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Background

Late gadolinium enhancement (LGE), often referred to as simply late enhancement imaging or delayed
enhancement, has become a gold standard in myocardial viability assessment (1,2). Late enhancement imaging
provides excellent depiction of myocardial infarction (MI) and macroscopic scarring. The use of late enhancement
in the diagnosis of ischemic heart disease and in guiding therapy such as revascularization has gained wide
acceptance. More recently, late enhancement is playing a broader role in characterizing fibrosis in non-ischemic
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 non-ischemic
cardiomyopathies, 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 (6). 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 sub-endocardial MI now includes the accurate quantification of scar size, shape, and
characterization of borders which have been shown to have prognostic significance (7—11). More diverse patterns of
late enhancement including patchy, mid-wall, sub-epicardial, or diffuse enhancement are of interest in diagnosing
non-ischemic cardiomyopathies such as ARVD, HCM, DCM, myocarditis, sarcoidosis, amyloidosis, and muscular
dystrophy (4,12-17). 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 enhancement imaging. These
include single shot imaging and motion corrected averaging for acquisition during free breathing, and fat water
separated imaging for characterizing fibro-fatty 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 volume fraction are emerging to tackle this issue.

Figure 1. Examples late enhancement images illustrating
the a variety of late enhancement patterns (a) sub-
endocardial chronic MI, (b) transmural chronic MlI, (c)
acute MI with dark core due to microvascular obstruction,
(d) mid-wall enhancement in patient with myocarditis, (e)
sub-epicardial enhancement in patient with myocarditis, (f)
patchy appearance of scarring in a patient with HCM.

Basis for late contrast enhancement

Contrast enhancement using gadolinium (Gd) agents is based on T1-shortening and the distribution of contrast
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 tissue with myocardial infarction or fibrosis (18,19). Following administration
of a bolus of gadolinium contrast 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 generally take a longer time to wash-in and-
out of the infarcted tissue than normal healthy cells. Gadolinium 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 Ml
with rupture of the cell membrane, the gadolinium enters the extracellular space and what had previously been
intracellular space. For chronic Ml with cell replacement by a matrix of collagen the extracellular space is
substantially increased. There is a linear relationship between the relaxivity of longitudinal magnetization (R1 =
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1/T1) and the change in contrast agent concentration, AR1 = R1lpost — Rlpre =y [Gd]. 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-shortening. These regions will appear brighter on T1-weighted images, for example using
inversion recovery. 3 min 15 min
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Figure 3. Illustration of extracellular volume fraction for
normal myocardium with intact cell membrane, acute Ml
with ruptured cell membrane, and chronic Ml with collagen
matrix.

Late Enhancement Imaging

LGE may be imaged using an inversion recovery (IR)
sequence to provide T1-weighting with good contrast-to-
noise (20). Infarcted myocardium or fibrotic scar tissue
exhibits late enhancement typically 10-20 min following

) . i s ; administration of Gd-DTPA (0.1-0.2 mmol/kg). The signal
mtensny of mfarcted tlssue is brlght on the T1 -weighted image, typically brighter than both the blood pool and
normal myocardium (Fig. 3). The relative contrast between the MI, blood pool, and normal myocardium depends on
a number of factors such as contrast agent dose, time from dose, and clearance rate.

Inversion recovery images are typically acquired in mid to late diastole in order 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). Normal 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
a number of factors, and thus would have intermediate signal intensity. The TI to null the normal myocardium may
be determined either by multiple acquisitions on a trial and error basis or by means of a cine-IR-SSFP scout (21)
which acquires a number of TI’s in a segmented fashion, each at different cardiac phases. In the latter case using an
IR cine TI scout, the null time may be underestimated since inversion recovery is influenced by the readout causing
a shorter apparent T1 referred to as T1* (22) which depends on specific protocol parameters. Alternatively, a direct
T1 mapping measurement may be made using a modified Look Locker inversion recovery (MOLLI) method (23) to
determine appropriate T1 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 polarity 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) (6,24,25).
For PSIR late enhancement the polarity is restored, and may be retrospectively window and leveled to display the
normal myocardium as black while the MI will appear bright.
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PSIR sequences typically acquire both an IR and a proton density (PD) weighted image at the same cardiac and
respiratory phase to provide a reference for background phase, and for correcting surface coil intensity variation
(26). With inversions every 2 R-R’s the PD image may be acquired on alternate heartbeats (Fig 6) after the
magnetization has substantially recovered and is essentially positive. A lower excitation flip angle for readout of the
PD image is used in order not to steal too much of the magnetization, and to better approximate a PD weighting.

. - . . ECG
Figure 6. Timing of inversion recovery for _ _
segmented PSIR with inversions every 2 R-R 180° inversion
intervals including acquisition of PD-weighted pulses
reference data on alternate heartbeats.

magnetization

A number of variations of IR imaging sequences are possible, each with their pros and cons. LGE imaging may be
performed using a breath-held conventional segmented acquisition, or free-breathing using either navigators or
single-shot imaging (27,28). Imaging may be 2D-multislice or 3D. Readouts may use either FLASH or SSFP.
Acquisitions may be accelerated by means of parallel imaging. For each slice, imaging is performed in mid-diastole
following non-selective 180° inversion using an adiabatic pulse applied every other heartbeat to permit nearly full
recovery of magnetization in the presence of Gd-DTPA (Fig. 6). Prospectively gated k-space data is acquired at Tl
following the inversion. Using inversion every RR decreases the acquisition time but increases sensitivity to RR
variation which may lead to artifacts.

Acquisition may be segmented or single-shot. For segmented FLASH acquisition, typical sequence parameters are
(29): 25° readout flip angle, 16-25 views per segment, 256x128 matrix, acquired in approx. 12-16 heartbeats (with
inversions every 2RR), TR=8.4ms, BW=140 Hz/pixel. Typical spatial resolution is 1.4x2.1 mm? for 360x270 mm?®
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rectangular FOV. Single-shot, PSIR-SSFP may be used for rapid acquisition to acquire multiple 2D slices covering
the entire heart in a single breath-hold (30), or may be used in cases of arrhythmias or difficulty breath-holding
when segmented breath-hold scans may result in ghost artifacts (Fig. 7) (6,28,30-32). For single-shot SSFP
acquisition, typical sequence parameters are: 50° readout flip angle, 192x90 matrix, acquired in a single heartbeat (2
heartbeats for PSIR), TR=2.7ms, BW=1000 Hz/pixel. Parallel imaging may be used to decrease the acquisition time
for segmented scans, or to reduce the imaging window allowing increased matrix size (256x144) in single-shot
segmented single shot imaging. The SNR of single shot PSIR-SSFP may be significantly
breath-hold free breathing improved by averaging multiple repeated measurements (Fig. 8).
Motion corrected averaging may be used to correct respiratory
motion (6,31,32) in the case of free-breathing acquisition, or
diaphragmatic drift in the case of breath-holding. Typically, using 8
frames acquired in 16 heartbeats 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 since the
acquisition is not breath-held.

Figure 7. Illustration of respiratory ghost artifacts (left) segmented
breath-held late enhancement imaging in situation where patient has
difficulty holding their breath which is mitigated using a single-shot

accelerated respiratory
single shot motion averaging
acquisition correction

Figure 8. 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 protocols for the same duration acquisition.

Acute MI will frequently have regions of microvascular obstruction (MVO) which appear as a dark core or no-
reflow zone (Fig 9.) MVO in acute MI has been shown to have prognostic significance (33). MVVO may be detected
with greater sensitivity early rather than late as shown in Fig. 10.

Figure 9. Acute MI with microvascular obstruction (MVO) leads to dark core also known as no-reflow zone within
bright MI region.

Figure 10. Early enhancement of acute M1 with MVO illustrating the changing size and appearance of MVO with
time following contrast administration, acquired at 1 minute intervals starting at 1 min (left) thru 7 min (right) using
single shot IR-SSFP-PSIR.

The presence of fibro-fatty infiltration or other intramyocardial fat may have diagnostic value. Using conventional
late enhancement imaging, it is difficult to discriminate between fibrosis and intramyocardial fat since 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 sub-epicardium. Using fat-water separated late-enhancement
imaging it is possible to distinguish the fibrosis from fat (6,34-36) with improved sensitivity and to avoid erroneous
tissue classification. Detection and characterization of fat versus fibro-fatty infiltration has potential significance in
patients with ARVD (37) or in cases of fatty replacement in chronic MI (35,36). Multi-echo Dixon methods for fat-
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water separated late enhancement (34,35) may be used to image fibro-fatty infiltration and discriminate erroneous
classification of fat as scar tissue. A case of fatty replacement in patient with chronic Ml is shown in Fig. 11.

Fig. 11. Multi-echo IR-GRE fat water separated late enhancement
for patient with chronic MI with fatty replacement (water is left
and fat is right).

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 non-ischemic 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 fibro-fatty infiltration or other intramyocardial fat is possible by means of fat-water
separated late enhancement, which also serves to mitigate a number of artifacts that may arise due to the presence of
fat.
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