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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 
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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

4  Comparison of T1 Mapping by Cardiac MRI to Non-cardiac MRI Methods to Evaluate Cardiac Fibrosis
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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 

R. B. Morgan et al.



49

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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