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Late enhancement imaging is used to diagnose and charac-
terize a wide range of ischemic and nonischemic cardiomy-
opathies, and its use has become ubiquitous in the cardiac
MR exam. As the use of late enhancement imaging has
matured and the span of applications has widened, the
demands on image quality have grown. The characterization
of subendocardial MI now includes the accurate quantifica-
tion of scar size, shape, and characterization of borders
which have been shown to have prognostic significance.
More diverse patterns of late enhancement including
patchy, mid-wall, subepicardial, or diffuse enhancement
are of interest in diagnosing nonischemic cardiomyopathies.
As clinicians are examining late enhancement images for
more subtle indication of fibrosis, the demand for lower
artifacts has increased. A range of new techniques have
emerged to improve the speed and quality of late enhance-
ment imaging including: methods for acquisition during free
breathing, and fat water separated imaging for characteriz-
ing fibrofatty infiltration and reduction of artifacts related to
the presence of fat. Methods for quantification of T1 and
extracellular volume fraction are emerging to tackle the
issue of discriminating globally diffuse fibrosis from normal
healthy tissue which is challenging using conventional late
enhancement methods. The aim of this review will be to
describe the current state of the art and to provide a guide
to various clinical protocols that are commonly used.
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LATE GADOLINIUM ENHANCEMENT, often referred
to as simply late enhancement imaging or delayed
enhancement, has become a gold standard in myocar-
dial viability assessment (1,2). Late enhancement
imaging provides excellent depiction of myocardial in-
farction (MI) and macroscopic scarring. The use of
late enhancement in the diagnosis of ischemic heart
disease and in guiding therapy such as revasculariza-
tion has gained wide acceptance. More recently, late
enhancement is playing a broader role in characteriz-
ing fibrosis in nonischemic cardiomyopathies (3,4),
and in measurement of scar resulting from treatment
such as electrophysiology guided ablation (5).

Late enhancement imaging is used to diagnose and
characterize a wide range of ischemic and nonischemic
cardiomyopathies, and its use has become ubiquitous
in the cardiac MR exam. As the use of late enhance-
ment imaging has matured and the span of applica-
tions has widened, the demands on image quality have
grown. To gain a better understanding of the imaging
requirements and technical challenges, it is worthwhile
to examine the range of applications and variety of late
enhancement patterns (Fig. 1). As imaging techniques
have improved, the characterization of subendocardial
MI now includes the accurate quantification of scar
size, shape, and characterization of borders which
have been shown to have prognostic significance (6–
10). More diverse patterns of late enhancement includ-
ing patchy, mid-wall, subepicardial, or diffuse
enhancement are of interest in diagnosing nonischemic
cardiomyopathies such as ARVD, HCM, DCM, myocar-

ditis, sarcoidosis, amyloidosis, and muscular dystro-
phy (3,11–17). As clinicians are examining late
enhancement images for more subtle indication of fi-
brosis, the demand for lower artifacts has increased.

A range of new techniques have emerged to improve
the speed and quality of late enhancement imaging.
These include single shot imaging and motion cor-
rected averaging for acquisition during free breathing,
and fat water separated imaging for characterizing
fibrofatty infiltration and reduction of artifacts related
to the presence of fat. Using conventional late
enhancement methods it is difficult to discriminate
globally diffuse fibrosis from normal healthy tissue.
Methods for quantification of T1 and extracellular vol-
ume fraction are emerging to tackle this issue. In light
of the numerous new developments and growth of
applications, the aim of this review will be to describe
the current state of the art and to provide a guide to
various clinical protocols that are commonly used.
Current limitations and challenges will be described
as well as approaches that are emerging.

PHYSIOLOGIC BASIS FOR LATE CONTRAST
ENHANCEMENT

Contrast enhancement using gadolinium (Gd) agents
is based on T1-shortening and the distribution of con-
trast agent within the tissue. The mechanism of early
and late enhancement relates to the different wash-in
and wash-out kinetics of normal myocardium and tis-
sue with myocardial infarction or fibrosis (18,19). Fol-
lowing administration of a bolus of gadolinium con-
trast agent, the contrast will reach the various tissue
compartments within the myocardium at different
rates until a dynamic steady state is reached (Fig. 2).
The commonly used Gd based contrast agents with
large molecular weight are extracellular and will gen-
erally take a longer time to wash-in and-out of the
infarcted tissue than normal healthy cells. Gadolin-
ium will take even longer to reach regions that have
microvascular obstruction (MVO).

The extracellular volume fraction (ECV) in regions of
infarcted myocardium (Fig. 3) is significantly higher
than that of regions with normal healthy cells and
thus have a higher concentration of gadolinium. In
the case of acute MI with rupture of the cell mem-
brane, the gadolinium enters the extracellular space
and what had previously been intracellular space. For
chronic MI with cell replacement by a matrix of colla-
gen the extracellular space is substantially increased.
There is a linear relationship between the relaxation
rate of longitudinal magnetization (R1 ¼ 1/T1) and
the change in contrast agent concentration, DR1 ¼
R1post–R1pre ¼ g [Gd] (g ¼ 4.5 L mmol�1s�1). Regions
with a greater extracellular volume fraction (ECV) will
have a higher concentration of contrast agent ([Gd]) at
steady state and will experience greater T1-shorten-
ing. These images will appear brighter on T1-weighted
images, for example using inversion recovery. For
example, with a dose of 0.15 mmol/kg, 8% blood by
weight, 1.06 kg/L blood density, ECV ¼ 25% for nor-
mal tissue, the initial gadolinium concentration would
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be approximately 0.5 mmol/L, and DR1 ¼ 2.25 s�1,
which shortens the T1 from nominal 950 ms to
approximately 300 ms. At 10 min following contrast
administration, the T1 for normal myocardium will
decrease to approximately 400 ms depending on the
rate of Gd clearance.

Edematous myocardial tissue that may result from
acute myocarditis or bordering acute MI (salvage area)
will also have increased ECV and correspondingly
higher concentration of gadolinium. In the case of

acute MI, the edematous tissue will experience a more
rapid early enhancement than the central core. Thus,
the early enhancement may show the area at risk
(20). The edematous region becomes less conspicuous
at a later time (20–30 min) due to the contrast
kinetics. In the edematous region, the higher initial
concentration of free water and therefore elevated pre-
contrast T1 will reduce the net change in relaxivity
DR1 and thus reduce the effective T1-shortening and
apparent contrast enhancement. For this reason, late

Figure 1. Examples of late enhancement images illustrating a variety of late enhancement patterns: (a) subendocardial
chronic MI, (b) transmural chronic MI, (c) acute MI with dark core due to microvascular obstruction, (d) mid-wall enhance-
ment in patient with myocarditis, (e) subepicardial enhancement in patient with myocarditis, and (f) patchy appearance of
scarring in a patient with HCM.

Figure 2. Signal intensity time course from administration of bolus through late enhancement illustrating slower wash-in
and wash-out of Gd contrast into infarcted tissue compared with normal ischemic tissue. Tissue with microvascular obstruc-
tion (MVO) experiences very slow wash-in of Gd. The apparent size of MVO region in acute MI shrinks between early (3 min)
and late (15 min) enhancement images due to late arrival of Gd.
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enhancement is less sensitive to the edematous bor-
der. Consequently, care must be taken when meas-
uring the size of acute MI to properly account for the
kinetics of the border zone (20,21). Although both
acute and chronic MI will exhibit late enhancement,
they may be distinguished by the presence of edema
causing elevated T1 (22) and T2 (23) as measured
before contrast administration.

Late enhancement imaging is typically performed
10–30 min following administration of gadolinium
when there is sufficient contrast between normal and
infarcted tissue. Some data suggest that 20–30 min
postcontrast might be more appropriate for acute MI.
For detection of subendocardial MI bordering the
blood pool, the MI-to-blood contrast is also an impor-
tant factor and is dependent on several variables
including the rate of gadolinium clearance, the per-
centage of hematocrit, the ECV of the MI, and several
imaging protocol parameters. Presence of MVO in
acute MI is an important prognostic indicator (24),
which is often observed as a dark core (no reflow
zone) in the MI due to lower [Gd]. Depending on the
severity of MVO, this may not be apparent at 10–20
min. following the bolus, and may be detected with
greater sensitivity at an earlier time point. For this
reason, it is useful to perform both early and late
enhancement imaging as described later.

REQUIREMENTS DISCUSSION

A general discussion of imaging requirements will
set the stage for the describing various technical
methods. The assessment of viability using late
enhancement involves the reliable detection of MI

and the measurement of the extent and transmural-
ity (25). This requires full heart coverage and
adequate spatial and temporal resolution. Spatial re-
solution on the order 1.5–2 mm is readily achievable
and is generally satisfactory for left ventricular myo-
cardium; however, improved resolution on the order
of 1 mm is useful for detecting scar in thin walls
such as the RV or atria. Temporal resolution on the
order of 150–200 ms is readily achievable in clini-
cally relevant breath-hold protocols (10–15 s), which
is generally adequate to avoid motion induced blur-
ring for most subjects. At higher heart rates, proto-
cols must be adjusted for improved temporal
resolution.

Adequate contrast between the blood pool and sub-
endocardial MI is important for detection of small MIs
and for accurate measurement of MI size. Correction
for surface coil intensity variation is also important
for methods based on full-width-half maximum (6–8).
Increased interest in quantifying the MI border zone
region (9,10) and characterizing MI shape have led to
demands for improved image quality in terms of SNR
and artifacts. Characterization of the edematous bor-
der zone in acute MI corresponding to the salvage
area, as well as detection of microvascular obstruc-
tion, may require measurements at several time
points following contrast administration due to the
kinetics of contrast wash-in and wash-out. This has
implications for the clinical workflow and places
demands on rapid imaging to avoid patient fatigue.

The characterization of late enhancement in
patients with nonischemic cardiomyopathies places
stringent demands on image quality to distinguish
true tissue enhancement from artifacts. Diffuse or
patchy patterns of enhancement require higher SNR

Figure 3. Illustration of extracellular volume fraction for normal myocardium with intact cell membrane, acute MI with rup-
tured cell membrane, and chronic MI with collagen matrix.
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to reliably detect. Mid-wall enhancement may be con-
fused with artifacts such as Gibb’s ringing or
improper setting of TI in magnitude reconstructed
images. Subepicardial enhancement may be difficult
to distinguish from epicardial fat. The ability to dis-
criminate gadolinium enhancement from intramyocar-
dial fat is important for both ischemic and nonische-
mic cardiomyopathies due to the process of fatty
replacement in scar tissue. These topics are discussed
in greater detail in the following presentation of late
enhancement imaging, but remain a limitation for
many clinical protocols in current use.

The requirement for late enhancement imaging of
the atria or other thin walled structures is very
demanding, and leads to the need for three-dimen-
sional (3D) imaging (5). In these applications, it would
be desirable to have isotropic resolution to perform
retrospective multiplanar reformatting and to main-
tain a high in-plane resolution.

Finally, the ability to cope with patients that are
unable to breath-hold or have arrhythmias or signifi-
cant variation in R-R period is critical in the clinical
environment and leads to additional demands on late
enhancement imaging.

IMAGING

Choice of Sequence

Inversion recovery (IR) or phase sensitive inversion re-
covery (PSIR) using ECG gated, segmented FLASH
readout, also referred to as spoiled gradient recalled
echo (SPGR), have become the most widely used
sequences for late enhancement (26,27). Simonetti
(28) compared a variety of T1-weighted late enhance-
ment sequences from the standpoint of contrast-to-
noise ratio (CNR) and contrast-enhancement ratio

(CER) and determined that IR sequences provided the
best CNR and CER, when compared with other T1-
weighted methods such as magnetization driven (MD)
steady state FLASH or turbo-spin echo (TSE), also
known as fast spin echo (FSE). More recently, the use
of IR or PSIR with single shot steady state free preces-
sion (SSFP), also known as true-FISP or balanced-
TFE, has become popular for rapid multislice cover-
age (29) or in cases for which patients have arrhyth-
mias or difficulty breath-holding (30–35). Navigated
free-breathing, segmented 2D late enhancement is an
alternative approach to dealing with respiratory
motion (36). The basic segmented 2D IR-FLASH and
single shot 2D IR-SSFP sequences will be reviewed in
more detail, followed by a discussion of protocols.
Several sequences variations will be presented.

Inversion recovery images are typically acquired in
mid to late diastole to minimize cardiac motion. The
inversion recovery time is typically chosen to null the
normal myocardium which provides the best tissue
contrast between MI and normal myocardium in the
case of magnitude image reconstruction (Fig. 4). Nor-
mal myocardium will appear black, and the MI with
higher gadolinium concentration and consequently
shorter T1 and faster recovery will appear bright. The
gadolinium concentration in the blood is often at an
intermediate concentration dependent on several fac-
tors, and thus would have intermediate signal inten-
sity. The signal intensity following inversion recovers
exponentially and may be written approximately as S
¼ abs(1- 2exp(-TI/T1)) where the abs() denotes the
absolute value for the case of magnitude image recon-
struction, TI is the inversion time, and T1 is the longi-
tudinal relaxation parameter. This formula ignores
the influence of the readout. The tissue is nulled for
TI ¼ T1 ln(2) ¼ 0.69 T1, where ln() is the natural loga-
rithm. The TI may be determined by multiple

Figure 4. Signal intensity versus inversion time is plotted for magnitude inversion recovery (MagIR) (left) and phase sensitive
inversion recovery (PSIR) (center), and signal difference between MI and normal myocardium (right) illustrates the sensitivity
of MagIR to setting the inversion time (TI) to null the normal myocardium. MagIR exhibits a loss of contrast and polarity arti-
fact when the TI is too early, whereas PSIR maintains a similar appearance.
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acquisitions on a trial and error basis or by means of
a cine-IR-SSFP scout (37) which acquired several TIs
in a segmented manner, each at different cardiac
phases. In this case, the null time may be underesti-
mated because inversion recovery is influenced by the
readout causing a shorter apparent T1 referred to as
T1* (38), which depends on specific protocol parame-
ters. Alternatively, a direct T1 mapping measurement
may be made using a modified Look Locker inversion
recovery (MOLLI) method (39) to determine appropri-
ate TI to null the normal myocardium.

In cases for which the TI is set shorter than the
time to null the normal myocardium, the loss of po-
larity in the magnitude reconstructed image will result
in a loss of contrast. The positive signal may also
appear as an artifact. PSIR reconstruction preserves
polarity and is therefore much less sensitive to the
inversion time (Fig. 5) (27,40,41). For PSIR late
enhancement, the polarity is restored and may be
retrospectively windowed and leveled to display the
normal myocardium as black while the MI will appear
bright.

The 2D segmented IR-FLASH sequence (Fig. 6) is
ECG triggered and may use inversions every R-R (Fig.
6a), or every 2 R-R intervals (Fig. 6b) to allow for more
complete magnetization recovery (26,29). Using inver-
sions every R-R with incomplete magnetization recov-
ery will result in a reduction in signal intensity as well
as greater sensitivity to variation in the R-R interval
over the period of the breath-hold acquisition. Beat-
to-beat variations in signal intensity that might arise
to R-R variation may result in image artifacts (Fig. 7).
For these reasons, triggering every 2 R-R intervals, or
potentially 3 R-R intervals at high heart rates, is rec-
ommended. Of course, 2 R-R triggering requires a
doubling of the acquisition time compared with single
R-R triggering, and for this reason makes it impracti-
cal for most breathheld 3D protocols.

PSIR sequences typically acquire both an IR and a
proton density (PD) weighted image at the same car-
diac and respiratory phase to provide a reference for
background phase, and for correcting surface coil in-
tensity variation (27). With inversions every 2 R-Rs
the PD image may be acquired on alternate heartbeats
(Fig 6c) after the magnetization has substantially
recovered and is essentially positive. A lower excita-
tion flip angle for readout of the PD image is used to
not steal too much of the magnetization and to better
approximate a PD weighting.

Typical protocol parameters are listed in Table 1 for
both segmented PSIR-FLASH and single shot PSIR-
SSFP sequences. The magnitude IR and PSIR are
essentially the same protocol, with the PSIR requiring
the additional PD readout on alternate heartbeats. In
the case of segmented PSIR-FLASH, the breath-hold

Figure 6. Timing of inversion recovery for (a) segmented IR
with inversions every single R-R interval, (b) with inversions
triggered every 2 R-R intervals, and (c) for segmented PSIR
with inversions every 2 R-R intervals including acquisition of
PD-weighted reference data on alternate heartbeats.

Figure 7. Using inversions every R-R interval leads to
incomplete magnetization recovery. Sensitivity to R-R varia-
tions in single R-R triggering may lead to image artifacts as
well as reduction of signal intensity.

Figure 5. Magnitude IR (top)
and PSIR (bottom) recon-
structed late enhancement
images acquired at a series of
TIs illustrating the relative TI
insensitivity of PSIR over a
wide range.
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duration is directly related to the TR for a given seg-
ment duration. Asymmetric readout is commonly used
in these protocols to minimize TE and TR. Maintaining
a shorter TE maintains a more homogeneous blood
pool, minimizing de-phasing to blood motion, however,
as TE approaches the fat and water out-of-phase con-
dition (2.3 ms at 1.5T) water/fat cancellation at bor-
ders may be problematic as discussed later. To
decrease the breath-hold duration of segmented PSIR-
FLASH acquisition for a given matrix size, it is possible
to either increase the bandwidth, thereby reducing TE
and TR, or to use parallel imaging. Both of these
approaches entail a loss in SNR. For doubling the
bandwidth the SNR loss is H2, and similarly is approx-
imately H2 for parallel imaging with acceleration factor
2 assuming a surface coil array with adequate number
of elements is used. This SNR loss may be acceptable
for many applications but may not provide adequate
image quality for demanding applications previously
discussed, i.e., thin walls, subtle late enhancement
patterns, or quantifying border zones.

Single Heart Beat Imaging and Motion Corrected
Averaging

Single-shot, PSIR-SSFP may be used for rapid acqui-
sition to acquire multiple 2D slices covering the entire
heart in a single breath-hold (29), or may be used in
cases of arrhythmias or difficulty breathholding when
segmented breathhold scans may result in ghost arti-
facts (Fig. 8) (30–35). The SNR for single shot PSIR-
SSFP is slightly worse than segmented PSIR-FLASH
due to the increase in bandwidth, despite the increase
in flip angle. However, the SNR of single shot PSIR-
SSFP may be significantly improved by averaging mul-
tiple repeated measurements (Fig. 9). Motion cor-
rected averaging may be used to correct respiratory
motion (30,31) in the case of free-breathing acquisi-
tion, or diaphragmatic drift in the case of breathhold-
ing. Typically, using 8 frames acquired in 16 heart-
beats provides an SNR comparable or better than the
FLASH protocol for approximately the same duration
and may be extended to a larger number of averages

because the acquisition is not breathheld. Parallel
imaging at higher acceleration factors may be used to
reduce the imaging duration in diastole to achieve
higher spatial resolution or reduce motion blur at
higher heart rates (Fig. 10). Use of nonrigid motion
correction provides correction over the full FOV in a
fully automated manner. Selective averaging may be
used to discard images that do not meet similarity cri-
teria due to through plane motion (31).

3D Late Enhancement Imaging

The widely used late enhancement protocol is 2D mul-
tislice requiring several breath-holds to obtain full
heart coverage. Single breathhold 3D late enhance-
ment with moderate resolution is possible and typi-
cally uses single R-R triggering and lengthier breath-
holds (20–24 s) (42–44). Breath-held protocols use
similar slice thickness (6–8 mm) to their 2D counter-
parts. Navigated free-breathing 3D protocols may
achieve significantly higher spatial and temporal reso-
lution as limited by SNR and acquisition time (5,45–

Table 1

Typical Imaging Parameters for Segmented, PSIR-FLASH and Single Shot, PSIR-SSFP Late Enhancement Imaging Protocols

Protocol Segmented, PSIR-FLASH Single shot, PSIR-SSFP

Gadolinium dose 0.1-0.2 mmol/kg

Time from dose 10-20 minutes

Gating ECG gated (diastolic)

k-space acquisition Linear interleaved order, segmented Linear, single shot

Spatial resolution (typical) 1.4 x 1.9 x 6 mm3 (256�144 matrix) 1.4 x 2.1 x 6 mm3 (256�128 matrix)

TE/TR 3.9/8.5 ms 1.3/2.8 ms

Inversion time (TI) 250-300 ms

Bandwidth 140 Hz/pixel 1000 Hz/pixel

Imaging window 145-200 ms (17-23 lines per segment) 180 ms using parallel imaging

factor 2 (64 lines per shot)

IR preparation (non-selective) Triggered every 2 R-R intervals

Breathhold duration 14-18 heartbeats/slice (including 2 HB discarded)

(8-10 heart beats using 2x accelerated

parallel imaging)

2 heartbeats/slice

RF excitation flip angle 25� IR image (5� reference) 50� IR image (8� reference)

Figure 8. Illustration of respiratory ghost artifacts (left) seg-
mented breathheld late enhancement imaging in situation
where patient has difficulty holding their breath, which is
mitigated using a single-shot free breathing protocol (right).

Late Enhancement Imaging 535



49). Navigated protocols may achieve slice thickness of
1.5–2 mm necessary to visualize small thin walled
structures such as the atria (5,45) or to better visual-
ize the detailed morphology of the MI such as the peri-
infarct zone (50). Acquisition with isotropic resolution
facilitates the prescription of nonangulated slabs, and
retrospective display of normal cardiac views by
means of multiplanar reformatting. The SNR for very
thin slices (1.5 mm) is reduced and may require higher
field strength (3T) for acceptable quality (46).

For segmented 3D acquisitions with high spatial
resolution navigated scans are typically 5–10 min
depending on the specific protocol and navigator effi-
ciency. Consider the following example. With a TR of
5 ms and diastolic imaging duration of 150 ms, 50
phase encodes may be acquired each heartbeat. Thus
for a matrix of 192 � 256 � 100 (phase � read �
slice), there would be 4 heartbeats per partition (slice)
encode, which may be reduced to 2 heartbeats for
parallel imaging factor 2. With 100 (noninterpolated)
slices covering the heart 200 heartbeats must be
acquired. Assuming a navigator efficiency of 35%, the
acquisition duration would be approximately 10 min
at nominal 60 bpm heart rate. This may be sped up
by using partial Fourier acquisitions to reduce the
number of phase encode and/or partition encodes or
by using higher acceleration in parallel imaging, how-
ever, this is partially offset by the need for slice over-
sampling to avoid wrap due to imperfect slab excita-
tion profile. The above calculation assumes inversions
every R-R interval which comes at the cost of increas-
ing the sensitivity to R-R variation and associated
artifacts. Furthermore, most 3D protocols are not
phase sensitive because PSIR methods typically
require 2 R-R intervals between inversions would
require doubling the acquisition time (49). As a result
of Gd washout during the acquisition, it may be prob-
lematic to obtain an adequate null which may result
in a loss of contrast and degradation of image quality.

Myocardium-to-Blood Pool Contrast

Late-enhancement imaging typically achieves excel-
lent contrast between infarcted and normal myocar-

dium; however, the contrast between the MI and the
blood pool is frequently suboptimal. Because a large
fraction of infarctions caused by coronary artery dis-
ease are subendocardial, it is often difficult to assess
the precise size of the infarct or to detect small
infarcts. The contrast between the blood and MI in
the inversion recovery image depends on variables
such as contrast agent dosage, time from gadolinium
administration, clearance rate, and imaging parame-
ters. Blood velocity may also have a role in the con-
trast, even though non–slice-selective IR is used.
Therefore, as a result of mechanisms that are not fully
characterized or controlled, it is not infrequent that
subendocardial MI are difficult to detect or clearly
delineate.

Although imaging at a later time points may result
in better blood pool contrast for some subjects (Fig.
11), it is generally not practical from the stand point
of clinical workflow to wait too long, and in some
instances may even result in poorer contrast. Techni-
cal solutions to this problem are to use multiple con-
trasts such as T1 and T2 (51,52), or to use blood sup-
pression techniques (53). The T2 of blood (250 ms) is
significantly longer than that of acute or chronic MI
(50–70 ms) and may be used to discriminate the MI
from blood pool. In the ‘‘Multicontrast delayed
enhancement’’ (MCODE) approach (51), both T1- and

Figure 9. Respiratory motion
corrected averaging of multiple
accelerated single shot PSIR-
SSFP images acquired during
free-breathing may be used to
improve the SNR becoming
comparable or better than
breath-held PSIR FLASH proto-
cols for the same duration
acquisition.

Figure 10. Example of PSIR late enhancement using motion
corrected averaging with 256 � 144 matrix and 32 measure-
ments. The diastolic imaging duration is less than 140 ms
with parallel imaging acceleration factor 3.
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T2-weighted images are acquired within the same
breath-hold. The T1-weighted image is a PSIR using
either FLASH or SSFP readout, and the T2-weighted
image uses an RF preparation for T2-weighting with
effective TE ¼ 40 ms. Both images are acquired at the
same diastolic cardiac phase and are spatially regis-
tered facilitating fusion of the images to enhance the
subendocardial border (Fig. 12). An alternative
approach that also exploits the difference in tissue T1
and T2 is to use a segmented cine IR with SSFP read-
out (52). In this method, each cardiac phase has a
unique T1 and T2 contrast as determined by both the
inversion recovery and the SSFP readout which has a
HT1/T2 steady state dependence. The blood will
appear dark at a different cardiac phase than the MI.
In an alternative approach, the IR-FLASH sequence
may be modified to null both the blood and the nor-
mal myocardium using 2 inversions with carefully
chosen inversion times (53). This scheme has been
shown to provide contrast between the MI and the
blood pool at the expense of SNR.

Fat in Late Enhancement Imaging and Fat-Water
Separated Imaging

The presence of fibrofatty infiltration or other intra-
myocardial fat may have diagnostic value. Histological
evidence of fibrofatty infiltration is a hallmark of
arrhythmogenic right ventricular dysplasia (ARVD),
and is also evident in chronic myocardial infarction
(MI) and other nonischemic cardiomyopathies. The
presence of intramyocardial fat may form a substrate
for arrhythmias (54,55) due to the lower electrical
conductivity of fat. It has been shown that fibrofatty
infiltration of the myocardium is associated with sud-
den death (56), and, therefore, noninvasive detection
could have high prognostic value.

Using conventional late enhancement imaging, it is
difficult to discriminate between fibrosis and intra-
myocardial fat because both have low T1 and appear
bright. Furthermore, the presence of fat may create
image artifacts due to the chemical shift of fat or the
bright epicardial fat signal may obscure the subepi-
cardium. Using fat-water separated late-enhancement
imaging it is possible to distinguish the fibrosis from
fat (57–59) with improved sensitivity and to avoid er-
roneous tissue classification.

Fat-water-separated imaging may be combined with
PSIR-FLASH using an inversion recovery sequence
with multiecho readout (57–59). The water and fat
images are spatially registered because they are
reconstructed from the same multiecho dataset thus
providing positive correlation between fibrosis and fat.
An example of fatty infiltration in chronic MI is shown
in Figure 13. In this example, the presence of fatty
infiltration is not apparent in the conventional late
enhancement image due to the low percentage of fat
in a voxel. In a second example of chronic MI (Fig. 14)
with higher fraction of fat, the conventional late
enhancement image has a dark core in the MI which

Figure 12. Multicontrast late
enhancement (MCODE) acquired
PSIR and T2-weighted images in
the same breathheld acquisition
at the same cardiorespiratory
phase to enable discrimination
between the blood and MI based
on T2. Subject 1 (top) has excel-
lent blood-to-MI contrast, while
subject 2 has poor MI-to-blood
contrast.

Figure 11. Contrast between MI and blood pool varies with
time from gadolinium administration.
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appears erroneously as MVO frequently associated
with acute MI. This region of water and fat appears
dark on the conventional image due to cancellation
between fat and water which are out of phase. In
another example (Fig. 15), a lipomatous mass has the
appearance of a chronic MI in conventional late
enhancement, but is correctly determined to be fat
using fat water separated late enhancement. Even in
instances without intramyocardial fat, the epicardial
fat will experience a chemical shift which can influ-
ence the interpretation. Conventional late enhance-
ment imaging using 140 Hz/pixel has significant
chemical shift artifact in which the fat is displaced
relative to the water in the readout direction by
approximately 1.5 pixels (at 1.5T). In this case, the
epicardial fat may be displaced by as much as 30% of
the diastolic wall thickness. In contrast, the multiecho
fat-water-separated imaging approach, which uses a
much larger bandwidth, has a subpixel shift (typically
0.2 pixel) and may be completely eliminated in the
reconstruction by applying the known subpixel shift
to the fat image.

The sequence used for fat-water separated imaging
uses a multiecho readout and is reconstructed using
a nonlinear estimation method which jointly solves for
the water, fat, and fieldmap (60–62). A fat water sepa-
rated late enhancement protocols using PSIR-FLASH
at 1.5T would acquire each phase encode with a sin-
gle echo train using monopolar readout with gradient
flyback, number of echoes typically 4, bandwidth
approximately 1,000 Hz/pixel, and echo spacing on
order of 2.2 to 2.5 ms with TR approximately 10 to 11

ms. The overall breathhold duration for a segmented
acquisition is approximately 30% longer than the con-
ventional protocol for a fixed segment duration, thus
it may be necessary to use parallel imaging to reduce
the breathhold. Single shot, fat water separated PSIR-
FLASH are possible using a readout with either two or
three echoes and parallel imaging at an acceleration
factors of 3 with motion corrected averaging to
improve the SNR (63).

T1-Mapping and Extracellular Volume Fraction
Mapping

Diffuse myocardial fibrosis is more difficult to distin-
guish using late gadolinium enhancement because
the myocardial signal intensity is nearly constant and
may be ‘‘nulled’’ thus appearing to be normal tissue.
Quantitative measurement of the myocardial tissue
longitudinal relaxation time constant (T1) following
administration of extracellular Gadolinium contrast
agent is sensitive to the increased extracellular vol-
ume associated with a globally diffuse myocardial
fibrosis but has limitations due to a variety of
confounding factors (64,65). Direct measurement of
extracellular volume fraction (ECV) has been proposed
as a means for detection and quantification of diffuse
myocardial fibrosis (18,66,67). ECV mapping based
on T1-maps acquired pre- and postcontrast calibrated
by blood hematocrit circumvents the factors that con-
found T1-weighted images or T1-maps, and has been
shown to correlate well with diffuse myocardial
fibrosis.

Figure 13. Example of fat water
separated PSIR late enhancement
illustrating fatty infiltration into
chronic MI. Fatty infiltration is
not evident in the conventional
late enhancement for this subject.

Figure 14. Example of fatty
infiltration of chronic MI
which appears as a dark core
MVO due to partial volume
cancellation. Water and fat
separated PSIR late enhance-
ment images correctly classify
the tissue into water and fat
components.

538 Kellman and Arai



Inversion recovery sequences for T1-mapping are
similar to late enhancement imaging sequences. T1-
mapping is based on inverting the magnetization and
acquiring images at different times during the mag-
netization recovery, and performing a fit for model pa-
rameters at each pixel. For cardiac imaging, the ac-
quisition is ECG triggered and all images are acquired
at the same cardiac phase in late diastole using a
Modified Look Locker Inversion Recovery (MOLLI)
approach (39). This method has been extensively vali-
dated in human subjects across a wide range of heart
rates and imaging protocols. Methods for T1-measure-
ment such as cine inversion recovery (IR) (37,66)
which acquire the measurements of magnetization at
multiple cardiac phases may be used for measuring
the T1 in the heart but are not suitable for mapping
with pixel resolution. Following respiratory motion
correction (described below), T1-fitting of the data at
each pixel is performed by a nonlinear least square fit
to the exponential recovery curve abs(A–B�exp(-TI/
T1*)), where TI is the measured inversion time for
each acquired image, the absolute value (abs) is used
because the images are magnitude detected. T1* is
the effective time constant which includes the effect of
the image readout (38,39) related to the desired T1 as
T1¼T1* (B/A – 1). Motion correction may be used in
T1-mapping using a synthetic reference scheme to
deal with the changing image contrast (68).

Early Enhancement Imaging

The kinetics of gadolinium wash in may be imaged
using a 2D multislice, single shot PSIR-SSFP single
heart beat late enhancement protocol. With this proto-
col, it is possible to image the entire heart in a
breath-hold, and is therefore clinically practical to ac-
quire volumetric coverage during the early enhance-
ment phase between 1 and 5 min following gadolin-
ium administration, without tiring the patient. This
time period is more sensitive to microvascular
obstruction which may be less apparent at 10–20 min
following Gd (Fig. 16).

Edematous myocardial tissue that may result from
acute myocarditis or bordering acute MI (salvage area)
will also have increased ECV and correspondingly
higher concentration of gadolinium. In the case of
acute MI, the edematous tissue will experience a more
rapid early enhancement than the central core. Thus,
in the case of acute MI, the early enhancement may
show the area at risk (20).

Imaging Artifacts

As application of late enhancement imaging has wid-
ened, the demands on image quality have grown. Vari-
ous approaches to late enhancement imaging have
been described in the preceding sections which

Figure 15. A lipomatous mass
has the appearance of a chronic
MI in conventional late enhance-
ment, but is correctly determined
to be fat using fat water separated
late enhancement.

Figure 16. Time course of single shot PSIR SSFP for patient with acute MI during early enhancement when gadolinium
washes in and fills the dark core region of microvascular obstruction.
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address various issues including artifacts. Imperfect
nulling of the normal myocardium in magnitude IR
methods leads to both a loss of contrast as well as
artifacts which may appears as patchy or mid-wall
false enhancement. This issue is mitigated using the
PSIR approach which restores the true signal polarity
and can be retrospectively window-leveled to null the
normal myocardium. Artifacts in inversion recovery
imaging due to R-R variation may arise when using
inversion every R-R interval which are reduced when
increasing the interval between inversions. For signifi-
cant arrhythmias, single shot imaging is recom-
mended which avoids ghosting. Single shot imaging is
also recommended in cases where patients have diffi-
culty breathholding.

Artifacts due to fat are less well appreciated. These
include cancellation between water and fat which may
obscure fibrosis or lead to confusion, as well as a spa-
tial displacement of fat due to chemical shift. Fat
water separated late enhancement provides a means
of mitigating artifacts due to fat as well as distin-
guishing intramyocardial fat which may be of diagnos-
tic value.

Fluid regions such as pericardial effusion, cysts, or
cerebral spinal fluid (CSF) with long T1 relaxation
time may lead to ghosting in segmented protocols,
and will appear bright on magnitude reconstructed
images which might be confused with fat. The PSIR
method is shown to correct the polarity of pericardial
effusion (69,70), and the use of cardiac surface coil
arrays with adaptive coil combining has been shown
to reduce CSF ghosting (71) which in some instances
might be confused with focal enhancement. Single
shot methods avoid the problem of ghosting.

Loss of resolution or blurring may result due to a
distorted ‘‘point spread function’’ due to a variety of
factors. At higher heart rates cardiac motion blur will
result in cases where the temporal resolution (seg-
ment duration) is too long. In this case, the segment
duration must be reduced by reducing the number of
lines per segment acquired or by reducing the TR by
increasing the bandwidth. Increased bandwidth may
result in a poor choice of echo time (TE) from fat can-
cellation standpoint, and will reduce the SNR as pre-
viously described. Point spread distortion may lead to
edge enhancement when the segment is too long due
to inversion recovery during the segment, but this is
mitigated using PSIR reconstruction which discards
the distorted imaginary component (27). Loss of effec-
tive in-plane resolution may result from using too
large a slice thickness due to partial volume effects in
the voxel (72). This may be minimized by using thin-
ner 2D slices or by using 3D acquisitions.

Edge ringing may result from the so-called Gibb’s
effect which is due to truncating the measured k-
space and may result in artifacts which mimic weaker
mid-wall enhancement that might be confused with
myocarditis. The use of ‘‘raw filters’’ or ‘‘windows’’
(e.g., Hamming or Hanning) which reduce the effect of
hard truncation by softening or apodizing the meas-
ured data at edges of k-space will suppress this ring-
ing at the expense of a slight loss in spatial
resolution.

Measurement of Infarct Size

Quantitative measurement of infarct size is an impor-
tant aspect of viability assessment. Computer assisted
methods have been proposed to achieve an objective
assessment that is less dependent on user selected
window and level display parameters. Following seg-
mentation of the myocardium, i.e., tracing the endo-
and epicardial borders, approaches to measurement
of the late enhanced infarcted region are usually
based on either (a) setting a threshold above the noise
as defined by a measurement in a remote region, or
(b) setting a threshold at a value corresponding to
full-width half maximum. Measurements of MI size
based on the full-width half maximum approach have
been shown to have high accuracy as validated with
histology (6,8) whereas simple thresholding is subject
to bias due to partial volume effects particularly due
to slice thickness, and by high variability resulting
from the generally small number of remote pixels as
well as signal inhomogeneities that are attributed to
noise. Furthermore, it is desirable to correct for sur-
face coil intensity variation, particularly when using
arrays of smaller elements, and in cases with larger
infarcts. However, surface coil intensity correction
(also referred to as normalization) converts a uniform
noise image into a uniform sensitivity image which
may introduce further bias errors for fixed threshold-
ing methods that rely on uniform noise.

DISCUSSION

A variety of methods have been presented for late gad-
olinium enhancement imaging, spanning sequence
design, image reconstruction technique, and acquisi-
tion strategy/protocols. These include (a) IR prepared
sequences with FLASH or SSFP readout, (b) seg-
mented or single shot readout, (c) magnitude versus
phase sensitive reconstruction, (d) breathheld, navi-
gated, or motion corrected averaging approaches, (e)
single echo or multiecho Dixon like fat water sepa-
rated imaging, (f) 2D multislice or 3D, and (g) T1-
weighted versus T1-mapping. Each of the methods,
have pros and cons, and some of these methods may
not yet be generally available on all platforms. The
breathheld, segmented IR prepared 2D multislice ac-
quisition with FLASH readout, with either magnitude
(26) or phase sensitive (27) reconstruction is widely
available, is used by many institutions, and achieves
high quality in a large proportion of cases. In cases
where patients are unable to reliably breathhold or
have significant arrhythmias, single shot approaches
may be used with a free breathing acquisition. In con-
junction with parallel imaging and respiratory motion
corrected averaging, single shot free-breathing
approaches provide a reliable solution with perform-
ance that is comparable in image quality, and spatial
and temporal resolution to the breathheld segmented
FLASH. As the demands for late gadolinium imaging
has grown to encompass more challenging cases such
as nonischemic cardiomyopathies or thin walled ana-
tomical structures, the demands for reduced artifacts
and higher spatial and temporal resolution has grown
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correspondingly. The recent development of fat water
separated late enhancement helps mitigate artifacts
that arise due to fat, either intramyocardial fat or fat
such as epicardial or pericardial fat in proximity to
the myocardium of interest. Additionally, fat water
separated imaging provides another a potentially im-
portant diagnostic tool for characterizing fibrofatty
infiltration. 3D protocols are attractive for applica-
tions demanding high spatial resolution or to mitigate
issues that arise due to partial volume effects.

CONCLUSION

Late gadolinium enhancement imaging is widely used
and has become a standard for assessment of viability
and general characterization of a broad range of both
nonischemic and ischemic cardiomyopathies. As the
number of applications has grown and encompass
more subtle characteristics such as size and shape of
the infarct border zone, or early detection of fibrosis,
so have the demands for improved image quality.
Methods for mitigating artifacts due to motion and/or
arrhythmias have been developed which further
increase the robustness of late enhancement imaging.
The detection of fibrofatty infiltration or other intra-
myocardial fat is possible by means of fat-water sepa-
rated late enhancement, which also serves to mitigate
several artifacts that may arise due to the presence of
fat.

High resolution 3D imaging is possible with longer
navigated scans, however reliable imaging of small
structures with the desired image quality remains
challenging for clinical routine.
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