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    Abstract  

  Late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) has become a 
powerful and indispensable tool for the characterization of myocardial fi brosis and scar. 
LGE images can be acquired using any one of a number of fast T1-weighted gradient echo 
sequences, approximately 10–20 min post-injection of contrast media. As such, LGE imag-
ing is a simple technique that is an integral part of most clinical CMR protocols. In this 
chapter, we explore the fundamental principles underpinning the technique, beginning with 
a discussion of gadolinium contrast kinetics in both normal and damaged myocardium. 
Next, we describe the underlying basis for LGE imaging: nulling the MRI signal associated 
with normal myocardium, such that fi brotic or scarred tissue becomes conspicuously bright 
on T1-weighted images. The chapter continues by providing a brief history of the evolution 
of LGE pulse sequence development, highlighting many crucial innovations along the way. 
Finally, we explore a variety of clinical applications of LGE, including its role in the char-
acterization of infarct scar, in multiple cardiomyopathies, and in the rule-out of infectious 
or infi ltrative disease. Common approaches for quantifi cation and characterization of LGE 
images are also described. While by no means exhaustive, the goal of this chapter is to 
provide the cardiovascular imager with an understanding of the basic principles of LGE as 
well as an appreciation for the versatility and clinical utility of the technique.  
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        Introduction 

 Late gadolinium enhancement (LGE) has become the gold 
standard in vivo imaging test for assessing the presence and 
extent of a wide range of myocardial abnormalities, most 
commonly infarct scar but also fi brosis of nonischemic dis-
ease and infl ammatory and other infi ltrative materials. With 
LGE, image acquisition occurs at a set delay (10–15 min) 
following the intravenous injection of gadolinium-based 
contrast media, in order to capture a ‘snapshot’ of the 
extravascular- extracellular distribution of contrast. The sig-
nal from normal (non-fi brotic) myocardium is deliberately 
“nulled” in LGE imaging, such that areas of accumulated 
contrast will appear bright. While clinical use of LGE-CMR 
in cardiovascular practice has expanded considerably in the 
last decade, the fundamental principle of exploiting the dif-
ferential distribution of gadolinium-based contrast media in 
infarcted vs. normal myocardium was established in the mid- 
1980s [ 1 – 5 ]. In the approximately 30 years since, the LGE 
technique has undergone an impressive series of improve-
ments, evolving from the low contrast-to-noise (CNR), 
single- slice, ungated spin-echo implementation of the early 
1980s to the current state-of-the-art 3D pulse-sequences that 
are pushing towards resolving left atrial scar. In this chapter, 
we will discuss many of the key technical developments 
along this 30-year path, as well as illustrating how these 
advancements have enabled an expanding variety of clinical 
applications.  

    The Fundamental Principles of Late 
Gadolinium Enhancement 

 Compared with other CMR procedures, such as stress 
imaging, LGE is relatively straightforward. For most indi-
cations, LGE can be insinuated into the protocol approxi-
mately 12–14 min post-contrast injection and requires 
little more than 5 min to obtain full cardiac coverage in 
multiple views. In general, the left ventricle (LV) is best 
covered by acquiring contiguous short-axis views, from 
the apex to the level of the mitral valve with standard long 
axis views (horizontal long axis (HLA) or four-chamber, 
vertical long axis (VLA) or two-chamber, and three-cham-
ber views). The right ventricle (RV) can also be visualized 
using short axis LGE images, however, there may be sce-
narios where axial or HLA views are preferable, for exam-
ple in arrhythmogenic right ventricular cardiomyopathy 
(ARVC) or congenital heart disease. Although the details 
of the LGE protocol may vary depending on the clinical 
indication, an appreciation for the fundamental principles 
of the technique will enable cardiovascular imagers to tai-
lor this versatile technique to suit their specifi c clinical or 
research needs. 

    Contrast Kinetics 

 The fi rst attempts to acquire T1-weighted spin-echo images 
revealed that the T1 of infarcted myocardium was distinctly 
prolonged compared to normal myocardium, resulting in 
regions of decreased signal intensity (‘hypoenhanced’ 
regions) [ 1 ,  4 – 7 ]. The introduction of paramagnetic contrast 
agents such as Gd-DTPA to cardiac MRI enabled stark delin-
eation of irreversibly injured myocardium. Gadolinium 
(Gd3+) is paramagnetic and exerts an indirect T1 (and to a 
lesser extent, T2) shortening effect on neighboring water pro-
tons. The chelator, DTPA, is responsible for the distribution 
and kinetics of the contrast medium. Healthy cells with 
intact, selectively permeable cell membranes will exclude 
Gd-DTPA and therefore this agent is restricted to the extra-
vascular and extracellular spaces (Fig.  15.1 ) [ 8 ,  9 ]. The loss 
of membrane integrity in irreversibly injured myocytes (e.g., 
in myocardial infarction) enables the contrast agent to enter 
the erstwhile intracellular space and, hence, increase its vol-
ume of distribution. Excess accumulation of Gd-DTPA is 
further exacerbated if there is ongoing ischemia and delayed 
washout kinetics, due to poor venous drainage [ 10 ].

   One early approach toward quantifying the accumulation 
of Gd-DTPA in the myocardium was to immediately follow 
the bolus-injection by a constant-infusion of the contrast 
agent [ 11 ]. With this technique, equilibrium concentrations 
of the tracer can be achieved in the tissue, thus making it pos-
sible to estimate the partition coeffi cient ( λ ) of Gd-DTPA in 
ml of contrast medium per gram of myocardium [ 11 ]. 
Assuming normal renal clearance, an optimum constant 
infusion dose can be chosen such that the concentration of 
contrast agent will reach equilibrium in approximately 
15 min, in all but the most severely ischemic regions of myo-
cardium (perfusion <0.05 ml/min/g) [ 12 ]. With breakdown 
of cell membrane integrity, Gd-DTPA can begin to permeate 
the formerly intracellular space (Fig.  15.1c ). Given that sar-
colemmal disruption is a defi ning characteristic of irrevers-
ible injury, it follows that the λ in infarcted myocardium 
would exceed that of normal tissue and, in fact, it has been 
shown to be more than double that of normal myocardium 
(0.8 ml/g versus 0.3 ml/g) [ 11 ,  13 ,  14 ]. This has been vali-
dated in the setting of unreperfused infarction by Pereira and 
colleagues by a signifi cant increase in λ in infarcted tissue as 
early as 2 days and for at least 3 weeks following permanent 
LAD occlusion in canine models [ 15 ]. When applied to 
patients with acutely reperfused AMI, λ was found to be 
inversely correlated to areas of low count-density on resting 
Tl-201 images [ 16 ]. Flacke et al. also demonstrated that λ 
can differentiate between normal and infarcted myocardium 
in patients with either acute or chronic myocardial infarction 
[ 17 ]. Considered together, the available evidence supports 
the conclusion that λ is increased exclusively in irreversibly 
injured myocardium. 
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 With respect to dose, the convention at most institutions is 
to administer a “double dose,” or 0.2 mmol/kg body-weight 
for all LGE exams. This is to ensure that maximum CNR 
between healthy and damaged myocardium is achievable at 
10–20 min post-injection. Single dose imaging (i.e., 
0.1 mmol/kg) will reduce the delay required between injec-
tion and image acquisition [ 18 – 21 ]. However, biological 
clearance of contrast occurs in a non-linear (exponential) 
fashion and therefore it is still preferable to wait at least 
10 min post-injection prior to acquisition, regardless of dose 
so that areas of hyperenhanced myocardium will appear dis-
tinct from the LV or RV blood pools.  

    Nulling Normal Myocardium 

 The goal of LGE imaging is to null the signal contribution of 
healthy myocardium such that areas of scar or fi brosis are 
rendered as conspicuous as possible. We accomplish this by 
exploiting the difference in T1 between healthy and fi brotic 
tissues. As such, all LGE sequences are T1 weighted and most 
begin by means of a volume inversion preparation pulse. 
After the inversion pulse, the signal from healthy myocar-
dium will recover according to a longer T1 time than fi brotic 
myocardium. During this process, the magnetization from 

both healthy and fi brotic myocardium will pass through a 
point on the recovery curve where their contribution to the 
MR signal will be zero or “nulled.” Identifying this inversion 
time (TI) or “null point” precisely for healthy myocardium is 
crucial for optimization of LGE imaging (Fig.  15.2 ). When 
the prescribed TI is too short, the longitudinal magnetization 
corresponding to normal myocardium will have a negative 
value during data readout and could potentially appear hyper-
enhanced relative to infarcted or fi brotic myocardium. 
Conversely, if the nominal TI is too long, the magnetization 
associated with normal myocardium will correspond to a 
point above the zero-crossing and appear gray, but not black 
(nulled) [ 22 ]. While irreversibly injured myocardium will 
appear hyperenhanced at long TIs, the CNR will be poor, 
since the discrepancy between the two tissues will be reduced.

   There are essentially two different strategies for optimizing 
the TI: one can perform “test” LGE imaging using an initial 
“best guess” and then re-acquire in the appropriate direction to 
iteratively select the optimal inversion time. In practice, it is 
seldom necessary to perform more than two or three “re-tests” 
as an experienced technologist will be able to estimate the opti-
mal TI merely from experience and a priori knowledge of the 
dose of contrast administered. For example, if we assume that 
normal myocardium has a post- contrast T1 of 400 ms, then a 
patient with an R wave to R wave interval (R-R inter-
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  Fig. 15.1    A schematic depicting the distribution of Gd-DTPA contrast 
in myocardium ( a ), with two stylized cells, situated within a section of 
myocardium: a normal cell ( left ), with an intact, selectively permeable 
cell membrane, and an irreversibly damaged cell ( right ), with disrupted 
cell membranes. If we introduce an extravascular/extracellular contrast 
agent such as Gd-DTPA into the intravascular space, Gd-DTPA will not 
be able to penetrate the cell membrane of healthy myocytes, and there-

fore only distributes to the extracellular space ( b ). In acutely infarcted 
tissue, however, breaches in the cell membrane will permit the agent to 
enter the spaces previously occupied by the cell ( c ). In chronically 
infarcted or scarred myocardium ( d ), the remodelling process also 
results in a net decrease in the extravascular/cellular compartment, as 
the lost myocytes are ultimately replaced by mature, collagenous scar, 
into which Gd-DTPA can accumulate       
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val) = 800 ms will require an optimal inversion time of TI = ln 
(2)*T1 = 0.69*T1 = 280 ms [ 22 ]. Alternatively, most vendors 
provide a so-called “TI scout,” which is usually an inversion 
recovery prepared cine sequence that systematically acquires 
test LGE images over a range of TIs (Fig.  15.2 ), enabling the 
operator to review and select the optimum inversion time prior 
to acquisition [ 23 ]. When using these sequences, it is important 
to remain cognizant of the fact that most TI scout sequences 
utilize a steady-state free precession readout, rather than the 
spoiled gradient-echo readout common to most LGE acquisi-
tions. In practice, the optimal TI identifi ed by the scout may not 
effectively match the true ideal required by the LGE sequence.  

    The Evolution of LGE Pulse Sequence Design 

 As previously discussed, the basic “recipe” for LGE imaging 
was fi rst established in the 1980s. The penetration of the 

technique into mainstream imaging protocols in the last 
10–15 years is primarily due to the near-continuous improve-
ment and innovation in both MR hardware (gradient perfor-
mance, RF coil sensitivity) and pulse sequence design. These 
advancements have culminated in the sequences we see on 
our scanners today: sequences that provide suffi cient CNR 
and spatial resolution to resolve not only subendocardial 
infarcts, but post-ablation scars in the left atrium—achieve-
ments that would have been imponderable in the early days 
of ungated spin-echo LGE. 

 The preponderance of initial LGE studies published in the 
1980s consisted of inversion-prepared spin-echo and fast 
(“turbo”) spin-echo sequences [ 1 ,  2 ,  4 ,  5 ]. Although these 
sequences provided the T1-weighting needed for delineating 
areas of gadolinium accumulation, the acquisition times 
were very long and made breath-holding impractical or 
impossible. Thus, respiratory artifacts degraded even the 
most rigorously acquired images. By the mid-to-late 1990s, 
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  Fig. 15.2    Application of a “TI 
scout” sequence to determine the 
optimal TI for nulling normal 
myocardium. Eight short-axis 
scout images are shown ( top ) to 
illustrate the effect of TI on 
myocardial enhancement signal 
intensities in a patient with 
hypertrophic cardiomyopathy 
(the TI is indicated on the  top  of 
each image in ms). After a 180° 
inversion pulse at Time = 0, a 
series of images with 
incrementally increasing TIs are 
acquired during longitudinal 
relaxation (Mz/Mo). Note the 
increasing intensity of the fi brotic 
regions (at the RV-LV hinge 
points) with increasing TI. The 
time at which the longitudinal 
magnetization associated with 
normal myocardium passes 
through the Mz/Mo = 0 (null) 
point is recorded as the optimal 
TI. In this example, the optimal 
TI is determined to be 260 ms       
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most of these spin-echo sequences had been replaced by 
faster gradient-echo varieties. Saturation- [ 13 ,  14 ,  24 ,  25 ] or 
inversion- preparation [ 26 ] provided the T1-weighting, along 
with short TRs and shallow fl ip-angle readouts. 
Magnetization-driven “FLASH” (fast low-angle shot) tech-
niques that involved constant RF pulsing also came on the 
scene at this time [ 27 ]. These gradient-echo techniques 
offered several advantages, as they were suffi ciently rapid to 
be acquired within a reasonable breath-hold, and they could 
be comfortably repeated, to follow the temporal evolution of 
contrast accumulation. In fact, the single-shot saturation- 
prepared fast gradient-echo sequence was used for both per-
fusion and LGE imaging, and could be acquired either with 
or without a breath-hold, depending on the post-processing 
anticipated for quantitative analysis.  

    Segmented Inversion-Recovery Spoiled 
Gradient Echo 

 Unlike perfusion imaging, where the goal is to capture the 
rapid transit of contrast media during its fi rst pass through 
the circulation, LGE imaging is performed 10–20 min after 
administration, to allow for the accumulation of Gd in the 
extravascular/extracellular space. At this stage, we assume 
that the contrast has reached equilibrium concentrations in 
the blood and the tissue. The T1s are no longer changing very 
drastically and thus, it is no longer crucial to read out each 
image with high temporal resolution. Given that the goal is 
to obtain the optimum CNR between healthy and injured or 
fi brotic myocardium, most LGE imaging is now performed 
with segmented readout pulse sequences, such as the inver-
sion-prepared spoiled gradient-echo sequence introduced by 
Simonetti et al. in 2001 [ 28 ]. This sequence represented a 
remarkable breakthrough in CNR, with infarct signal intensi-
ties 500–600 % greater than normal myocardium [ 21 ,  28 ,  29 ] 
(approximately tenfold improvement in CNR relative to 
T1-weighted spin-echo sequences, for example). In this 
sequence, the initial inversion is achieved using a nonselec-
tive 180° pulse, which is typically a hyperbolic secant adia-
batic inversion. Slice-selective inversion sequences have also 
been developed, and may improve edge- detection between 
healthy myocardium and scar. This could be particularly 
advantageous for imaging small areas of fi brosis or non-
transmural infarcts [ 30 ]. 

 A pulse sequence diagram for a typical implementation of 
the segmented inversion recovery spoiled gradient echo LGE 
sequence is depicted in Fig.  15.3 . Before applying the initial 
inversion pulse, most scanners allow the technologist to 
select a variable delay time so that the image readout occurs 
at mid-diastole, or when we presume the heart is moving the 
least. We can then begin reading out the fi rst segment of 
k-space after the pre-determined TI delay. Shallow fl ip-angle 

RF pulses (approximately 20–25°) are used during the read-
out of each line, so that the recovery of the post-inversion 
magnetization is largely unaffected and in accordance with 
the nominal TI. The size of the k-space segment (i.e., the 
number of lines of k-space) that we can read during each R-R 
interval will necessarily depend on the duration of diastole. 
In a typical implementation of the sequence [ 28 ], with a TR 
of 8 ms, a segment consisting of 23 lines of k-space can be 
acquired in 184 ms, which is within the period of mid- 
diastole for most patients. It is important to be cognizant that 
the segmented LGE sequences are more sensitive to arrhyth-
mias and variable heart rates than their single-shot counter-
parts. While gradient-moment refocusing mitigates motion 
artefact to some extent, the duration of the mid-diastolic 
phase will also shorten with increasing heart rates, so the 
number of k-space lines acquired per R-R interval will have 
to be reduced to further minimize motion artifacts. The heart 
rate will also dictate sequence planning in terms of selecting 
the optimal inversion time. Unless the patient’s heart rate is 
very slow (e.g., <50 bpm), the sequence is triggered every 
other heartbeat to allow suffi cient longitudinal relaxation to 
occur between inversion pulses. The bulk magnetization 
M(t) will recover post-inversion according to the following: 
M(t) = M o (1 − 2e −t/T1 ). Thus, if we return to our earlier exam-
ple with the patient (R-R interval = 800 ms), normal myocar-
dium with a post-contrast T1 = 400 ms will require 
approximately 4 × T1 = 1,600 ms to recover approximately 
96 % of its bulk magnetization.

      Phase-Sensitive Inversion-Recovery Imaging 
 The advent of phase-sensitive reconstruction LGE sequences 
in 2002 [ 31 ] has greatly improved the consistency of image 
quality over a wide range of TIs, particularly with respect to 
the CNR between infarcted and normal myocardium [ 32 ]. 
Recall from our earlier discussion that the longitudinal mag-
netization associated with infarcted or fi brotic myocardium 
will recover more quickly than that of normal myocardium, 
since its T1 is shorter. With conventional magnitude recon-
struction, if we prescribe a TI that is too short to null normal 
myocardium, then the normal myocardium will appear too 
bright and the CNR between normal and infarcted or fi brotic 
myocardium will be poor. Even when care is taken to isolate 
the optimal TI for the fi rst slice (e.g., the fi rst of a short-axis 
stack covering the LV), the continued clearance of contrast 
over the 5 min multi-slice acquisition will mean that the T1 
will have increased non-negligibly by the time the fi nal slice 
is acquired. Phase-sensitive detection is insensitive to small 
drifts in T1, enabling the acquisition of a full complement of 
high CNR images without the need to interrupt the acquisi-
tion to repeat the search for optimal TI. The phase-sensitive 
detection aspect of this technique involves the acquisition of 
reference phase maps in between the collection of inversion 
recovery data (Fig.  15.3 , gray inset). These phase images 

15 Late Gadolinium Enhancement Imaging



216

include information regarding background phase as well as 
surface coil fi eld maps. The phase can be subsequently 
removed from the IR image during reconstruction to reveal 
the real component of the inversion recovery image. By 
restoring the signal polarity of the image, phase-sensitive 
reconstruction effectively avoids the enhancement artifacts 
to which magnitude images are prone.  

    3D and Free-Breathing Techniques 
 All of the LGE sequences discussed thus far involve 2D 
imaging, or the acquisition of one 2D slice per breath-hold. 
Depending on the indication for LGE imaging, comprehen-
sive coverage could potentially involve more than ten breath- 
holds, which can prove diffi cult for some patients, particularly 
those with advanced disease. Fortunately, many scanners are 
also equipped with 3D LGE sequences, in which the entire 
LV can be imaged in a single (albeit long) breath-hold. In 
most implementations, 3D LGE is accomplished using a seg-
mented inversion-recovery gradient echo sequence with 
shallow fl ip-angle readout (e.g., 15° rather than the 25° 

 typical of most 2D acquisitions). In 3D LGE, the inversion 
pulse is triggered every heartbeat (instead of every second 
heartbeat), which can potentially degrade CNR due to 
incomplete magnetization recovery. Approximately 20 con-
tiguous sections are acquired in the z direction, often with 
the aid of zero-fi lling and interpolation to maximize spatial 
resolution in this direction [ 33 ]. If the breath-hold required 
to cover the LV is potentially too long, the LV can be covered 
in a quasi- 3D fashion by dividing the acquisition into three 
“slabs,” with a commensurate number of manageable breath-
holds [ 34 ]. While the strategy for fi nding the optimal TI 
should be the same as described for 2D LGE, the advantage 
is that this TI need only be selected once. The correct TI is 
particularly crucial for 3D imaging, as there is no opportu-
nity to utilize alternate R-R intervals for acquiring reference 
images for phase-sensitive reconstruction. Additionally, the 
need to trigger every heartbeat results in greater sensitivity to 
arrhythmias. Optimization of 3D acquisitions is a subject of 
considerable ongoing research. While breath-hold 3D slab 
acquisitions are promising, they may still present diffi culties 
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  Fig. 15.3    Pulse sequence diagram and associated longitudinal magneti-
zation for a segmented inversion-recovery spoiled gradient echo 
sequence. The phase-sensitive modifi cation for this sequence is indicated 
in gray. In both sequences, the non-selective inversion pulse is triggered 
following a variable delay following detection of the R-wave so that read-
out occurs at mid-diastole. The fi rst segment of k-space is acquired after 
the inversion delay TI using shallow fl ip angle pulses (20°). In this exam-
ple, each segment consists of 23 lines of k-space. The subsequent seg-
ment is collected after allowing for suffi cient recovery of longitudinal 

magnetization, which for most cases translates to every other heartbeat. 
In the phase-sensitive modifi cation of this sequence ( gray ), these quiet 
periods between inversion pulses are used to collect reference images 
using very shallow RF pulses (5°), so that longitudinal recovery is not 
unduly disrupted. These reference images are used to remove the back-
ground phase from the IR images during reconstruction and restore the 
signal polarity of the image. For phase-sensitive images, the image inten-
sity is displayed as Mz/Mo ( gray recovery curves ) rather than the |Mz/
Mo| seen in magnitude reconstructed images ( black recovery curves )       
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for some patients. In 2004, Saranathan and colleagues pre-
sented a free-breathing 3D LGE alternative, in which a 
navigator- echo segment is acquired immediately following 
the gradient echo acquisition [ 35 ]. The navigator echo seg-
ment is essentially a spin echo sequence that selects a col-
umn of spins craniocaudally across the right hemidiaphragm 
[ 36 ]. When combined with their hybrid k-space segmenta-
tion scheme, the free-breathing sequence proposed by 
Saranathan et al. was capable of acquiring 16 × 5 mm thick 
sections in less than 2 min.    

    Common Clinical Applications 

 LGE has become an undeniably powerful tool for the assess-
ment of many clinical cardiac entities. While much of the 
early development of LGE imaging was centered on the 
assessment of post-infarction scar, the technique has become 
increasingly valuable in the characterization of a wide vari-
ety of cardiomyopathies as well as in the rule-out of infec-
tious or infi ltrative disease. This section is far from an 
exhaustive accounting of the myriad applications of LGE 
imaging. Rather, the intention of the following discussion is 
to illustrate how the technique has been adapted to address a 
variety of clinical and research questions. 

    Acute and Chronic Myocardial Infarction 

 In many ways, the assessment of myocardial viability and 
infarct scar was the driving force behind the initial develop-
ment of LGE imaging. Before the advent of the high CNR 
segmented inversion-recovery gradient echo techniques, 
most studies were limited to pre-clinical research in rats [ 37 –
 42 ] and dogs [ 43 – 47 ] and small “proof of principle” clinical 
series [ 16 ,  17 ,  19 ,  21 ,  26 ,  29 ,  48 – 52 ]. The veritable explosion 
of reports involving LGE imaging in the last decade belies 
the fact that we owe a great deal of its current appeal to the 
fundamental basic science and development that preceded 
this recent popularity. 

 Many of the early contributions to the development of the 
technique were focused on establishing the kinetics of MR 
contrast in ischemic and infarcted myocardium. Specifi cally, 
there was a great deal of debate regarding the distribution of 
Gd-DTPA in areas of reversibly injured myocardium [ 41 , 
 53 ]. In a rat model of reperfused infarction, Saeed and col-
leagues found that Gd-DTPA enhanced regions were 33 % 
larger than the extent of infarcts identifi ed by triphenyltetra-
zolium chloride (TTC) staining at day 2 post-reperfusion 
[ 40 ], suggesting that reversibly injured myocardium might 
also accumulate Gd-DTPA. However, similar studies in 
canine models such as the one reported by Fieno and col-
leagues, found excellent agreement between both  in vivo  and 

 ex vivo  gadolinium enhanced images and TTC staining 
(r = 0.95) [ 47 ], which supports the notion that myocardial 
hyperenhancement is specifi c to irreversible injury (infarc-
tion). Establishing the “bright equals dead” principle was a 
key step, as the management of patients with coronary artery 
disease (CAD) post-infarction is complicated by the pres-
ence of both reversibly damaged and infarcted myocardium. 
The success of revascularization depends on both the exis-
tence and extent of viable but dysfunctional myocardium 
present, as there are few benefi ts from revascularizing a ter-
ritory devoid of viable myocardium. Infarction follows a 
characteristic path or “wavefront” in the myocardium, begin-
ning in subendocardial tissue and progressing towards the 
subepicardium. Nuclear medicine methods that are often 
used for assessing myocardial perfusion (e.g., PET, Tl-201, 
Tc-99m-sestamibi SPECT) lack the ability to resolve trans-
mural variations in viability. LGE CMR, however can iden-
tify subendocardial infarcts that would be otherwise missed 
by Tc-99m-sestamibi SPECT, for example [ 20 ]. Choi et al. 
investigated the relationship between the transmural extent 
of LGE hyperenhancement and long-term functional 
improvement in AMI patients at 1 week and 8–12 weeks fol-
lowing reperfused-infarction [ 18 ]. In this important work, 
the authors showed that the extent of the dysfunctional but 
normally enhancing region at 1 week post-reperfusion was 
the single best predictor of functional recovery 8–12 weeks 
post-reperfusion. 

 In acutely infarcted myocardium, cell membranes lose 
their integrity and the Gd-DTPA suddenly gains access to 
what was formerly intracellular space and shortens T1 to a 
much greater extent than if the agent was in contact with 
extracellular space alone. In contradistinction, there does not 
appear to be an increase in the distribution volume of 
Gd-DTPA in reversibly dysfunctional myocardium (i.e., 
“stunned” or “hibernating” myocardium). The ultrastructural 
changes typical of hibernating myocardial cells include a 
progressive loss of contractile proteins, which are predomi-
nantly replaced by glycogen within the cytoplasm. However, 
there is no appreciable decrease in cell volume and therefore 
no evidence of increased gadolinium distribution in hibernat-
ing myocardium [ 51 ,  54 ]. Similarly, there does not appear to 
be any hyperenhancement associated with transiently dys-
functional or “stunned” myocardium [ 55 ,  56 ], which has 
been confi rmed by high-resolution Gd-enhanced imaging of 
ex-vivo specimens. 

 Although we conceptualize LGE imaging as “viability” or 
“scar” imaging, there are certainly settings where perfusion 
has an outsized infl uence on late enhancement patterns. One 
such scenario is in unreperfused infarction, where microvas-
cular damage can severely impede contrast wash-in to the 
myocardium. On LGE images, microvascular obstruction can 
manifest as a persistent core of hypoenhancement surrounded 
by hyperenhancement. Interestingly, this core appears to 
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involute as the infarct heals, regardless of reperfusion status. 
As the initial infl ammation begins to subside and macro-
phages have left with their cargo of necrotic debris, type I 
collagen is deposited into the infarcted region. By this point, 
there should be no residual capillary plugging interfering 
with Gd-DTPA distribution [ 57 ]. Infarct remodelling involves 
organization of the collagenous scar, with a concomitant loss 
of myocytes. The net result is a predominantly acellular area, 
and one that an extravascular/extracellular agent such as 
Gd-DTPA can occupy in observable volumes (Fig.  15.1d ) 
[ 58 ]. Additionally, the potential recruitment of collateral cir-
culation should not be neglected, as it may partially contrib-
ute to Gd-DTPA distribution as the infarct matures. Wu et al. 
demonstrated that LGE hyperenhancement was present in 
both Q wave and non-Q wave infarcts at 3 months and 
14 months following acute myocardial infarction (AMI), and 
yet none of the patients in the comparison group with idio-
pathic dilated cardiomyopathy (DCM) exhibited hyperen-
hancement [ 21 ]. This was consistent with the fi ndings 
reported by Klein et al. in a group of patients with chronic 
CAD and severely reduced LV function. Klein and colleagues 
demonstrated that LGE can delineate the location and extent 
of nonviable myocardium, in close agreement with NH 3 /FDG 
PET measurements of perfusion and glucose metabolism 
[ 51 ]. In fact, the authors demonstrated that the sensitivity and 
specifi city of hyperenhancement for detecting either transmu-
ral or non-transmural scar tissue (as defi ned by NH 3 /FDG 
PET mismatch) were 83 % and 88 %, respectively.  

    Ischemic Cardiomyopathy 

 The term ischemic cardiomyopathy is often used by clinicians 
to describe chronic ischemic heart disease, such as that expe-
rienced by patients with post-infarction remodelling and LV 
dysfunction. As with post-infarct LGE, the hyperenhancement 
associated with “ischemic type” cardiomyopathy has three 
main characteristics: it always involves the subendocardial 
layer, it is localized in the territories supplied by the epicardial 
coronary arteries, and it is consistent with regional wall motion 
abnormalities (Fig.  15.4 ). Furthermore, ischemic cardiomy-
opathy is inconsistent with hyperenhancement located exclu-
sively in the subepicardium or mid- myocardium [ 59 ].

   When a patient initially presents with LV dysfunction, one 
of the fi rst objectives is to determine whether the dysfunction 
arises from an ischemic etiology and if so, the next most 
important objective is to assess if the myocardium is viable. In 
a meta-analysis, Allman et al. showed that revascularization 
may reduce annual mortality in up to 80 % of patients with LV 
dysfunction and viable myocardium when compared to medi-
cal treatment [ 60 ]. Kim et al. [ 29 ] showed that segments dem-
onstrating ≤50 % of transmural extent of hyperenhancement 
are likely to recover function after revascularization.  

    Non-ischemic Cardiomyopathies 

 To increase the likelihood of clinical improvement in patients 
with cardiomyopathy, proper determination of the etiology is 
essential as it then guides proper management. While the 
cause of non-ischemic cardiomyopathies (NICM) can theo-
retically be confi rmed via endomyocardial biopsy, in prac-
tice this invasive approach offers limited sensitivity, 
particularly for conditions in which myocardial fi brosis or 
infi ltrate may be sparse or heterogeneous in distribution [ 61 ]. 
LGE CMR is not only a key tool for differentiating between 
ischemic and NICM, it is also crucial for differential diagno-
sis, since several cardiomyopathies have been associated 
with their own “signature” enhancement patterns. Ultimately, 
these patterns that are summarized in the following section 
may also be used to guide endomyocardial biopsy, helping 
secure a histopathological diagnosis. 

  Fig. 15.4    70-year-old woman who presented with dilated cardiomy-
opathy and an ejection fraction of 35 %. Coronary angiography demon-
strated 100 % stenosis in the mid left anterior descending coronary 
artery. Cardiac MR was performed to assess myocardial viability. Late 
gadolinium enhancement phase sensitive inversion recovery image in 
short axis view demonstrates transmural extent of enhancement in the 
mid septal wall in a left anterior descending artery territory diagnostic 
of a prior myocardial infarction       
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    Dilated Cardiomyopathy 
 After a thorough medical history, including family history, 
and examination with laboratory testing have been con-
ducted, CMR is often considered as an essential part of the 
diagnostic evaluation for patients with DCM of unknown 
cause. While echocardiography and CMR both demonstrate 
ventricular enlargement and decreased systolic function as 
measured by ejection fraction, McCrohon et al. [ 62 ] showed 
that the midwall enhancement pattern by LGE-CMR typifi ed 
non-ischemic DCM. Figure  15.5  demonstrates an example 
of a patient with new onset heart failure and this characteris-
tic enhancement pattern. Of note, 13 % of DCM patients in 
this cohort previously labeled as nonischemic DCM based 
on nonobstructive coronary arteries at by invasive angiogra-
phy actually had subendocardial infarct scar. This suggested 
a prior myocardial infarction with recanalization or disper-
sion of an embolic source, with cardiac enlargement and sys-
tolic function ensuing as a result of post-infarct adverse 
remodeling. Midwall enhancement has been identifi ed as an 
adverse prognostic fi nding, predicting events such as sudden 
cardiac death and heart failure with incremental value beyond 
ejection fraction [ 63 ].

       Hypertrophic Cardiomyopathy 
 HCM, typically due to mutations in genes encoding for sar-
comeric proteins, is characterized by a cardiac phenotype 
with myocardial disarray, hypertrophy and fi brosis. Early 
diagnosis of HCM is crucial, as it remains both the most 
common cause of SCD among young people [ 64 ] and a not 
infrequent cause of heart failure. Given the varied clinical 
and phenotypic manifestations of the disease, HCM can pose 
a considerable diagnostic challenge [ 65 ]. Non-invasive 
markers for focal myocardial fi brosis can potentially track 
progression to heart failure in patients with HCM and help 
characterize the risk of SCD. Positive LGE occurs in up to 
80 % of patients with HCM [ 66 – 68 ] and represents replace-
ment myocardial fi brosis histologically [ 29 ,  69 ]. The typical 
LGE pattern in HCM is patchy and in a non-coronary distri-
bution, most commonly associated to the regions of hyper-
trophy such as the insertion points of the interventricular 
septum in the classic asymmetric septal hypertrophy pheno-
type [ 67 ,  70 – 72 ]. Its presence is an independent predictor of 
adverse outcomes in HCM [ 72 – 76 ]. An example of the pat-
tern of scarring typically observed in HCM is provided in 
Fig.  15.6 .

       Arrhythmogenic Right Ventricular 
Cardiomyopathy 
 ARVC is a progressive cardiomyopathy due to fi brofatty 
replacement of normal myocytes that is associated with right 
heart failure and SCD. Like HCM, accurate diagnosis of 
ARVC is important for the prevention of SCD [ 77 ,  78 ]. ARVC 
is particularly diffi cult to diagnose, as several of the 

  Fig. 15.5    Dilated cardiomyopathy in a 54-year-old man who presented 
with heart failure. Late gadolinium enhancement magnitude inversion 
recovery image in a short axis plane demonstrates a characteristic linear 
mid-myocardial hyperenhancement in the basal septum ( arrow )       

  Fig. 15.6    Hypertrophic cardiomyopathy in a 18-year-old man present-
ing with multiple syncopal episodes. Late gadolinium enhancement 
phase sensitive inversion recovery image in a short axis plane demon-
strates patchy, mid-myocardial enhancement matching the regions of 
hypertrophy in the septum       
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 presentations of ARVC can mimic that of cardiac sarcoidosis 
(CS). Furthermore, biopsy for the diagnosis of CS or ARVC is 
frequently inaccessible owing to the random and patchy distri-
bution of fi brofatty infi ltration along the RV septum. It is 
important to mention that abnormal LGE is not included in the 
new Task Force Criteria for the diagnosis of ARVC [ 79 ], 
which are based on the presence of increased RV size, 
decreased RV EF, and RV wall motion abnormalities. 
Nevertheless, Steckman and colleagues recently reported that 
LGE hyperenhancement was seen in 73 % of CS and 19 % of 
ARVC patients, with isolated LV involvement seen only in the 
CS group [ 80 ]. Forty-three percent of the CS group and none 
of the ARVC group demonstrated intraventricular septum dys-
function or hyperenhancement of the septum. Septal enhance-
ment was observed in 78 % of those with CS and 0 % of those 
with ARVC. Given the overlap in clinical presentation and 
high false-negative rate of endomyocardial biopsy, a tool for 
the accurate differentiation of these conditions is needed.   

    Cardiac Sarcoidosis 

 Sarcoidosis is a granulomatous disease affecting multiple sys-
tems. It is estimated that 5 % of patients with pulmonary/sys-
temic sarcoidosis also have symptomatic CS [ 81 ], which is 
belied by the higher prevalence observed in necropsy studies 
[ 82 ,  83 ]. Missing the diagnosis of CS can lead to increased 
mortality due to SCD or heart failure. LGE MRI fi ndings have 
been documented in both acute and chronic stages, but 
enhancement patterns can vary widely [ 84 – 87 ]. While hyper-
enhancement in CS is often localized to the epicardial zone of 
the septum, the fi brosis can appear either focal, patchy, or even 
extend to fully transmural hyperenhancement [ 87 ], as observed 
in the example provided in Fig.  15.7 . Also LGE characteristi-
cally involves the basal anteroseptal and anterolateral seg-
ments of the LV [ 84 ]. Early evaluations of LGE in the setting 
of CS suggested that its sensitivity was signifi cantly inferior to 
PET [ 88 ]. More recent analyses demonstrate that LGE may 
detect CS at a twofold higher rate than conventional Japanese 
Ministry of Health criteria (12-lead ECG and either echo, 
radionuclide perfusion, or cath imaging) [ 87 ]. Patel and col-
leagues [ 87 ] found that LGE detected CS in 26 % of patients 
with biopsy-proven extracardiac sarcoidosis, compared to 
12.3 % identifi ed using Japanese Ministry of Health criteria. 
Furthermore, the authors showed that positive LGE fi ndings 
were the only independent predictor of adverse clinical events.

       Myocarditis 

 The clinical presentation of myocarditis may mimic acute 
myocardial infarction in patients with normal coronary 
arteries on angiogram [ 89 ]. Although endomyocardial 

biopsy is the standard of reference for the differentiation 
between these two entities, LGE plays an important role 
in non- invasively distinguishing both entities [ 90 ]. 
Friedrich and colleagues were among the fi rst to report 
myocardial enhancement patterns in patients with acute 
myocarditis [ 91 ]. Using a non-breath-hold T1-weighted 
spin-echo pulse sequence, the authors demonstrated 
40–50 % greater hyperenhancement in patients with myo-
carditis, suggesting that LGE even with the low CNR 
pulse-sequence could identify areas of infl ammation. This 
discrepancy in enhancement was exaggerated to 400 % 
above normal myocardium when the segmented 
IR-prepared fast GRE approach was applied to 32 patients 
with suspected myocarditis [ 90 ]. 

 In addition to colocalizing regions of hyperenhance-
ment with histopathologically-confi rmed areas of active 
myocarditis, Marholdt and colleagues observed a distinct 
geographic pattern from ischemic LGE enhancement, 
affecting the epicardial quartile of the LV or midwall 
region [ 90 ]. An example of this characteristic e nhancement 

  Fig. 15.7    48-year-old woman presenting with heart block. Late gado-
linium enhancement phase sensitive inversion recovery image in a short 
axis view demonstrates transmural enhancement in the basal septal and 
anteroseptal walls ( arrow ) characteristic of cardiac sarcoidosis       
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pattern is provided in Fig.  15.8 . They suggested that the 
mechanism for LGE during the acute phase of myocarditis 
is myocardial necrosis, whereas in the more chronic phase, 
LGE likely represents fi brosis [ 90 ]. The areas of LGE may 
decrease during recovery of myocarditis and can nearly 
resolve after recovery.

      Amyloidosis 
 Cardiac amyloidosis (CA) is characterized by the intersti-
tial deposition of insoluble amyloid proteins. It presents 
as a restrictive cardiomyopathy and it is one of the differ-
ential diagnoses when assessing patients with diastolic 
heart failure and myocardial hypertrophy [ 92 ]. The gold 
standard for diagnosing CA is endomyocardial biopsy, but 
this technique is invasive and has associated risks [ 93 ]. A 
characteristic LGE “amyloid pattern” has been described 
as diffusely distributed over the entire subendocardial cir-
cumference, extending in various degrees into the neigh-
boring myocardium and coupled with a dark black blood 
pool [ 94 – 96 ]. This distinct pattern of enhancement 
(Fig.  15.9 ) is present in approximately 80 % of patients 
with CA [ 94 ,  95 ,  97 ] and has shown a sensitivity of 80 % 
and specifi city of 94 % for the diagnosis of CA compared 
to endomyocardial biopsy [ 95 ].

   In practice, it can be diffi cult to establish the appropri-
ate TI for nulling normal myocardium in patients with CA 
[ 94 ], even with the benefi t of a TI scout. Maceira et al. 
reported that blood pool gadolinium clearance was faster 
than normal in CA patients and that the areas with amyloid 
deposition demonstrate T1s either shorter than or equiva-
lent to those sampled in the blood pool [ 94 ]. Additionally, 
the contrast between normal myocardium and areas of 

amyloid deposition becomes markedly reduced approxi-
mately 8 min after contrast administration. Thus, LGE 
images in patients with cardiac amyloidosis are ideally 
acquired between 5 and 8 min post-injection when the con-
trast between normal and abnormal myocardium, com-
pared to the typical delay of 10–15 min [ 94 ]. Multiple 
theories have been proposed to explain the contrast kinet-
ics idiosyncratic to CA, the foremost of which is that the 
marked expansion of the extracellular space is due to accu-
mulation of the interstitial amyloid protein [ 94 ,  96 ,  97 ], 
rather than diffuse fi brosis, but this is an active area of 
investigation. Contemporary quantitative T1 mapping tech-
niques, covered elsewhere, have greatly reduced uncer-
tainty in the interpretation of LGE images in cardiac 
amyloidosis.    

  Fig. 15.8    Myocarditis in a 16-year-old male who presented with chest 
pain and ST elevation on the ECG. Late gadolinium enhancement mag-
nitude inversion recovery image in a short axis view demonstrates sub-
epicardial enhancement in the mid lateral wall ( arrows ) indicative of 
myocarditis. Note that the subendocardium is nulled, excluding an isch-
emic cause       

  Fig. 15.9    75-year-old man presenting with unexplained severe left 
ventricular hypertrophy, chronic heart failure and atrial fi brillation. 
Cardiac MR was performed to exclude an infi ltrative cardiomyopathy. 
Late gadolinium enhancement phase sensitive inversion recovery image 
in a short axis plane demonstrates diffuse subendocardial enhancement 
in the left ventricle with a variable extent to the adjacent myocardium. 
There is also subendocardial enhancement present in the right ventricle 
( arrows ). Note that the blood pool shows a characteristic dark appear-
ance commonly observed in cardiac amyloidosis       
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    Other Indications 

    Cardiac and Pericardial Masses 

 Evaluation of a cardiac mass is a common indication for car-
diac MRI. Although the use of LGE in the evaluation of car-
diac masses is beyond the scope of this chapter, we will 
review its use in the assessment of thrombus since it is the 
most common cardiac mass. Thrombus is a differential diag-
nosis for cardiac tumors, and is typically identifi ed in the LV 
as a result of dysfunction and impaired wall motion follow-
ing myocardial infarction. LGE imaging can be a helpful 
technique for differentiating thrombi from masses, since 
thrombus is avascular and thus, will appear as a mass of low 
signal intensity on LGE images. It is not uncommon for 
thrombi to appear as hypoenhanced masses adjacent to areas 
of hyperenhanced myocardial infarction [ 98 ], as shown in 
Fig.  15.10 . The use of LGE imaging with a long TI to null 
avascular tissue (600 ms) is a strategy to characterize throm-
bus [ 99 ].

       Left Atrial Remodeling and Scar 

 Perhaps one of the most exciting developments in recent years 
has been application of LGE to the assessment of left atrial 
remodeling and scar. The left atrium (LA) has long been con-
sidered “uncharted territory” in CMR, given its thin walls and 
potential interference from neighboring fat. The advent of free-
breathing 3D LGE schemes enabled researchers to begin 
exploring LGE as a tool for evaluating LA fi brosis. Peters et al. 
adapted the sequence proposed by Saranathan and colleagues 
[ 35 ] for evaluating post-ablation LA scar in patients with atrial 
fi brillation (AF) [ 100 ]. By combining the navigator-gated 3D 
LGE sequence with strategic fat saturation, the authors achieved 
a voxel size of 1.3 × 1.3 × 5 mm (reconstructed to 
0.6 × 0.6 × 2.5 mm), suffi cient to visualize focal hyperenhance-
ment caused by pulmonary vein radiofrequency ablation. 
Oakes and colleagues evaluated a very similar sequence in 
patients with AF, but performed imaging prior to ablation in 
order to assess the potential of 3D LGE to predict procedural 
outcomes [ 101 ]. In addition to fi nding a signifi cant positive 
correlation between areas of LA fi brosis on LGE and low-volt-
age regions on electroanatomic maps (R 2  = 0.61, P < 0.05), the 
authors indicated that there was a strong association between 
pre-ablation hyperenhancement and post-procedural recur-
rence of AF. Specifi cally, patients who experienced post-proce-
dural AF exhibited hyperenhancement throughout the LA. In 
contradistinction, the hyperenhancement observed among 
treatment responders appeared to be restricted to the posterior 
wall and septum. This important work suggests that 3D LGE 
shows potential to guide clinicians in predicting who will ben-
efi t from catheter ablation of AF.   

    Image Interpretation and Quantifi cation 

 As we have seen, LGE imaging has undergone tremendous 
technical evolution since its introduction in the early days of 
cardiac MRI. In view of this pedigree, it is somewhat surpris-
ing that there is no consensus about quantifi cation of these 
images. Many radiologists and cardiologists continue to rely 
on subjective visual assessment or semi-quantitative tech-
niques for routine interpretation of LGE images. Borrowing 
the 17 segment AHA model familiar to cardiologists, some 
clinicians report the extent of hyperenhancement in terms of 
the approximate area per AHA segment (e.g., 0–25 %, 
25–50 %, etc.) [ 29 ]. If dedicated post-processing software is 
available, it is often possible for the analyst to select a refer-
ence area of “normal” (ideally nulled) myocardium, such 

  Fig. 15.10    Anterior myocardial infarction in a 30-year-old man who 
presented with chest pain, troponin elevation, and echocardiographic 
abnormalities after receiving a hematopoietic stem cell transplant. Late 
gadolinium enhancement magnitude inversion recovery image in a 
four-chamber view demonstrates subendocardial enhancement in the 
left anterior descending coronary artery territory of distribution ( short 
arrows ). The mass in the left ventricle does not demonstrate enhance-
ment, indicating an associated intraventricular thrombus ( long arrow ). 
The combination of a non-enhancing mass adjacent to an area of 
infarcted myocardium is highly suggestive of a thrombus       
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that all pixels in excess of a pre-defi ned number of standard 
deviations of that reference become defi ned as “hyperen-
hanced.” Society for Cardiovascular Magnetic Resonance 
guidelines [ 102 ] recommend defi ning “hyperenhancement” 
as any myocardial pixel exceeding the mean signal intensity 
of normal myocardium by more than two standard deviations 
(SDs), but many programs allow fl exible selection of between 
2 and 6 SDs. Others have advocated for a “full width at half 
maximum” (FWHM) technique, in which the scar is selected 
by the analyst and the threshold for hyperenhancement 
becomes the value of the 50 % maximum signal intensity 
within the scar [ 103 ]. Flett et al. compared the LGE volumes 
obtained using seven distinct quantifi cation techniques 
(manual segmentation, FWHM, or thresholds equal to 2, 3, 
4, 5 or 6 SD above normal myocardium) in patients with 
AMI, chronic MI (CMI), and HCM [ 104 ]. The authors dis-
covered that the LGE volumes defi ned by each of the meth-
ods varied substantially, and the most reproducible techniques 
appeared to depend on the clinical entity under investigation 
(e.g. AMI, CMI, or HCM). Specifi cally, the 2-SD threshold 
resulted in infarct volumes as high as 100 % greater than 
either the FWHM, 6-SD or manual approaches. The effect of 
threshold was most apparent in the HCM patients, where 
hyperenhanced volumes varied from 11 to 29 %. For both 
infarct-size estimates and HCM fi brosis quantifi cation, the 
authors recommended either the 6-SD or FWHM thresholds. 
The limitation of the FWHM approach is that it assumes that 
maximum hyperenhancement will be localized to the lesion 
core, which can be problematic in the case of heterogeneous 
or “patchy” enhancement.  

    Conclusion 

 Over the last 30 years, LGE imaging has evolved from a 
relatively esoteric research interest to an indispensable 
component of most clinical CMR examinations. While 
the sequence and implementation may differ depending 
on availability and indication, a fi rm understanding of the 
principles underpinning LGE will assist in providing 
important diagnostic and prognostic information relevant 
for patient care.     
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