observer and scan-rescan reproducibility 
compared to other T1 measures at 3T [37]. This 
study used simplified dynamic equilibrium 
sequences using a contrast bolus injection with 
imaging performed 10–20 min post administra-
tion, which have been shown to give comparable 
results to the more complex equilibrium contrast 
infusion techniques. These bolus techniques 
have, therefore, almost universally been adopted. 
Extracellular volume was also found to be sig-
nificantly greater in patients with AS compared 
to healthy controls although a large degree of 
overlap was observed. Similar findings have been 
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observed in other studies [14, 41]; however, the 
control populations in these studies were younger 
and common co-morbidities such as hyperten-
sion or diabetes were excluded. In a recent study, 
extracellular volume was unable to differentiate 
between patients with asymptomatic moderate or 
severe aortic stenosis in age, gender and co- 
morbidity matched controls; nevertheless, these 
studies were most likely under-powered [31].

As with the native T1, establishing the normal 
range of ECV values in healthy controls and dis-
ease specific cut-offs is essential for clinical util-
ity. Extracellular volume is less dependent on 
scanning sequence and magnetic field strength 
but some variability remains [38]. As detailed 
above, Kockova and colleagues examined 40 
patients (77.5% with severe aortic stenosis) who 
underwent AV replacement and myocardial 
biopsy. They showed that a cut-off ECV of ≥0.32 
was able to detect severe myocardial fibrosis 
(defined as >30% by histology) with a sensitivity 
of 80%, specificity of 90% and c-statistic of 0.85. 
The clinical utility of this cut-off and long-term 
prognostic value are unknown. Defining the clin-
ically relevant cut-off values remains key. 
Overall, a higher ECV has been shown to be pre-
dictive of all-cause mortality and heart failure 
admissions in heterogeneous populations with 
cardiac disease (excluding hypertrophic cardio-
myopathy and amyloidosis) [42, 43]; however, 
this has not been examined in an aortic stenosis 
population to date.

 Absolute Extracellular Volume

The limitation of current T1 measurement is that 
they universally show a substantial overlap 
between AS patients and healthy controls, limit-
ing their clinical application. Although ECV is 
conceptually a particularly attractive measure, it 
assesses diffuse fibrosis as a percentage of the 
left ventricular myocardial volume and, there-
fore, a measure of relative fibrosis. Compared to 
other myocardial pathology, this may be of less 
use in AS which is characterised by a reactive 
increase in both LV mass and diffuse myocardial 
fibrosis in response to sustained pressure over-

load. As such, the relative fibrosis may not change 
as disease progresses. An absolute measure of 
whole heart fibrosis, such as the absolute extra-
cellular volume (extracellular volume x end-dia-
stolic myocardial volume) may therefore be more 
useful in staging disease and tracking changes in 
fibrosis over time.

The use of extracellular volume indexed to 
body surface area (indexed extracellular volume, 
iECV) was examined in 166 patients with AS of 
whom approximately half had severe aortic ste-
nosis. Normal levels of iECV were defined in 37 
age and sex matched controls (normal iECV 
<22.5 mL/m2). Patient classification by the pres-
ence of abnormal diffuse fibrosis (iECV 
>22.5 mL/m2) or replacement fibrosis (mid-wall 
late gadolinium enhancement) showed a stepwise 
progression in troponin I concentration, diastolic 
dysfunction and longitudinal systolic dysfunc-
tion from patients with no fibrosis to diffuse and 
then to replacement fibrosis, which was also 
associated with unadjusted all-cause mortality 
[44]. Further longitudinal studies are necessary 
but this seems to be a very promising approach to 
address some of the issues of disease 
discrimination.

 Barriers to Widespread Adoption

Cardiac magnetic resonance is an expensive tech-
nology and although there has been an expansion 
of capacity over recent years, access is still lim-
ited with considerable geographical variation 
[45]. A major limitation of current T1 mapping 
techniques is the overlap in the values between 
patients with AS and healthy controls. Further 
work is needed to select the most useful T1 mea-
sure and acquisition sequence to optimise the 
prognostic capability. T1 values differ depending 
on CMR scanner, sequence and magnetic field 
strength, which hinder collaboration between 
research centers, delay the determination of nor-
mal reference ranges, and confound the healthy 
and diseased states. Although such normal refer-
ence range has been described that are scanner 
and sequence specific [46], a major challenge 
remains in standardizing the techniques, identify-
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ing the widely applicable reference range, and 
establishing the prognostically significant cut-off 
values for T1 measurements, which represent 
clinically relevant applications for myocardial 
fibrosis.

 Potential Uses of T1 Mapping

T1 mapping measurements may find a role as 
surrogate end-points in clinical trials. Native T1 
and ECV are currently well validated against his-
tology for the presence of myocardial fibrosis 
and the use of these measures as surrogate end- 
points may allow easier testing of novel therapies 
or management strategies for AS with greater sta-
tistical power, requiring smaller numbers of 
patients.

T1 mapping assessment may be able to refine 
decision making regarding AV intervention. The 
risks associated with surgical AV replacement 
have been falling for decades due to improved 
surgical technology and peri-operative care. In 
addition, the introduction of percutaneous trans-
catheter aortic valve replacement (TAVR) proce-
dures for high-risk or inoperable patients has 
enabled AV replacement at relatively low risk 
with good short to medium term outcomes [47, 
48]. A recent trial showed encouraging outcomes 
using TAVR in intermediate risk patients [49] and 
it seems likely that TAVR will see huge expan-
sion in coming years. With lower risk options 
available for treating severe AS, the risk–benefit 
balance may move in favour of intervention ear-
lier in the disease process as the potential benefits 
from valve intervention will outweigh the small 
risks of intervention. The use of T1 mapping to 
assess diffuse fibrosis burden may become a 
method to identify high risk asymptomatic 
patients who will benefit from these percutane-
ous or minimally invasive AV interventions.

 Future Directions

T1 mapping in AS is an exciting and rapidly pro-
gressing field. For example, novel contrast agents 
are in development that could allow non-invasive 
assessment of extracellular matrix composition. 

Gadolinium-based collagen and elastin specific 
contrast agents bind to collagen and tropoelastin 
respectively in pre-clinical mouse models, and 
have a longer washout period from the myocar-
dium increasing the contrast-to-noise ratio on 
delayed cardiac magnetic resonance sequences 
[50, 51]. Increased tropoelastin synthesis is asso-
ciated with improved ejection fraction in mouse 
models of myocardial infarction and both of 
these agents could potentially monitor the effects 
of novel therapies in the future. Further studies 
using these agents are pending.

Techniques to assess T1 measurements are 
also evolving. Although the use of bolus adminis-
tration of gadolinium-based contrast agent has 
simplified the technique compared to previous 
equilibrium contrast CMR, novel methods to 
reduce the complexity and duration of the scan 
would be advantageous. In particular, Treibel and 
colleagues have shown that it may be possible to 
calculate a so called “synthetic extracellular vol-
ume” based on the linear relationship between 
blood relaxivity (1/T1) and the hematocrit. This 
would simplify the technique by removing the 
need for hematocrit sampling [43].

There is also interest in the use of CMR to 
assess valve leaflet composition, given the excel-
lent spatial resolution and exquisite tissue char-
acterization. Preliminary ex vivo work with 
explanted AV leaflets showed that CMR dis-
played excellent sensitivity and specificity for the 
identification of both mineralization and fibrosis 
with lower accuracy for lipid-rich tissues [52]. 
However, clinical applications are limited at 
present as CMR currently lacks the temporal res-
olution to perform such imaging in vivo due to 
valve leaflet motion.

 Conclusion
The importance of the myocardial response 
to progressive AS is increasingly recog-
nized. Cardiac magnetic resonance offers 
gold-standard measurements of LV volumes 
and mass while also providing whole heart 
quantification of diffuse and replacement 
myocardial fibrosis. These findings may be 
linked to adverse outcomes. The use of T1 
mapping to identify early LV decompensa-
tion may allow intervention to relieve pres-
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sure overload before the onset of irreversible 
LV dysfunction. The challenge is now 
to  refine T1 mapping techniques to deter-
mine the normal reference range and estab-
lish their prognostic significance. We await 
the results of randomised clinical trials 
that  demonstrate the benefit of manage-
ment  strategies involving T1 mapping 
measurements.
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T1 Mapping in Peri-infarct Injury 
in Ischemic Cardiomyopathy

Yuko Tada and Rajesh Dash

 Ischemic Cardiomyopathy and T1 
Mapping

Despite advances in post-myocardial infarction 
(post-MI) care, sudden death remains a major 
risk within the first 30  days of a myocardial 
infarction [1, 2]. As a result, there is unique clin-
ical value in understanding whether a patient 
possesses significant amounts of a ‘mixed injury’ 
in the peri-infarction region (PIR) in ischemic 
cardiomyopathy. This PIR region has been 
linked to arrhythmogenicity and, therefore, sud-
den cardiac death in post-MI patients [3]. 
Because the PIR is typically of variable viability 
(a mixture of live and dead cells as well as fibro-
sis), there are technical challenges to identifying 
and quantifying PIR volume and the degree of 
heterogeneous composition using non-invasive 
imaging techniques. Recently, cardiac MRI, 
which has both the tissue characterization abili-
ties and spatiotemporal resolution to both local-
ize and accurately quantify these regions, has 
shown promising and innovative inroads into 

this measurement. T1 mapping, using multiple 
contrast agents, affords the ability to not only 
discriminate the presence and amount of PIR, 
but to also grade the degree of ‘variable viabil-
ity’ within the PIR, all of which may correlate 
with both salvageable myocardium as well as 
arrhythmogenic potential [4]. This chapter will 
review the advances in T1 mapping in ischemic 
cardiomyopathy.

 T1 Mapping Techniques in Ischemic 
Cardiomyopathy

Advances in T1 sequences in cardiac MRI have 
enabled more rapid acquisition and high- 
resolution mapping of the T1 maps of the myo-
cardium to denote more subtle levels of either 
cellular death/injury when using gadolinium- 
based contrast agents. Conversely, the recent use 
of a manganese-based contrast agent has been 
optimized to reveal the extent of myocardial cell 
viability, opening the door to specific questions 
that dictate one’s approach to CMR T1 imaging 
of the myocardium. Both contrast agents, with 
unique strengths and limitations, contribute to 
our understanding of the role of the PIR in clini-
cal management of ischemic cardiomyopathy 
patients.
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 Gadolinium Enhanced Delayed 
Enhancement

In the setting of ischemic injury to the heart, a sud-
den drop in myocardial blood flow (MBF) results 
in a low-flow state to segment(s) of the heart and a 
significant increase in extracellular volume in 
affected regions. These changes produce an accu-
mulation of Gadolinium in those segments, which 
does not cross intact cell membranes but instead 
resides in the extracellular space, leading to a 
marked T1 shortening signal effect. Most of our 
clinical interpretation of delayed gadolinium 
enhancement relies upon relative signal differ-
ences between healthy (nulled) or injured/dead tis-
sue. There has been considerable research and 
clinical validation of how gadolinium enhance-
ment measurements can predict the functional 
recovery of infarcted segments of myocardium 
after revascularization [5]. Typically, a segment 
with less than 50% thickness enhancement and at 
least 5  mm of non-enhanced myocardium has a 
favorable chance to functionally recover upon 
revascularization. Indeed, the amount of enhance-
ment as a percentage of total LV mass is not only 
highly predictive of cardiovascular events in isch-
emic cardiomyopathy patients, but is superior to 
ejection fraction and ventricular volumes, which 
have traditionally been used for such estimations 
(Table 6.1) [6].

 Role of PIR in Predicting 
Cardiovascular Outcomes in Ischemic 
Cardiomyopathy

Building upon the predictive findings of the pro-
portion of total myocardial mass with delayed 
enhancement, a study was performed using just 

signal intensity without formal T1 mapping [4]. 
This study noted that a more detailed analysis of 
the delayed enhancement pattern of ischemic car-
diomyopathy patients was able to identify a PIR in 
which the size of the PIR and the variability in the 
signal intensity both correlated with cardiovascu-
lar outcomes (see reprinted Fig. 6.1). This study 
suggested that a true T1 map of the infarct region 
and PIR may indicate the likelihood of arrhythmo-
genesis on an individualized patient basis.

 T1 Mapping Using Gadolinium 
Enhancement

Because of the T1 shortening properties of gado-
linium distribution in the heart, T1 mapping of 
infarcted regions is a natural extension of delayed 
enhancement, as the true T1 value of each voxel of 
myocardium can be mapped from both within and 
immediately surrounding the infarcted tissue. This 
technique has been correlated with visual assess-
ments of infarct size as well as delineation of PIR, 
but also generates a calculated extracellular vol-
ume (ECV) that can characterize infarct zones and 
PIR [7]. The advent of T1 mapping allows a more 
detailed PIR assessment by identifying the true T1 
value of every voxel within the infarct zone and 
PIR. Thresholds of T1 signal for inclusion within 
the infarct zone or PIR then lead to more precise 
derivations of each region’s boundaries.

 Limitations to Gadolinium 
Enhancement

Today, gadolinium delayed enhancement MRI 
is used clinically as the gold standard for 
infarct sizing in ischemic cardiomyopathy. 

Table 6.1 The proportion of non-transmural versus transmural segments of myocardial infarction, correlation with 
event rates

Cardiovascular events (+) Cardiovascular events (−) p-value
Non-transmural MI (1–75% scar of myocardium) 18.4 ± 14.0 13.8 ± 11.2 0.049
1–25% scar of myocardium 9.2 ± 11.0 6.7 ± 9.3 0.12
26–50% scar of myocardium 9.2 ± 10.6 3.2 ± 3.6 0.03
51–75% scar of myocardium 3.5 ± 4.2 4.0 ± 4.5 0.30
Transmural MI (76–100% scar of myocardium) 5.8 ± 10.2 7.2 ± 11.4 0.28

Values are expressed as a mean ± SD
Reprinted showing the correlation of the % of enhancement of total myocardial mass with cardiovascular event rates [6]
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However, a relative signal difference using 
human visual assessment is prone to insensitiv-
ity to subtle signal differences that may be 
present, which may represent variability 
between a truly ‘infarcted’ myocardial region 
versus just an ‘injured’ myocardial region. The 
reliability and precision of defining those 
affected regions is subject to the individual 
reader. Our group recently published that a 
gross overestimation of truly infarcted myocar-
dial segments is likely if you rely only upon 
relative gadolinium update in the setting of 
ischemic cardiomyopathy [8]. As a result, 
identifying gradations of myocardial injury or 

viability within the  penumbra or border zones 
or PIR of infarction may be clinically  relevant 
when revascularization decisions are made. 
Moreover, if arrhythmogenesis consideration 
becomes a future consideration for medical or 
defibrillator management of ischemic cardio-
myopathy patients, a high-resolution technique 
to delineate those regions that are more 
likely  to associate with sudden death will be 
critical. Hence, T1 mapping may provide a 
more  reproducible and accurate method to 
delineate the PIR extent and variability, and 
as  a result, the clinical risks imposed by 
the PIR.
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Fig. 6.1 Determining tissue heterogeneity. (a) An area of 
late gadolinium enhancement (LGE) was identified (red) 
and was planimetered by a trained observer. The observer 
then planimetered a region of interest (ROI) in the remote, 
noninfarcted myocardium (blue). (b) The maximum sig-
nal intensity (SI) within the area of LGE was determined 
(LGE SI max = 29). The maximum SI within the remote 
ROI region was determined (ROI SI max = 5). The infarct 
core was defined as the zone with SI >50% of the maximal 
SI in the infarct (SI core = 15–29), whereas the border was 

defined as the zone with an SI  >  maximum SI in the 
remote ROI but <50% of maximal SI of the infarct (SI 
border = 5–15, between the red lines; the value of 15 is 
included in the border zone). (c) The total scar is depicted 
in green. (d) The border zone is depicted in green. The 
area of the core and border zones was determined, and the 
tissue mass (g) was calculated by the following: 
area × slice thickness × 1.05. LMB = left main bronchus; 
RMB  =  right main bronchus. (Reprinted from Heidary 
et al. JACC Vol 55, Issue 24, 15 June 2010, 2762–2768)
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 T1 Mapping Sequences for Ischemic 
Cardiomyopathy

Several T1 mapping methods exist that all stem 
from an Inversion recovery (IR) and Look-Locker 
(LL) origin, but which have been improved with 
each iteration to achieve more rapid and reliable 
T1 maps. Based on these principles, modified 
Look-Locker methods (original and modified) 
and several saturation recovery methods have 
been developed (Fig. 6.2).

 SMART1Map

The SMART1Map is an investigational pulse 
sequence that uses a single-point, saturation- 
recovery FIESTA acquisition to measure the 
T1 of myocardium. The pulse sequence also 
provides the ability to measure the duration of 

each heartbeat in real time. In this sequence, 
each RR interval receives a saturation pulse 
with the acquisition of longer delay times in 
the recovery curve performed across multiple 
heart beats. This eliminates T1* correction and 
is less sensitive to other imaging parameters 
[10]. Saturation recovery times (TS) can be 
divided into two groups: (1) TS < TRR and (2) 
TS > TRR. Group 1 can be considered fixed sat-
uration times because they are independent of 
heart rate variation during the scan (Fig. 6.3). 
The fixed TSs are determined by three factors: 
the prep time, trigger delay and the number of 
fixed TSs. The fixed saturation times are spaced 
evenly between prep time and trigger delay. 
The saturation recovery times in group 2 are 
heart-rate dependent. These are the heart- rate- 
dependent saturation times (TS  >  TRR) and 
they  use the trigger delay as a reference 
point [11].
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Tln

(N-1)t

t

SE or GRE readout

GRE 
readout

GRE 
readout
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readout
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αα α

θ

θ

a

b

c

Fig. 6.2 Pulse sequences of common T1 mapping MRI strategies: (a) inversion recovery, (b) Look-Locker, (c) variable 
flip angle T1 mapping. Reprinted from [9]
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 Combination of Intrinsic T1 Versus 
Contrast Agent-Enhanced T1 
Mapping

 Native

T1 mapping is an effective tool to characterize 
the histological changes in the myocardial tis-
sues. Pathological changes, including fibrosis, 
necrosis and edema increase pre-contrast (native) 
T1 value of the myocardium. It contains both 
myocytes and connective tissue information. 
Native T1 mapping can be performed in patients 
with renal dysfunction. In ischemic cardiomyop-
athy, the value of native T1 mapping has not been 
clearly established, and typically it is combined 
with a post-contrast gadolinium enhanced T1, 
where it can be used to generate an ECV 
measurement.

 Gadolinium (Gd)

The post-gadolinium T1 value of normal myo-
cardium acquired between 10 and 15 min after 
infusion is significantly shorter than the pre-
contrast T1 of normal myocardium [12]. Post-
contrast T1 values of scarred or infarcted 

myocardium is  significantly shorter than those 
of normal myocardium due to the retention of 
gadolinium in this fibrotic tissue, significantly 
higher ECV percentage, and lower flow state 
[13]. However, the existence of various factors 
that could affect post-contrast T1, such as the 
tissue status, hematocrit (Hct), the time delay 
after administration, and T1 mapping acquisi-
tion sequences, makes it difficult to assess myo-
cardial fibrosis by itself [14]. To account for 
these variables, the ECV of the myocardium is 
calculated by measuring Hct and T1 for the 
blood pool: ECV = (1 − Hct) × (R1post − R1pre)m

yo/(R1post  −  R1pre)blood, where R1 equals 1/T1 
[15]. After bolus injection of  gadolinium based 
agent, imaging is performed after at least 15 min 
from the injection, which generates equivalent 
results with the equilibrium contrast infusion 
[16]. ECV value is independent of field strength 
and may have more relevance in clinical prac-
tice [7, 17]. Expansion of the ECV fraction in 
the infarct injury region causes a greater change 
in the MRI relaxation (R1) value after the 
administration of the gadolinium-based extra-
cellular contrast agent when compared to the 
remote myocardium [7, 18]. The extent of ECV 
changes could predict LV function and cardio-
vascular events following myocardial infarction 

Heartbeats

Fixed
Saturation Times

Heart-Rate-Dependent
Saturation Times

1

TP, TD - TP
2

, TD, TD + TRR, TD + 2xTRR

1 1 2 3

Saturation
Pulse

Data
Acquisition

TS = 100 350 600
(=Trigger Delay)

600 + TRR 600 + 2 x TRR

Fig. 6.3 Smart T1 mapping sequence as described by GE, Inc.
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[19, 20]. The high risk DM patients showed a 
higher ECV value compared to the low risk 
patients [21].

 Manganese (Mn)

In contrast to the native T1 and ECV mapping, 
quantification of manganese uptake into the 
cardiomyocytes through the voltage-gated cal-
cium channels can produce direct representa-
tion of myocardial viability. Because of this 
property, Mn imaging generates a more accu-
rate quantification of myocardial viability, 
which may predict future LV remodeling and 
arrhythmogenecity more sensitively in compar-
ison to the Gd-based evaluation of cardiac 
fibrosis and extracellular volume (ECV) frac-
tion. Delayed Gd-enhancement (DEMRI) is 
known to underestimate cardiac viability [22, 
23]. In contrast, manganese-enhanced MRI 
(MEMRI) differentiates the non-viable infarct 
from viable myocardium and delineates the 
injured cardiomyocytes in the peri-infarct 
region. Our previous studies using dual contrast 
agents of gadolinium and manganese success-
fully identified the border zone around the 
infarct core, which contained injured but still 
viable myocardium (Fig. 6.4) [8, 24].

The significant changes in R1 value pre- and 
post MEMRI characterized the PIR more accu-
rately by quantifying the myocardial viability. 
EVP 1001-1 (Eagle Vision Pharmaceutical, Corp, 
PA) is a cardiac-specific intracellular contrast 
agent that contains manganese and calcium with 
high safety profiles [25]. A short plasma half-life 
up to 1.5  min, rapid myocardial uptake, long 
retention time in the myocardium over 1 h, and 

no redistribution eliminates extracellular distri-
bution. Reliable quantification of myocardium- 
specific manganese uptake is possible with 
minimal artifact from the timing of image acqui-
sition [25, 26]. These features enable accurate 
quantification of myocardial viability of the 
infarct core and peri-infarct region through excel-
lent spatial and temporal resolution.

Although manganese uptake by the myo-
cardial tissue indicate the extent of viable car-
diomyocytes, various factors could affect the 
uptake. Impaired calcium handling in heart 
failure could decrease manganese uptake. 
Stunned myocardium that is viable but dys-
functional shows decreased uptake of manga-
nese and reduce delta R1 post MEMRI [27]. 
Higher heart rate and increased plasma level 
of neurohumoral factors up-regulate the 
uptake of manganese by cardiomyocytes 
(Fig. 6.5) [26].

 Summary and Future Directions

As techniques continue to be refined for T1 
mapping of the ischemic cardiomyopathy, the 
correlation of T1 map findings with clinical 
outcomes must follow. Our current tools to 
identify, quantify, and correlate PIR character-
istics with arrhythmia, functional recovery, and 
overall prognosis are still developing, but early 
data suggest that there is a wealth of clinically 
valuable information within the PIR. The use of 
alternative contrast agents, specifically 
MEMRI, produces unique viability information 
about the PIR and may help define the clinical 
management of ischemic cardiomyopathy 
patients.

Y. Tada and R. Dash
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T1 Mapping in Stem Cell Therapy

Yoko Kato, Mohammad R. Ostovaneh, 
Bharath Ambale-Venkatesh, and Joao Lima

 Cardiac Disease and Stem Cell 
Therapy (Overview of the Previous 
Stem Cell Studies)

Cell therapy is a novel technique to recover myo-
cardial function by reverse remodeling. It is also 
referred to as “Cellular cardiomyoplasty” [1]. In 
general, cell therapy deploys stem cells to the 
damaged myocardium by cell delivery methods 
of direct myocardial injection (during surgery), 
transcatheter endomyocardial injection (TESI) 
[2, 3], or intracoronary injection (IC).

Stem cell therapy has been used to target a 
broad range of cardiomyopathies. These include 
ischemic heart disease (IHD) like acute myocar-
dial infarction (AMI) [4–7], or chronic ischemic 
heart disease (IHD) [8, 9], or non-ischemic car-
diomyopathies (NICMs) like dilated cardiomy-

opathy [10–13], or drug-induced cardiomyopathy 
(Table 7.1).

Several types of cells have been developed 
and used in clinical trials. Cells with limited 
regenerative potential like bone marrow cells 
(BMCs) and mesenchymal stem cells [14] were 
used in the early years of stem cell study. These 
heterogeneous cell populations have been called 
“first-generation” stem cells, in contrast to con-
temporary “second-generation” counterparts 
with high regenerative potential [15]. The latter 
consist of more purified cell populations with a 
presumed greater potential for cardiac repair and 
are often derived from non-bone marrow sources, 
or subjected to genetic and pharmacological 
“priming” in vitro to enhance their engraftment, 
survival, plasticity, and paracrine activity. In the 
second generation, cardiosphere derived cells 
(CDCs) [7], c-kit positive cells [8], embryonic 
stem cells and induced pluripotent stem cells are 
reported [15]. The safety of stem cell therapies 
have now been established by many previous 
studies.

Autologous cells were deployed in early stud-
ies, but the efficacy of allogeneic compared to 
autologous cells has been also studied in several 
recent reports. The extraction and production of 
autologous cells are more difficult than allogenic 
cells. So far, allogeneic cells have shown a com-
parable safety profile. The effect on myocardial 
function recovery, measured using ejection frac-
tion or wall motion, using allogeneic as  compared 
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to autologous cells is an active area of research. 
So far, the superiority of autograft/allograft cells 
are inconsistent and there are several consider-
ations [13, 16].

The goal of stem cell therapy is the func-
tional recovery of the heart and prognostic 
improvement. For the functional assessment 
of endpoints, imaging modalities such as echo-
cardiography, left ventriculography (LVG), 
 single-photon- emission computed tomography 
(SPECT), computed tomography (CT), and car-
diac magnetic resonance imaging (MRI) have 
been used. For the assessment of myocardial 
tissue characteristics, SPECT or cardiac MRI 
late gadolinium enhancement (LGE) have gen-
erally been used. Some previous studies have 
assessed the same patients with different 
modalities and compared the results. Cardiac 
MRI is generally accepted as the gold standard 
modality for assessment of changes in myocar-
dial function and tissue characteristics because 
of the excellent reproducibility it affords as 
well as the improved spatial resolution that 
allows quantification and characterization at 
the millimeter-level. MRI also is completely 
non-invasive and performs imaging using non-
ionizing radiation, and carries no known long-
term risks to patients.

 Ischemic (AMI/Chronic Ischemia)

Ischemic heart disease has been one of the impor-
tant targets in stem cell therapy. The main end-
point studied in previous reports has been an 
increase in left ventricular ejection fraction 
(LVEF), but the results so far have been fairly 
inconsistent, with the effects limited. Preservation 
of the LVEF is generally one of the last func-
tional indices that change throughout the disease 
process. One of the reasons might be that the end-
point of LVEF might not be specific to improve-
ment in myocardial function with effects from 
other factors such as loading conditions and con-
comitant disease conditions. We may need to 
detect more subtle changes of myocardial func-
tion like diastolic function, strain, or torsion, 
especially when we think about the well-known 

ischemic cascade [17], a complex biological pro-
cess, which stem cell therapy must reverse.

 Previous Studies on AMI: BOOST [4], 
ASTAMI [5], HEBE [6], CADUCEUS [7] 
(Table 7.1)
There have been several trials looking into the 
effect of various cell types in patients with a vari-
ety of cardiac diseases. A few of them have used 
MRI measured cardiac structure, function, and 
morphology as the endpoints. The BOne marrOw 
transfer to enhance ST-elevation infarct regenera-
tion (the BOOST) trial [4] was a randomized trial 
conducted between years 2002–2003 that 
reported the potential beneficial effects of stem 
cells in the first 6 months after therapy. The pri-
mary endpoint was LVEF assessed on MRI. At 
6  months, LVEF increased significantly in the 
cell (injected with bone marrow derived cells 
(BMCs)) group compared to the control group 
(6.7% vs. 0.7%, p  =  0.0026). However, at 
18  months, LVEF did now show a sustained 
improvement and overall, the mean LVEF change 
in 18 months did not show significant difference 
between the groups [18]. This study suggests the 
difficulty of setting a suitable follow-up period as 
well as relying on LVEF alone as a viable 
 endpoint to understand the underlying 
pathophysiology.

ASTAMI (Autologous Stem cell 
Transplantation in Acute Myocardial Infarction) 
trial [5] was also a randomized controlled trial in 
which patients with acute myocardial infarction 
were injected BMC cell type or placebo 6 days 
after hospitalization. End points included changes 
in the LVEF and infarct size. They assessed 
LVEF with three modalities, including SPECT, 
echocardiography, and MRI, and the infarct size 
with SPECT and late gadolinium enhancement 
(LGE). At 6  months, all the patients showed 
LVEF increase of 7.6 ± 10.4%, but when LVEF 
change was compared between the treatment and 
control groups, there was no significant differ-
ence as assessed by any modalities. The treat-
ment group did not differ significantly from 
control group in infarct size assessed on SPECT 
or LGE when compared with the baseline and the 
6 months. Acute MI is a setting where dynamic 
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changes happen to the structure and function of 
the heart, and therefore the choice of LVEF, in 
particular, could be fraught with difficulties in 
trying to separate natural changes immediately 
after MI from the cell therapy effects. Scar size 
measured by LGE is also seen to decrease in the 
immediate days and months following MI before 
stabilizing, yet LGE alone is non-specific for 
small changes in scar size that occurs with stem 
cell therapy, particularly in the peri-infarct 
region.

HEBE trial [6] was a randomized trial that 
also reported negative results. Their target dis-
ease was large first AMI treated with PCI. They 
randomly assigned the patients to mononuclear 
BMCs (n  =  69), mononuclear peripheral blood 
cells (n = 66), or standard therapy (without pla-
cebo infusion) (n = 65). In 4 months, they found 
that intracoronary infusion of cell therapy did not 
improve regional or global systolic myocardial 
function. They have assessed the infarct size 
using LGE, but there was no significant differ-
ence in the amount of infarct size reduction 
among the groups. This study suggests the impor-
tance of follow up period to assess the efficacy of 
stem cell therapy. As they discussed in the paper, 
follow-up MRI at 4  months was too early to 
detect the changes in LV function and remodel-
ing and long term consequences of treatment 
may have been missed. There are two very impor-
tant considerations relevant to the design of the 
cell therapy trials: timeline for recovery from 
hibernation, and also to detect the reverse- 
remodeling from cell therapy intervention. 
Moreover, given that the effect size in cell ther-
apy trials is expected to be small, accurate and 
reproducible methods are to be considered for 
endpoint assessment.

CADUCEUS (CArdiosphere-Derived aUtolo-
gous stem CElls to reverse ventricUlar dySfunc-
tion) trial [7] was a prospective, randomized, 
controlled trial that showed improvement in scar 
size by LGE, but not in LVEF. The target disease 
was AMI within 4 weeks with successful PCI and 
LVEF of 25–45%. They deployed autologous 
cardiosphere-derived cells (CDCs) harvested 
from the biopsy sample of endomyocardium. At 
1  year, CDC-treated patients had smaller scar 

size on LGE compared with control patients, 
while no differences in the change of LVEF were 
observed between CDC-treated patients 
(5.4 ± 10.6%) and control patients (5.8 ± 3.3%, 
p = 0.636 between groups). Interestingly, at the 
regional level, myocardial segments treated with 
CDCs showed improved segmental wall thicken-
ing and circumferential strain although this did 
not translate to improvement in LVEF.  The 
improvement in regional function was correlated 
with reduction in scar size by LGE. The signifi-
cant difference seen in LGE but not in LVEF, 
together with the improvement in regional func-
tion, suggests that the LVEF may not be the best 
index to detect the effect size in cell therapy 
trials.

One limitation of these studies is rather short 
follow-up period and the lack of data on long- 
term prognosis of patients treated with stem cells. 
For an example, it is not well understood whether 
the patients with unchanged LVEF, improved 
regional function and reduced scar and fibrosis 
have better long-term prognosis when compared 
to their counterparts with similar LVEF but worse 
regional function and greater scar burden. 
Currently there is a large scale ongoing study on 
efficacy of BMCs on AMI, “the phase III BAMI 
trial” with the initial sample size of 3000 partici-
pants (reduced to 400), which is expected to shed 
light into many of unanswered questions in the 
field. This trial is aiming for completion by May 
2018 [19].

 Previous Studies on Chronic Ischemia: 
SCIPIO [8], TAC-HFT [9] (Table 7.1)
SCIPIO (Stem Cell Infusion in Patients with 
Ischemic cardiomyopathy) [8] was a small phase 
1 study that showed positive results in LVEF 
recovery. Patients with post-infarction LV dys-
function (ejection fraction [EF] ≤40%) before 
coronary artery bypass grafting were included. 
Cardiac stem cells (CSCs) expressing the surface 
receptor tyrosine kinase c-kit was utilized. 
Treatment group patients received IC injection of 
c-kit positive (surface tyrosine kinase receptor) 
cardiac stem cells (CaSC) 4  months after 
CABG. Four months after CaSCs infusion, LVEF 
increased from 30.3% (SE 1.9) to 38.5% (2.8, 
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p = 0.001) while in control patients LVEF did not 
change (30.1% (2.4) to 30.2% (2.5)). They also 
reported decreased infarct size on LGE in small 
subgroup (N  =  7) of treated patients although 
none of the control group participants underwent 
LGE and placebo effect could not be ruled out. 
The advantage of the SCIPIO trial was allowing 
4 months after revascularization to eliminate the 
effect of recovery from hibernation even though 
the follow-up time after cell therapy was rela-
tively short for the assessment of persistence of 
treatment effect.

TAC-HFT [9] was a study that showed reduc-
tion in infarct size and improvement in circum-
ferential strain but failed to demonstrate any 
improvement in LVEF or LV size. This trial was 
a phase 1 and 2 randomized, blinded, placebo- 
controlled study that included 65 patients with 
ischemic cardiomyopathy and LVEF less than 
50%. The study compared MSCs (n = 19) with 
placebo (n = 11) and BMCs (n = 19) with placebo 
(n  =  10) and all patients were followed up for 
1 year. Infarct size was significantly reduced with 
MSCs (−18.9%; 95% CI, −30.4 to −7.4; within- 
group, P = 0.004) but not with BMCs compared 
to placebo. Also, regional myocardial function 
indexed as peak circumferential strain at the site 
of injection improved with MSCs (−4.9; 95% CI, 
−13.3 to 3.5; within-group repeated measures, 
P = 0.03) but not with BMCs. Similar to most of 
other studies, no change in LVEF or LV size was 
observed in this study.

 Non-ischemic (DCM/Other Non- 
ischemic Pathology): TOPCARE-DCM 
[10], ABCD [11], NOGA-DCM [12], 
POSEIDON-DCM [13] (Table 7.1)

Cell therapy trials in non-ischemic cardiomyopa-
thies are scarce in the literature and the most of 
those few studies are focused on dilated cardio-
myopathy (DCM). There is also an ongoing study 
to assess the efficacy of cell therapy in Duchenne 
muscular dystrophy (HOPE trial, NCT02485938) 
with expected study completion by late 2017. In 
contrast to ischemic cardiomyopathy, the etiol-
ogy of injury in non-ischemic cardiomyopathy is 

not ischemia driven. Mechanism of action for cell 
therapy might, therefore, differ from ischemic 
cardiomyopathy.

TOPCARE-DCM (Transplantation of 
Progenitor Cells and Recovery of Left Ventricular 
Function in Patients with non-ischemic Dilated 
Cardiomyopathy) [10] was a pilot study that 
tested the efficacy of IC injection of BMCs in 
DCM patients with reduced LVEF <40% and 
dilated LV (LVDd >60 mm). The study demon-
strated improved LVEF at 3-months follow-up 
after cell injection. However, there was no pla-
cebo group in this trial.

ABCD [11] was another open-label, random-
ized study that showed promising results for 
patients with DCM.  Eighty one patients with 
DCM were enrolled in the study and were ran-
domized to either IC injection of BMCs (n = 41) 
and control (n  =  40). Three years of follow-up 
period demonstrated that the LVEF significantly 
improved in the treated patients by 5.9% but 
there was no change in LVEF in the control arm. 
The power of this study to demonstrated that the 
improved LVEF might be most likely attributed 
to unchanged end-diastolic volume, which atten-
uates the load dependence of LVEF in this study.

NOGA-DCM [12] was an open-label blinded 
study that compared stem cell through TESI or 
IC routes in DCM patients. Peripheral blood stem 
cells that express CD34+ and are labeled with 
99m Tc-hexamethylpropyleneamine oxime were 
administered. Eighteen hours after cell adminis-
tration, the retention rate was higher in TESI 
group (19.2 ± 4.8% vs. 4.4 ± 1.2%, P < 0.01). At 
6 months, LVEF on echocardiography improved 
more in the TESI group (+8.1 ± 4.3%) compared 
to IC group (+4.2 ± 2.3%, P = 0.03). The study 
concluded that in patients with non-ischemic 
DCM, CD34+ cell transplantation through TESI 
route is associated with higher cell retention rate 
and greater improvement in ventricular function, 
NT-proBNP levels, and exercise capacity com-
pared with the IC route.

POSEIDON-DCM [13] was a randomized 
trial, comparing the safety and efficacy of autolo-
gous (auto) versus allogeneic (allo) human bone 
marrow-derived mesenchymal stem cells 
(hMSCs) in non-ischemic DCM.  The study 
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 demonstrated that the allogeneic hMSCs are 
superior to autologous hMSCs to improve LVEF, 
6- minutes walk test and Minnesota Living with 
Heart Failure Questionnaire (MLHFQ). This 
study was noted for particular importance in 
using the allogenic stem cells in DCM, given the 
less complex administration of the allogeneic 
versus autologous cells.

 Endpoint Determination in Stem 
Cell Therapy

The effect of stem cell therapy is an active area of 
research (Table 7.1). Some of the results from the 
prior studies while beneficial in many cases were 
also not consistent across all studies. There may 
be several reasons for this discrepancy, including 
cell characteristics, delivery methods, and fol-
low- up periods. Therefore, we will discuss the 
role of choosing optimal endpoints particularly 
as it relates to imaging.

 Left Ventricular Ejection Fraction

LVEF has been the end-point of choice in prior 
stem cell therapy trials. LVEF is easy to measure, 
can be obtained using a number of imaging 
modalities, and easily analyzed and interpreted. 
It has been the gold-standard clinical end-point 
for over 60  years. For these reasons, it is most 
often chosen as the primary analysis of interest in 
cardiomyopathy trials.

Madonna et al. have discussed several limita-
tions of cell-based therapy. They pointed out two 
limitations related to image analysis: (1) the use 
of LVEF for assessing the effects of cell therapy 
and (2) incorrect target population with modest 
baseline LVEF reduction ~50% who generally 
hold a favorable outcome [15, 20].

Henry et al. have also discussed the inconsis-
tency of the results of stem cell therapy [21]. One 
of the discussion points was the difficulty in iden-
tifying high-risk patients. LVEF alone (especially 
early LVEF) is inadequate because of myocardial 
stunning. Another point was the difficulty of dif-
ferentiating the cell-based efficacy from that 

derived from successful reperfusion treatment 
due to the hibernating myocardium after 
STEMI. Also, the study pointed out the limita-
tion of MRI, such as limitation of LGE to differ-
entiate true infarction scar from myocardial 
edema, or the significant drop-out rate derived 
from claustrophobia or device (defibrillators and 
pacemakers) related limitation to undergo 
MRI. They referred the significant drop-out rate 
from MRI of 25% in SWISS-AMI trial [22].

The use of LVEF may be a major limitation in 
stem cell studies. The studies indicate the impor-
tance to recognize that the LVEF may not be an 
ideal indicator of myocardial improvement and 
identification of the target population, using 
LVEF alone, might not be the best strategy. This 
discrepancy is evidenced by prior studies show-
ing a poor correlation between NYHA functional 
class and the patient’s LVEF.

LVEF has been the main parameter to describe 
cardiac function in previous studies (Table 7.1). 
While most previous trials have centered around 
the use of LVEF as the endpoint, LVEF may not 
be sensitive enough to assess subtle functional 
changes derived from stem cell therapy. 
According to the ischemic cascade [17], an 
increase in LVEF is likely a drastic change in car-
diac function, compared to other more subtle 
functional changes such as diastolic function or 
myocardial strain. Moreover, several studies have 
noted how LVEF may not be the best prognosti-
cator of cardiac morbidity and mortality [23, 24]. 
LVEF depends on a variety of factors including 
loading conditions, ventricular-arterial coupling, 
valve function, etc. in addition to myocardial 
function. As a result, subtle changes to myocar-
dial health may not be correctly reflected in the 
quantified LVEF. A more obvious case of this is 
heart failure with preserved ejection fraction 
(HFpEF) where maintaining a normal or mildly 
reduced ejection fraction does not confer reduced 
risk. Indeed, patients with HFpEF have compa-
rable mortality risk to those with heart failure 
with reduced ejection fraction (HFrEF). It is in 
this setting that a more compelling cardiac end-
point, which reflects the underlying myocardial 
tissue morphology would be beneficial, not only 
as a more accurate representation of the 
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 underlying myocardial biology but also indepen-
dent of extraneous factors.

There are several measures such as myocar-
dial strain and diastolic function, both measured 
from echocardiography and MRI, that are likely 
to be more sensitive and specific measures than 
LVEF and track better with myocardial tissue 
characteristics. These measures, however, are 
also not completely free of extraneous factors 
such as the loading conditions.

Previous studies by Iles et  al. reported that 
post-contrast myocardial T1 time progressively 
shortened with worsening grades of diastolic 
function as assessed by echocardiography in 
patients with heart failure [25]. Echocardiography 
has its limitations of moderate reproducibility 
and inter-observer variability while cardiac MRI 
has better accuracy and reproducibility [26]. 
Combining diastolic function assessment with T1 
mapping may give us more detailed information 
on cardiac function. Based on these observations, 
cardiac MRI is accepted as the most preferred 
modality in stem cell therapy.

 Late Gadolinium Enhancement

LGE has been a well-established gold standard to 
assess focal myocardial fibrosis associated with 
damaged or scarred myocardium. Significant 
prognostic capability has been demonstrated in 
many previous studies in different patient popu-
lations such as in ischemic patients [25, 27, 28] 
and in non-ischemic diseases such as DCM [29, 
30], HCM [31], and cardiac sarcoidosis [32]. 
Assessment of fibrosis using LGE adds several 
advantages as it relates to the efficacy of stem cell 
therapy and to the prognostic capability. Several 
stem cell therapies purport to either repair dam-
aged myocardium by enhancing reparative mech-
anisms by improved paracrine activity or by 
replacing or reprogramming the cells in the dam-
aged myocardium with viable cardiomyocytes. 
The use of LGE allows us to study not only the 
effect of cell therapies but also the mechanisms 
associated detailed myocardial T1-maps with 
areas of myocardial scarring clearly delineated. 
This also enables us to answer questions related 

to identifying the optimal site and method of cell 
delivery. This is key in a fast-evolving field such 
as cell therapy where there are several different 
cell types and cell delivery methods. In addition, 
LGE allows a careful selection of the appropriate 
patient population to clinical trials as the subjects 
can now be enrolled based on the quantitative 
measurement of myocardial damage. Therefore, 
the assessment of myocardial fibrosis by LGE 
confers significant advances and complements 
LVEF measurement.

However, LGE has several limitations. It is 
difficult to differentiate scar from extracellular 
edema [33] so that in patients who sustain isch-
emic injury, LGE assessment may not uniquely 
refer to damaged tissue alone. Another weakness 
lies in the detection of diffuse fibrosis such as that 
observed in DCM [34], anthracycline-induced 
cardiotoxicity [35], or even in ischemic diseases 
in areas of peri-infarct region [25, 36]. For exam-
ple, in DCM patients, about a third of the patients 
show characteristic mid-wall enhancement while 
the rest of them show negative LGE [30]. The 
effects of cardiotoxic drugs such as anthracycline- 
induced cardiomyopathy are often reported to 
have negative LGE due to the inability to detect 
early myocardial damage, which precedes LVEF 
reduction [35].

In patients with prior MI, the peri-infarct 
region surrounding the core myocardial scar con-
sists of normal and fibrotic tissues, which leads to 
potential multiple re-entry circuits and arrhyth-
mia and ventricular remodeling. The LGE of 
‘gray zone’ in the peri-infarct region is observed 
as the area with lower signal intensity around the 
infarcted necrotic area. Previous studies by Yan 
et al. suggested that the extent of this gray zone 
provides additional prognostic information for 
cardiovascular mortality when compared to 
LVEF or LV systolic volume [25]. However, pre-
cise ‘gray zone’ detection techniques are not 
straightforward.

LGE also has several technical limitations. 
The measurement of fibrosis, using LGE, depends 
on several factors related to the contrast agent, 
administered dose, and timing of image acquisi-
tion. LGE imaging is also ineffective in detecting 
diffuse interstitial fibrosis seen in many disease 
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processes, as well as in assessment of the gray 
zone. Additionally, accurate LGE quantification 
in the context of diffuse or patchy fibrosis can be 
very difficult. In order to address these limita-
tions, which are critical in assessing stem cell 
therapy, T1 mapping provides critical 
information.

 Cardiac Disease Assessment with T1 
Mapping

 Implication of Myocardial Fibrosis

Fibrosis can be roughly classified into three cat-
egories—Reactive fibrosis, infiltrative interstitial 
fibrosis, and replacement scar fibrosis. Reactive 
interstitial fibrosis is generally observed in hyper-
tension, valvular disease, diabetes, genetic abnor-
mality, or aging. It has a progressive onset and 
follows the increase in collagen synthesis by 
myofibroblasts under the influence of different 
stimuli. It is seen as an intermediate marker of 
disease severity and, generally, precedes irrevers-
ible replacement fibrosis.

Infiltrative interstitial fibrosis is seen in cases 
where deposits such as amyloidosis or glyco-
sphingolipids (Anderson-Fabry disease) are in 
the cardiac interstitium. Replacement scar fibro-
sis replaces the myocytes after cell damage or 
necrosis by plexiform fibrosis, mainly type I 
collagen. This type of fibrosis can have a local-
ized distribution such as acute/chronic ischemia, 
infarction, myocarditis, HCM, or cardiac sar-
coidosis. It can also have a diffuse distribution 
like toxic cardiomyopathies or inflammatory 
diseases according to the underlying etiology. 
Infiltrative interstitial fibrosis and infiltrative 
fibrosis ultimately lead to replacement fibrosis 
in the later stages of disease where cellular dam-
age and cardiomyocyte necrosis/apoptosis 
appear [36, 37].

T1 mapping has the potential to be clinically 
diagnostic modality to assess the diffuse fibrosis 
that LGE cannot reliably detect. There are four 
parameters generally used in the T1 mapping 
assessment: native T1, post-contrast T1, partition 
coefficient, and extracellular volume (ECV). 

Native T1 refers to the T1 time in the absence of 
an exogenous contrast agent, which is the time 
constant representing the recovery of longitudi-
nal magnetization (spin–lattice relaxation). It 
measures the T1 values from the composite of 
extracellular and intracellular compartments. 
Post-contrast T1 mapping refers to the T1 time in 
the presence of an exogenous contrast agent. 
Measuring the ratio of T1 changes pre and post 
contrast administration in the myocardium and 
blood provides the partition coefficient. When 
corrected by hematocrit the myocardial ECV is 
derived [38]. Combining the native T1 and ECV 
measurements, T1 mapping may act as a useful 
guide to differentiate the complex cardiomyop-
athic diseases [36, 39, 40].

 T1 Mapping

Here, we look at a few different studies that have 
used T1 mapping for disease diagnosis and prog-
nostication. T1 mapping in Multi-Ethnic Study of 
Atherosclerosis (MESA) study subjects was 
assessed and reported in age-related fibrosis [41], 
sex-associated differences in community without 
cardiovascular event history [42], ECG changes 
and myocardial fibrosis [43], and patients with 
cardiovascular disease risk factors [44]. Other 
studies have also studied the use of T1 mapping 
in STEMI [45, 46], DCM [34, 47], anthracycline- 
induced cardiomyopathy [35], and reviewed in 
many papers [26, 39, 40, 48]. It has established 
itself as a marker of myocardial tissue character-
ization, particularly as it relates to diffuse inter-
stitial and infiltrative interstitial fibrosis.

 Population Studies
Multi-Ethnic Study of Atherosclerosis (MESA) 
study is a prospective, population-based, epide-
miologic study, which started in 2000 to investi-
gate the prevalence and progression of subclinical 
cardiovascular disease in a multiethnic cohort 
(white, black, Hispanic, and Chinese). T1 map-
ping was included as part of the imaging protocol 
in the fifth follow-up examination of the MESA 
study, allowing for characterization of T1 map-
ping indices at the population level in a 
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 well- phenotyped cohort groups. Liu et  al. [41] 
reported the T1 mapping parameters, which have 
been associated with myocardial fibrosis related 
to aging process. A total of 1231 study partici-
pants (51% women; age range 54–93  years) of 
the MESA cohort were evaluated with T1 map-
ping by using 1.5-T CMR scanners.

Women had significantly greater partition 
coefficient, ECV, and pre-contrast T1 than men, 
as well as lower post-contrast T1 values (all 
p < 0.05).

Linear regression analyses demonstrated that 
greater partition coefficient, pre-contrast T1 val-
ues, and ECV were associated with older age in 
men (multivariate regression coefficients = 0.01; 
5.9  ms; and 1.04% per 10  years’ change; all 
p  <  0.05) [41]. Therefore, even though women 
had higher baseline ECV than men, they had 
lower increase in ECV over time. This study 
demonstrates the importance of considering age 
and sex while interpreting values from T1 
mapping.

Donekal et  al. assessed 1116 subjects who 
participated in the MESA study without an LGE- 
defined myocardial scar. They reported that there 
were sex-specific differences in diffuse intersti-
tial fibrosis associated with cardiac remodeling. 
They observed that with increased extracellular 
matrix expansion, both men and women have 
reduced circumferential shortening as well as left 
ventricular end-diastolic mass and volume. In 
addition, lower post-contrast T1 times were asso-
ciated with lower early diastolic strain rate in 
women only, and lower LV torsion and lower LV 
ejection fraction in men only [42]. Additionally, 
Ambale-Venkatesh et al. showed that an increas-
ingly concentric pattern of remodeling was asso-
ciated with diffuse interstitial fibrosis. In male 
subjects, this was also associated with a longitu-
dinal decrease in ejection fraction [49]. Taken 
together, these studies highlight the impact of dif-
fuse interstitial fibrosis on myocardial structure 
and function.

 STEMI [45, 46]
Reinstadler et al. conducted native T1 mapping 
of 255 patients with re-vascularized STEMI 
with on days 2–5 and at 6  months follow-up. 

Assessment of remote zone alterations by quan-
titative non-contrast T1-mapping showed a 
strong association with future major adverse 
cardiovascular events (MACE, T1values 
>1129  ms; AUC 0.78; 95% CI 0.70–0.86; 
p < 0.001)) [45].

Biesbroek et al. investigated 42 native T1 and 
ECV of remote myocardium after AMI and 
explored their relation to left ventricular (LV) 
remodeling. They found ECV of remote myocar-
dium decreased over time (3 months) in patients 
with no LV dilatation but remained elevated at 
follow-up in those who developed LV dilatation. 
(30 ± 2.0 vs. 27 ± 2.3%, p = 0.03) [46].

These studies highlight the prognostic 
potential of assessment of both inflammation/
edema and diffuse interstitial fibrosis using 
native T1 and ECV measures in STEMI 
participants.

 Non-ischemic Heart Disease

Diastolic Cardiomyopathy (DCM) [34, 47]
Puntmann et al. investigated the use of T1 map-
ping to predict outcome in DCM patients in a 
prospective, observational, multi-center longitu-
dinal study in 637 consecutive patients with non- 
ischemic dilated cardiomyopathy (NIDCM, 
median follow-up period of 22 months).

Among the deceased 28 patients, 50% showed 
positive LGE, while among the 609 survivors, 
26% patients had positive LGE (p = 0.005). LGE 
was effective to identify high risk DCM patients, 
though in several patients with a diagnosis of 
DCM, LGE was negative.

In univariate Cox regression analysis, native 
T1 and LGE extent were the independent pre-
dictor variables in prediction of the outcome 
endpoints for all-cause mortality. (For native T1 
per 10  ms change, hazard ratio 1.1; 95% CI 
1.05–1.1; p  <  0.001, for LGE extent, hazard 
ratio 1.09; 95% CI 1.02–1.16; p = 0.009.) For 
HF endpoint, native T1 was the independent 
predictor (hazard ratio 1.07; 95% CI 1.04–1.1; 
p < 0.001), while LGE was not. Predictive asso-
ciations of T1 mapping indices were notably 
stronger compared to LGE for the HF endpoint. 
The authors discussed that unlike fixed, irre-
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versible injury seen by LGE, the activity of dif-
fuse disease detected by T1 mapping portrays 
the compensatory capacity within the remaining 
viable myocardium. T1 mapping may have 
potential to assess not only the histological 
change of the myocardium, but also its revers-
ibility or capacity to react to the treatment [34]. 
T1 mapping, in addition to identifying area of 
necrosis (also highlighted in LGE), may be 
highlighting areas of injury and intracellular 
inflammation.

Youn et  al. have reported from their single- 
center, prospective, cohort study of 117 NIDCM 
patients (71 men, 51.9 ± 16.7 years) who under-
went clinical 3.0-T CMR that ECV increase (per 
3%) was associated with a hazard ratio of 1.80 
(95% confidence interval [CI], 1.48–2.20; 
p < 0.001) for MACE. Multivariable analysis also 
indicated that ECV was an independent prognos-
tic factor (Harrell’s c statistic, 0.88) than LGE 
quantification values (0.77) or mid-wall LGE 
(0.80) [47].

These two studies showed stronger prognostic 
capability of T1 mapping, over and above that of 
LGE in DCM patients. T1 mapping is already a 
clinically recommended tool for use in DCM. T1 
mapping provides an important tool to treat and 
diagnose DCM.

Anthracycline-Induced  
Cardiomyopathy [35]
Neilan et  al. have measured ECV in 42 adult 
patients treated with anthracyclines and com-
pared them to healthy volunteers. The anthracy-
cline group was all LGE negative. However, the 
ECV was elevated in the anthracycline-treated 
patients compared to the age- and gender- 
matched controls (0.36–0.03 vs. 0.28–0.02, 
p < 0.001). In addition, ECV was associated with 
worse diastolic function and increased atrial 
volumes.

LGE in anthracycline-induced cardiomyopa-
thy is negative in a large proportion of partici-
pants as seen in the previous reports. T1 mapping, 
particularly in this category of patients, has 
strong potential to assess the diffuse fibrosis 
known as the late-toxicity following anthracy-
cline therapy.

 T1 Mapping in Stem Cell Therapy

 The Rationale of T1 Mapping 
in the Study of Stem Cell Therapy

Stem cell therapy represents a novel approach, 
which has promised to restore the cardiac dys-
function and allow better prognosis. Previous 
clinical studies have presented inconsistent 
results but those could be because of the inappro-
priate expectation of LVEF recovery or reduced 
sensitivity to small reductions in LGE.  In stem 
cell therapy, detection of subtle changes in both 
in cardiac function or myocardial morphology 
may be required. For the assessment of cardiac 
function, systolic and diastolic deformation as 
well as torsion are being considered as alternate 
parameters. For the assessment of myocardial tis-
sue characteristics, T1 mapping may be a promis-
ing technique to detect diffuse fibrosis as well as 
subtle changes in the properties of the scar and 
peri-infarct regions. The use of T1 mapping in 
stem cell therapy may help us localize therapeu-
tic benefits to the areas of scar, gray zone or 
remote myocardium. Such information may be 
useful for not only quantifying the magnitude of 
therapeutic effects but also in understanding the 
underlying mechanisms and reduction of 
MACE—eventually leading to more effective 
and appropriate interventional strategies.

The prognostic ability of T1 mapping is 
another compelling reason to assess the patients 
undergoing cell therapy. In some DCM studies, 
the prognostic prediction was more reliable than 
LGE [34, 47]. Longitudinal changes in T1 map-
ping may contribute to assess the patients’ prog-
nosis and lead to modification of management 
plan. T1 mapping studies, which assessed the 
disease characteristics and provided prognostic 
data need further investigation to confirm the lon-
gitudinal changes based on the extent of changes 
in ECV and T1-map over wide range of follow-
 up durations.

It is important to choose suitable T1 mapping 
indices when assessing the efficacy of stem cell 
therapy in patients. Pre-contrast T1 (Native T1) 
measures the T1 values from the composite of 
extracellular and intracellular compartments 
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while post-contrast T1 derived ECV assesses 
extracellular expansion. With stem cell therapy, 
likely effects include decreased extracellular 
fibrosis, reduced inflammation/hypertrophy as 
well as myocyte regeneration and/or preserva-
tion. While reduction in myocardial fibrosis, is 
linked to reduction in extracellular space, and 
reflected in ECV reduction, changes in myocyte 
integrity as well as inflammation are also 
expected to reduce the ECV. Taken together, we 
expect the effect of stem cell therapy will drive to 
reduce ECV and shorten the native T1.

In conclusion, we report that there is signifi-
cant rationale to employ T1 mapping and conven-
tional, well-investigated technique of LGE in 
assessing the clinical benefit of stem cell therapy. 
Precise assessment of myocardial fibrosis, 
inflammation, and ECV changes will enable sen-
sitive assessment of cardiac parameters includ-
ing, diastolic function, torsion, and strain in stem 
cell therapy. These novel measurements will 
complement the traditional evaluation of LVEF 
and ventricular volumes.
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T1 Mapping in Uncommon  
Non- ischemic Cardiomyopathies

Kate Hanneman

 Introduction

Non-ischemic cardiomyopathy (NICM) is a 
broad term that refers to diseases affecting the 
myocardium other than atherosclerosis. NICM 
encompasses myocardial diseases associated 
with mechanical or electrical dysfunction exhib-
iting inappropriate ventricular hypertrophy or 
dilatation. The causes are numerous, but an 
increasing number of non-ischemic disorders are 
being recognized as genetic in cause [1].

Cardiac magnetic resonance (CMR) has a 
unique role in the evaluation of NICM, including 
the ability to add information regarding tissue 
composition. CMR enables accurate measure-
ment of left ventricular (LV) volumes, mass, and 
ejection fraction. Late gadolinium enhancement 
(LGE) is useful in differentiating ischemic car-
diomyopathy from NICM, and distinguishing 
between different types of NICM based upon the 
pattern and distribution of enhancement [2]. LGE 
identifies replacement myocardial fibrosis, which 
has diagnostic [3] and prognostic [4] value, 
although it is usually irreversible. A potential pit-
fall of LGE is that it may fail to characterize dif-
fuse interstitial myocardial fibrosis due to reliance 
on relative signal intensity changes [5].

Recent advances in CMR allow for quantifica-
tion of the myocardial longitudinal relaxation 
time constant (T1) using a single, short breath- 
hold mapping sequence. T1 is an intrinsic mag-
netic property of tissue that represents longitudinal 
recovery time of hydrogen atoms after excitation. 
Each tissue has its own characteristic range of T1 
values, which may be altered in disease. Deviation 
from normal tissue-specific T1 values is used to 
quantify the effects of pathological processes. 
Some pathologies, including fat, iron, and amy-
loid, change T1 substantially, while others have 
smaller effects. T1 maps can be produced of non-
contrast myocardial T1 values or post-contrast 
myocardial T1 values after administration of gad-
olinium-based contrast [6]. The combination of 
pre- and post-contrast T1 mapping allows for 
assessment of the myocardial partition coeffi-
cient, lambda, with subsequent derivation of the 
extracellular volume (ECV) fraction by adjust-
ment for the contrast distribution volume.

A potential benefit of T1 mapping over LGE 
techniques, is that administration of contrast is not 
required. This is important in the subset of patients 
who have concomitant renal dysfunction preclud-
ing safe administration of gadolinium- based con-
trast agents, which are necessary for LGE 
imaging. Impaired renal function is a concern par-
ticularly in the setting of advanced amyloidosis 
and Fabry disease. In this setting, administration 
of gadolinium based contrast places the patient at 
a theoretical risk of nephrogenic systemic 
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 sclerosis (NSF). T1 mapping also allows for 
quantification, potentially standardizing CMR 
measurements of myocardial tissue properties.

Multiple different T1 mapping techniques are 
currently employed, including modified Look–
Locker inversion recovery (MOLLI), shortened 
MOLLI sequence (ShMOLLI), saturation recov-
ery single-shot acquisition (SASHA), and satura-
tion pulse prepared heart-rate-independent 
inversion recovery (SAPPHIRE) techniques. 
MOLLI and ShMOLLI systematically underesti-
mate native myocardial T1 in comparison to stan-
dard spin echo acquisition, whereas SASHA and 
SAPPHIRE yield higher accuracy but lower pre-
cision compared with MOLLI and ShMOLLI for 
T1 measurements [7]. T1 values also vary with 
multiple other parameters, including the magnetic 
field strength, with significantly higher values at 
3T compared to 1.5T.  This means that different 
techniques measure different normal values, and, 
therefore, T1 measurements must be interpreted 
based on the specific technique employed.

Non-contrast myocardial T1 values are ele-
vated, post-contrast T1 values are reduced, and 
ECV values are elevated when the extra-cellular 
space is expanded, such as in the setting of myo-
cardial fibrosis. Increased ECV has been shown to 
correlate with histologic measures of fibrosis [8]. 
However, not all alterations in T1 and ECV values 
reflect myocardial fibrosis. Increased non- contrast 
T1 and ECV values have also been described in 
the setting of cardiac amyloid infiltration, which 
also results in expansion of the extra-cellular 
space. Myocardial edema, which can be present in 
the setting of acute inflammation and myocarditis, 
also results in elevated non- contrast T1 and ECV 
values. Therefore, non-contrast myocardial T1 and 
ECV values are expected to be elevated in the set-
ting of fibrosis, infarct, edema and amyloid [9–11]. 
On the other hand, non-contrast T1 values have 
been shown to be reduced in several conditions 
including iron overload, fat infiltration, Fabry dis-
ease and hemorrhage [12–14]. Myocardial T1 and 
ECV values must be interpreted within the context 
of clinical and other imaging data.

This chapter will discuss the role of CMR T1 
mapping in the evaluation of less common 
NICMs including Anderson-Fabry (Fabry) dis-
ease, iron overload, amyloidosis, and sarcoidosis, 

highlighting the potential role of T1 mapping 
beyond assessment of myocardial fibrosis.

 Fabry Disease

Fabry disease is a rare, X-linked inherited disor-
der of lysosomal metabolism caused by reduced 
or absent activity of the alpha galactosidase 
enzyme, resulting in lysosomal sphingolipid 
accumulation in a number of different organs 
including the heart [15]. Since the introduction of 
renal replacement therapy, the main cause of mor-
tality in Fabry disease is cardiac disease. Left ven-
tricular hypertrophy (LVH), valve thickening, 
myocardial scarring, heart failure and sudden 
arrhythmic death can occur [16]. Patients with 
Fabry disease can be treated with enzyme replace-
ment therapy, which should be initiated before 
reversible end-organ damage has occurred [17].

Classic CMR findings in Fabry disease include 
concentric LVH and midwall LGE involving the 
basal inferolateral segment [18]. However, this 
classic imaging phenotype is only seen in a 
minority of patients [19]. Distinguishing Fabry- 
related LVH from other causes of LVH remains a 
major clinical and imaging challenge.

In Fabry disease, non-contrast T1 values are 
substantially lower compared to healthy controls 
and to patients with other causes of LVH including 
aortic stenosis and hypertrophic cardiomyopathy 
(HCM) [20, 21]. In patients with LVH, non-con-
trast T1 values discriminate between Fabry disease 
and other diseases causing LVH with no overlap 
[20]. Even in patients without LVH, non-contrast 
T1 values are reduced compared to normal con-
trols, and are associated with reduced echocardio-
graphic-based global longitudinal speckle tracking 
strain and early diastolic function impairment 
[14]. Mean non-contrast T1 values in Fabry dis-
ease have been reported at 853 ms in patients with-
out LVH (ShMOLLI at 1.5T) [14], 882–904 ms in 
patients with LVH (ShMOLLI at 1.5T) [14, 20], 
and 1053–1096  ms using a different technique 
(SASHA at 1.5T) [21, 22]. However, there is no 
significant difference in myocardial ECV values 
between patients with Fabry disease and healthy 
controls [21, 23]. An example of T1 mapping in a 
patient with Fabry disease is shown in Fig. 8.1.
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c d
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b

Fig. 8.1 53-year-old male with Fabry disease. There is 
concentric left ventricular (LV) hypertrophy and elevated 
LV mass (LV mass indexed to BSA 154.9  g/m2). Short 
axis mid (a) and apical (b) late gadolinium enhanced 
(LGE) images demonstrated mid wall LGE in the apical 
segments, which is not typical of Fabry disease. Short axis 

mid (c) and apical (d) non-contrast T1 maps (MOLLI, 3T) 
demonstrate mildly reduced T1 values (mean 1030 ms) in 
non-LGE areas, and pseudonormalization of T1 values 
(mean 1150 ms) in LGE-positive areas. Short axis mid (e) 
and apical (f) post-contrast T1 maps demonstrate mean 
myocardial post-contrast T1 value of 465 ms
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Reduced non-contrast myocardial T1 values in 
Fabry disease may be the consequence of 
increased glycosphingolipid concentration in the 
myocardium. Lipids have characteristically lower 
T1 values, approximately 250 ms at 1.5T, which 
would result in a reduction in the apparent tissue 
T1 values. In a small sample of patients with 
Fabry disease, single-voxel NMR spectroscopy 
demonstrated a significant negative linear rela-
tionship between lipid content and non-contrast 
T1 values, suggesting that non-contrast T1 may 
be directly measuring myocardial storage [21]. 
This is supported by pathology results demon-
strating relatively high myocardial concentrations 
of the glycolipid ceramide trihexoside in patients 
with Fabry disease [24]. Water constraint and 
water-lipid and water-protein interactions have 
been shown to cause T1 lowering in myelin, rather 
than a direct signal from lipid protons, and these 
mechanisms may also contribute to the non-con-
trast T1 decrease seen in Fabry disease [20].

Focal fibrosis in the basal inferolateral wall 
has been previously documented in Fabry disease 
using LGE [18]. Non-contrast T1 values demon-
strate pseudonormalization or elevation of T1 in 
the left ventricular inferolateral wall if LGE is 
present, potentially allowing for identification of 
focal fibrosis without the need for contrast admin-
istration [20].

Compared to males, females with Fabry dis-
ease have lower LV mass and wall thickness, 
higher non-contrast myocardial T1 values and 
higher ECV [21]. Although Fabry disease is an 
X-linked disease, female carriers also exhibit sig-
nificant heart disease and genetic testing is cur-
rently recommended for the diagnosis of Fabry 
disease in women, highlighting a potential role of 
T1 mapping for noninvasive diagnosis and moni-
toring in both sexes [25].

 Iron Overload

Lifelong blood transfusions and altered iron 
homeostasis frequently result in multi-organ iron 
overload in patients with thalassemia major and 
other hematologic anemias. Myocardial iron over-
load confers a poor prognosis with heart failure 

and arrhythmia as the major causes of death [26]. 
Timely implementation of adequate iron chelation 
therapy prevents further cardiac dysfunction and 
improves survival. However, once heart failure 
develops, the prognosis is usually poor. Iron chela-
tion therapy is effective but has side effects and is 
costly, therefore, treatment needs to be initiated 
and tailored based on individual need.

CMR is well established in the evaluation and 
management of patients with transfusion depen-
dent anemias. Iron is paramagnetic, causing inho-
mogeneity within the local magnetic field, and 
results in shortening of all three fundamental tis-
sue signal MRI rate constants: T1, T2, and T2* 
[27, 28]. CMR T2* imaging has been validated 
histologically in severe iron overload and has high 
sensitivity, reproducibility and prognostic value 
[28–30]. Cardiac iron concentration is inversely 
related to myocardial T2* values [27]. There has 
been significant improvement in the survival of 
patients with cardiac iron overload subsequent to 
the introduction of the CMR T2* imaging [31]. 
However, there are limitations to CMR T2* anal-
ysis, including the need for a long breath-hold, 
susceptibility artifacts more pronounced at 3T 
compared to 1.5T, and reduced discrimination in 
both early and very severe iron overload [32].

As iron interacts with water protons, it affects 
the T1 relaxation time. T1 has been shown to 
change with tissue iron in a gerbil iron overload 
model but with smaller effect relative to T2 and 
T2* changes [33]. Studies in humans have dem-
onstrated that myocardial T1 values correlate 
positively with T2* values [11, 34, 35]. T1 map-
ping may be more sensitive and reproducible 
than T2* in the detection of myocardial iron [11, 
36]. Myocardial ECV is significantly elevated in 
thalassemia major and is associated with iron 
overload [35]. In patients with myocardial iron 
overload, reported mean T1 values are 474–
804 ms at 1.5T (MOLLI) and 653–1056 ms at 3T 
(MOLLI) [34, 36, 37]. An example of T2* and 
T1 mapping in a patient with iron overload is 
shown in Fig.  8.2. An example of T2* and T1 
mapping in a patient without iron overload is 
shown in Fig. 8.3.

T1 mapping may be particularly useful in the 
setting of very severe iron overload and mild iron 
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overload where T2* analysis should be used with 
caution as other factors affecting field homogene-
ity are important.

 Amyloid

Amyloidosis refers to a family of diseases 
induced by misfolded or misassembled proteins. 
Several types of amyloid can involve the heart, 

including light-chain amyloidosis (AL) and 
transthyretin amyloidosis (ATTR) [38]. Cardiac 
involvement is most common with type AL amy-
loidosis, which is often associated with multiple 
myeloma or other monoclonal gammopathies. 
Cardiac amyloid has a very poor prognosis with 
progressive loss of ventricular compliance, dia-
stolic dysfunction, and reduced systolic function, 
resulting in a restrictive cardiomyopathy. 
Treatment is  dictated by the type and degree of 

a b c

Fig. 8.2 29-year-old transfusion dependent female with 
beta-thalassemia major. Basal short-axis T2* map (a) 
demonstrates a mean septal T2* value of 8 ms, consistent 
with severe iron overload. Basal short-axis non-contrast 
T1 map (b) demonstrates reduced T1 value (mean 690 ms, 

MOLLI, 1.5T), consistent with the presence of myocar-
dial iron. Basal short-axis post-contrast T1 map (c) dem-
onstrates a mean T1 value of 274 ms. Global myocardial 
ECV was calculated at 32%

a b c

Fig. 8.3 45-year-old transfusion dependent male with 
beta-thalassemia major, treated with chelation therapy. 
Mid-ventricular short-axis T2* map (a) demonstrates a 
mean septal T2* value of 38 ms, within the normal range, 
with no evidence of myocardial iron overload. Mid short- 

axis non-contrast T1 map (b) demonstrates a mean T1 
value of 961  ms (MOLLI, 1.5T). Mid short-axis post- 
contrast T1 map (c) demonstrates a mean T1 value of 
377 ms. Global myocardial ECV was calculated at 33%
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cardiac involvement. Consequently, early recog-
nition and accurate classification are essential.

Endomyocardial biopsy is the gold standard 
for diagnosing cardiac amyloidosis. However, it 
is invasive and prone to false negatives. 
Noninvasive tools for establishing a diagnosis of 
cardiac involvement include ECG, echocardiog-
raphy, and CMR.  ECG findings, including low 
QRS voltages, have low specificity, and echocar-
diography findings often become abnormal only 
late in the disease once patients are already 
symptomatic [39]. CMR markers of cardiac 
amyloid include increased left ventricular mass 
and wall thickness, abnormal nulling of myocar-
dium on the cardiac MRI inversion scout 
(TI-scout) sequence, and diffuse late gadolinium 
enhancement most prominent in the subendocar-
dium [40, 41]. The classic pattern of LGE 
matches the distribution of amyloid on histology. 
However, this characteristic pattern of LGE may 
only occur late in the disease process and does 
not quantify disease burden. In cases of diffuse 
myocardial involvement, the lack of a normal 
region of myocardium for comparison can make 
LGE images difficult to interpret. Finally, many 
patients with suspected cardiac amyloidosis 
have significant renal impairment making 
administration of gadolinium- based contrast 
problematic.

Amyloid AL patients with cardiac involve-
ment have significantly elevated non-contrast T1 
values compared to patients with aortic stenosis, 
with a similar degree of ventricular wall thicken-
ing [42]. A non-contrast T1 threshold of 1020 ms 
(ShMOLLI at 1.5T) resulted in 92% accuracy for 
diagnosis of cardiac amyloid [42]. Non-contrast 
T1 values are also significantly higher in patients 
with confirmed cardiac amyloid by immuno- 
histochemistry of endomyocardial biopsy com-
pared to patients with systemic amyloidosis 
without cardiac involvement [43]. Non-contrast 
T1 values correlate with markers of systolic and 
diastolic dysfunction, suggesting that elevated T1 
values may reflect the severity of cardiac involve-
ment [42]. T1 values are elevated not only in 
patients with definite cardiac involvement 
(1140  ms) but also in patients with possible 
(1048 ms) and no cardiac involvement (1009 ms) 
although at lower levels [42]. The pathophysio-

logic basis of the elevated T1 values in amyloid 
may be due to expansion of the interstitial space 
from fibrillar deposits. An example of T1 map-
ping in a patient with AL cardiac amyloid is 
shown in Fig. 8.4.

Non-contrast T1 values are also elevated in 
ATTR although values are not as high as in the 
AL subtype [44]. Average non-contrast T1 values 
in ATTR were 1097 ms compared with an aver-
age T1 value of 1130  ms in patients with AL 
amyloidosis (ShMOLLI at 1.5T). This difference 
may be clinically relevant because treatment and 
prognosis vary by subtype. An example of T1 
mapping in a patient with ATTR cardiac amyloid 
is shown in Fig. 8.5.

Mean myocardial ECV is also significantly 
elevated in cardiac amyloidosis [45, 46]. Mean 
ECV has been shown to increase between groups 
from healthy controls (25.4%) to AL with no sus-
pected cardiac involvement (27.6%), possible 
cardiac involvement (34.2%), and definite car-
diac involvement (48.8%) [45].

Myocardial ECV and pre-contrast T1 values 
predict mortality in systemic AL amyloidosis. An 
ECV of 45% had a hazard ratio (HR) for death of 
3.84, and a pre-contrast T1 value of 1044 ms had 
a HR of 5.39 (ShMOLLI at 1.5T) [46].

Non-contrast T1 and ECV values are elevated 
in cardiac amyloid and have prognostic signifi-
cance. The ability to accurately identify cardiac 
amyloid and quantitatively assess the burden of 
disease without using contrast is a considerable 
advantage given the relatively high incidence of 
chronic kidney disease in this population.

 Sarcoid

Sarcoidosis is a multi-system granulomatous dis-
order of unknown etiology, which can result in 
myocardial inflammation [47]. Development and 
accumulation of non-caseating granulomas are the 
pathologic hallmark of sarcoidosis, occurring 
most commonly within the pulmonary paren-
chyma and lymph nodes, but can involve many 
organ systems, including the heart [48]. Cardiac 
sarcoidosis may manifest clinically as a restrictive 
cardiomyopathy with complications including 
heart failure, arrhythmia, and sudden cardiac death 
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[47, 49]. Cardiac involvement accounts for up to 
25% of disease-related deaths [50, 51].

The diagnosis of cardiac sarcoidosis remains 
challenging. Approximately 5% of patients with 
sarcoidosis have clinically apparent cardiac 
involvement, yet autopsy series indicate that car-
diac involvement is present in up to 25% of cases 
[47, 51]. This discrepancy suggests that cardiac 
sarcoidosis is under-diagnosed in clinical prac-
tice. The diagnostic yield of endomyocardial 
biopsy is reported at less than 20% [52, 53].

Previous studies have demonstrated high diag-
nostic accuracy of both CMR [54–56] and 
18F-labelled fluoro-2-deoxyglucose (FDG) PET 
[57, 58] for detection of cardiac sarcoid. CMR 
can identify myocardial inflammation and edema 
using T2-weighted imaging and macroscopic 
fibrosis using LGE [59–61]. In cardiac sarcoid-
osis, LGE may reflect accumulation of gadolin-
ium chelate in tissue as a result of differences in 
the contrast distribution volume [52]. In the 
chronic phase, foci of LGE may reflect 

a b

c d

Fig. 8.4 60-year-old male with light chain (AL) cardiac 
amyloid confirmed with biopsy. Mid-ventricular short- 
axis PSIR image (a) demonstrates decreased signal inten-
sity in the blood pool, diffuse myocardial enhancement 
typical of cardiac amyloid. Mid short-axis non-contrast 

T1 map (b) demonstrates diffusely elevated T1 values 
(mean 1443  ms) (MOLLI, 3T). Mid short-axis post- 
contrast T1 map (c) demonstrates a mean post-contrast T1 
value of 450  ms. Mid short-axis ECV map (d) demon-
strates elevated global myocardial ECV (mean 44%)
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 replacement fibrosis with increased interstitial 
concentration of contrast [62]. The pattern of 
LGE in cardiac sarcoidosis is typically patchy or 
nodular, and predominantly located in the mid 
wall and epicardium [52]. There is a growing 
body of evidence suggesting that the presence 
and extent of myocardial scar and interstitial 
fibrosis provides a substrate for ventricular 
arrhythmias [54, 63].

LGE MRI detects nonviable myocardium, but 
is less sensitive to inflamed but viable myocar-
dium that occurs in the acute and potentially 
reversible early stages of cardiac sarcoidosis 
[64]. T2-weighted CMR has been successfully 

applied to detect myocardial edema in the setting 
of acute myocardial inflammation [65, 66], and 
has been shown to improve the detection of active 
myocarditis and cardiac sarcoidosis compared 
with LGE alone [67, 68].

No prospective studies have reported T1 
 mapping and ECV analysis in patients with car-
diac sarcoidosis. However in acute myocarditis, 
non- contrast T1 mapping has been shown to have 
higher sensitivity compared with T2 weighted 
imaging and LGE techniques in detecting areas 
of myocardial inflammation and/or edema [69]. 
A threshold of T1  >  990  ms (sensitivity 90%, 
specificity 88%) detected significantly larger 

a b

c d

Fig. 8.5 61-year-old male with ATTR cardiac amyloid. 
Four-chamber cine SSFP image (a) demonstrates biatrial 
enlargement, small pericardial and pleural effusions, and 
concentric left ventricular hypertrophy. Four-chamber 
LGE image (b) demonstrates diffuse enhancement most 
prominent in the subendocardium and decreased signal 

intensity in the blood pool, typical of cardiac amyloid. 
Mid ventricular short-axis non-contrast T1 map (c) dem-
onstrates diffusely elevated T1 values (mean 1340  ms, 
MOLLI, 3T). Mid short-axis post-contrast T1 map (d) 
demonstrates a mean T1 value of 330 ms
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areas of involvement than T2W and LGE imag-
ing in patients, and additional areas of injury 
when T2W and LGE were negative (ShMOLLI at 
1.5T) [70]. Non-contrast T1-mapping displays 
the typical non-ischemic patterns in acute myo-
carditis similar to LGE imaging but without the 
need for contrast agents. Elevated non-contrast 
values suggestive of edema have also been 
reported in patients with systemic lupus erythe-

matosus [71]. Given that myocardial edema and 
inflammation are characteristic features in the 
acute phase of cardiac sarcoid, T1 mapping may 
also be useful in this setting.

An example of T1 and T2 mapping in a patient 
with cardiac sarcoid is shown in Fig.  8.6. An 
example of T1 mapping in a patient with pulmo-
nary sarcoid without cardiac involvement is 
shown in Fig. 8.7.

a b

c d

Fig. 8.6 32-year-old male with pulmonary and cardiac 
sarcoid who presented with malignant ventricular tachy-
cardia. The patient subsequently had an ICD implanted. 
Mid-ventricular short-axis non-contrast T1 map (a) dem-
onstrates a mildly elevated mean T1 value of 1050  ms 
(MOLLI, 1.5T). Mid short-axis LGE image (b) demon-
strates extensive, nodular, predominantly mid-wall delayed 
enhancement involving both ventricles. Mid short-axis T2 
map (c) demonstrates prolonged myocardial T2 values 

(55–60 ms), indicative of myocardial edema. Mid short-
axis T2-weighted black blood imaged (d) demonstrates 
patchy myocardial hyperintensity in keeping with edema. 
18F-FDG PET image (e) following adequate myocardial 
glucose suppression demonstrates marked abnormal myo-
cardial uptake involving both ventricles, in keeping with 
inflammation. Coronal CT image confirms the presence of 
classic mediastinal and hilar lymphadenopathy (f)
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e f

Fig. 8.6 (continued)

a b

Fig. 8.7 53-year-old male with pulmonary sarcoid with-
out cardiac involvement. Basal short-axis non-contrast T1 
map (a) demonstrates a mean T1 value of 956 ms, within 
the limits of normal (MOLLI, 1.5T). Basal short-axis 
post-contrast T1 map (b) demonstrates a mean T1 value of 

409  ms. Basal short-axis ECV map (c) demonstrates a 
mean global ECV value of 26%. Basal short-axis LGE 
image (d) demonstrates thin linear high-attenuation at the 
basal anterior septum which was favored to reflect a septal 
perforator
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T1 mapping is a useful tool in the evaluation 
of NICM. T1 mapping findings may aid in estab-
lishing a diagnosis of NICM, monitoring response 
to therapy, and predicting adverse outcomes.
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