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Magnetic resonance as an imaging modality provides an excellent soft tissue differentiation, which is an ideal choice for cardiac imaging.

Cardiac magnetic resonance (CMR) allows myocardial tissue characterization, as well as comprehensive evaluation of the structures. Al-

though late gadolinium enhancement after injection of the gadolinium extracellular contrast agent has further extended our ability to

characterize the myocardial tissue, it also has limitations in the quantification of enhanced myocardial tissue pathology, and the detection

of diffuse myocardial disease, which is not easily recognized by enhancement contrast. Recently, the remarkable advances in CMR tech-

nique, such as T1 mapping, which can quantitatively evaluate myocardial status, showed potentials to overcome limitations of existing

CMR sequences and to expand the application of CMR. This article will review the technical and clinical points to be considered in the prac-
tical use of pre- and post-contrast T1 mapping. (Korean Circ J 2013;43:1-6)
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Introduction

In magnetic resonance imaging, the signal intensity is dependent
on the relaxation of protons in the magnetic field.” The relaxation
of the hydrogen nucleus proton is divided into the T1 (spin-lattice
relaxation) and T2 (spin-spin relaxation) time."? Both T1 and T2 val-
ues are determined by the molecular status of the water molecules
in the tissue, and consequently, characterize the specific pathologic
status of the tissue. Acute myocardial ischemia usually accompa-
nies with prolongation of T1 and T2 values because of unbound wa-
ter molecules after release of water from intracellular proteins.*®
Intramyocardial hemorrhage induces oxidation of hemoglobin and
produces methemoglobin after extravasation of red blood cells
into the interstitium, which may cause T1 and T2 value fluctuation.?

Specific cardiac magnetic resonance (CMR) imaging sequences as
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T1-weighted image with an administration of the gadolinium, an ex-
tracellular contrast agent, can be performed to characterize specific
molecular environments within the target tissue. Distinction between
environments surrounding myocardial tissue is further enhanced,
depending on the amount of gadolinium, which reduces T1 values
of adjacent tissue.”® According to specific properties of different tis-
sues, shortening of T1 after administration of the T1 contrast agent
leads specific differences in T1-weighted signal intensity. Therefore,
late gadolinium enhancement (LGE) CMR can provide a superior
evaluation of myocardial tissue with an excellent tissue contrast and
is a well-established technique to evaluate myocardium.?”®
Although the qualitative evaluation of myocardium by existing
CMR sequence has been a robust technique to characterize the myo-
cardium, the relative signal intensity changes due to variation in
CMR acquisition parameter may limit the evaluation of full spec-
trum of myocardial disease.?"” Up-to-date advance in MR techni-
ques can allow a rapid quantitative assessment of T1 values, "T1
mapping" as a promising method to characterize the myocardium
(Fig. 1). In addition, post-contrast T1 mapping with using of the ga-
dolinium can quantify the myocardial extracellular volume fraction
(ECV) correlated with histologic evidence of myocardial fibrosis.*'?
To achieve the clinical prevalence of “T1 mapping” for myocardial
assessment, however, it is essential to prescribe the cutoff between
“normal" and "abnormal” in the delineation of myocardial disease th-
rough the understanding the principles of T1 mapping. So, the authors
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Fig. 1. Late gadolinium enhancement (LGE) (A), pre- and post-contrast (B and C) T1 map images using 3-T MR system in a patients with prior myocardial
infarction in the lateral wall. LGE-MR image shows strong subendocardial enhancement and diffuse wall thinning from chronic infarction in the left ante-
rior descending artery territory of the middle left ventricle level. Post-contrast T1 map image shows a marked T1 shortening in the peri-infarct region,
which is not grossly enhanced on LGE image, when compared to the remote zone.

will present a variety of technical and clinical points to be considered
for practical interpretation of pre- and post-contrast T1 mapping.

Rapid Sequence for T1 Mapping

T1 mapping is a parametric map, in which the individual voxel's
intensity represents the T1 value of the corresponding voxel. T1
value of a certain tissue is defined as the specific time when the
longitudinal magnetization of proton recovers approximately 63%
of its equilibrium value. To obtain accurate T1 value from a curve-
fitting procedure, measurements of at least 6 to 10 time points are
required.” Because time constraints or misregistration effects from
cardiac and respiratory motion are severe, T1 quantification for the
myocardium has been considered a challenge.

To overcome the limitation of T1 mapping due to physiologic mo-
tion, Messroghli et al." proposed a modified Look and Locker in-
version recovery (MOLLI) sequence, which was based on two prin-
ciples; 1) selective data acquisition at a given time of the cardiac cy-
cle over successive heart beats, and 2) merging of the image sets
from multiple Look and Locker experiments with three consecutive
inversion times (Tls) into one data set. Within a breath-hold, multiple
Look Locker experiments with different Tls allow multiple sampling
from the data on the T1 relaxation curve of the myocardium. MOLLI
sequence for T1 mapping uses a balanced steady-state free preces-
sion (SSFP) readout because SSFP has a higher signal to noise ratio
(SNR) and less modulation of the relaxation curve.' Furthermore, to
achieve motion-free images, the image acquisition period is narrow-
ed to less than 200 msec in end-diastole phase of the cardiac cycle.
Although MOLLI sequence can be affected by heart rate and has a
tendency to underestimate the true cardiac T1 value, it provides fast
and highly reproducible data for T1 mapping with excellent intra-
and inter-observer agreement.'®

To achieve a faster acquisition speed over the MOLLI sequence,
Piechnik et al.”” presented a shortened MOLLI (ShMOLLI) sequence
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as a MOLLI variant for T1 mapping, which could be performed with
a short breath-hold during only nine cardiac beats. Compared to
MOLLI sequence, ShMOLLI uses a similar Tl scheme, but does not
use fully recovered magnetization on the next sequential inversion
pulse in a short breath-hold."” Messroghli et al.' also reported that
T1 value accuracy from ShMOLLI is superior to that of MOLLI sequ-
ence. In addition, heart rate dependency is minimal in ShMOLLI se-
quence, which may contribute to higher accuracy. Although a sh-
orter data sampling time may cause the in vivo noise penalty and
slight reduction in precision, achieving fast imaging during single
comfortable breath hold should be considered as an advantage to
obtain the accurate and clinically acceptable T1 mapping with MOLLI

sequence."®

MR Technical Factors for T1 Mapping

Although T1 mapping appears to be promising for myocardial ch-
aracterization, its accuracy is affected by various confounding te-
chnical factors, including gadolinium characteristics and time de-
lay of post-contrast T1 mapping after an administration of gadoli-
nium, magnetic field strength, image acquisition phase in cardiac cy-
cle (systolic phase and diastolic phase) and location.

Post-contrast T1 mapping

Although the gadolinium as extracellular contrast agent is not a
specific marker, the distribution concentration and dynamic kinetics
of contrast agent into extracellular space can be used to describe
myocardial fibrosis, inflammation, and edema related to an increase
in the extracellular volume. Therefore, some helpful patterns of late
gadolinium enhancement have been identified in different myocar-
dial diseases; therefore, LGE CMR is now routinely used as a first-line
examination to evaluate the etiology of newly identified heart fail-
ure'19—21)
However, measurement of signal intensity of enhancement by LGE
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is arbitrary and unsuitable for quantification in inter-individual com-
parison or longitudinal comparison in an individual. No universally
accepted cut-off value of signal intensity has been reported to dif-
ferentiate between normal and affected myocardium in the area
of heterogeneity within the myocardial infarct periphery. In addition,
the sensitivity of LGE is quite limited for detecting diffuse myocar-
dial pathology because image contrast by LGE depends on the dif-
ference between normal and abnormal myocardium, and such dif-
ference may not be detected in the absence of normal myocardium
if the myocardial disease involves diffusely.9™

In contrast with LGE, T1 mapping with MOLLI sequence directly
measures the specific T1 value with a standardized scale. Although
post-contrast T1 mapping with the gadolinium appears to be pro-
mising for myocardial assessment, its accuracy can be affected by
various confounding characteristics of the gadolinium. The physical
properties of gadolinium (dose, concentration, and water exchange
rate) are all closely related to measuring an accurate T1 value of the
myocardium. Because T1 value is exponentially correlated with the
concentration of gadolinium, considering consistent wash-out of
gadolinium from the myocardium after an administration of gado-
linium, the waiting time for imaging acquisition is a significant pa-
rameter, changing the measured T1 value.'® Therefore, in clinical pr-
actice of post-contrast T1 mapping, the acquisition time of T1 map
image should be carefully monitored and considered for correction
before further analyses.??

Extracellular volume fraction by post-contrast T1 mapping

To resolve the problem due to the dynamic kinetics of gadolinium
in myocardium, the standardization to non-cardiac tissue or mea-
surement of myocardial T1 value has been studied. Maceira et al.**
proposed a model for the correction of myocardial T1 value com-
pared to the blood T1 value. ECV is another useful and stable index
that is related to the myocardial interstitial status or fibrosis. It can
be calculated with myocardial R1 (1/T1 value) change, blood R1 ch-
ange, and hematocrit.'”** Ugander et al."” showed that ECV by
pre- and post-T1 mapping could characterize and quantify infarcted
myocardium, diffuse fibrosis, and mild myocardial abnormalities,
which were not obvious on LGE images.

To achieve accurate ECV, equilibrium state of gadolinium between
the blood and myocardium must be secured during imaging acqu-
isition. Although gadolinium is continuously excreted via renal cl-
earance, the ratio of contrast agent concentrations between myo-
cardial tissue and plasma usually reach a dynamic equilibrium state
over a certain period of time after contrast administration.” Lee et
al.ﬂ]
namic equilibrium between blood and myocardial tissue, as early as
8.5 minutes after injection of the gadolinium, and between 8.5 to

suggested that the gadolinium concentration could achieve dy-
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23.5 minutes, the ECV differences at 3.0T between consecutive time
points were not significant.

Magnetic field strength for T1 mapping

In clinical practice, CMR imaging is performed typically with the
use of 1.5T or 3.0T scanners. Although CMR imaging with 3.0T sc-
anner has some obstacles to overcome, with recent technological
2 30T scanners are getting used more in cardiac im-
aging mainly for benefit of increased SNR.

At a given magnetic field strength, a tissue has a certain range for
T1 value.” When the same T1 mapping sequences are used, pre-
contrast T1 value is longer at 3.0T than at 1.5T, which requires more
time to fully recover. Kawel et al." also reported that myocardial
ECV is similar at field strengths of 1.5T and 3.0T. In contrast, Lee et

11)

developments

al."” showed that myocardial ECV of normal volunteers at 3.0T sl-
ightly higher than that at 1.5T because of an effect of relatively st-
ronger shortening of the longer pre-contrast blood T1 at 3.0T, as

compared to that at 1.5T.

Image acquisition phase and location of T1 mapping

Since the myocardium is thicker during systolic phase of the car-
diac cycle and can be visualized with a good image quality, it may be
advantageous to measure myocardial T1 value at systolic phase.”
Myocardial T1 value and ECV vary significantly during a cardiac cycle
depending on the changes in the myocardial blood volume.™ In the
left ventricular free wall of rat hearts, Judd and Levy.*® demonstrat-
ed a decrease in myocardial blood volume by 4206 from diastole to
systole. Wansapura et al?¥ described a decrease in T1 time from di-
astole to systole of 70% in the septum, and 439% in the lateral wall.
Although myocardial blood volume changes significantly depend-
ing on the cardiac cycle, in the animal study, the blood volume ac-
counts for a small fraction of the entire myocardial volume.?® In ad-
dition, although absolute variation of myocardial T1 value and ECV
in human subjects over the cardiac cycle was significant, absolute
changes were small (<2%) and might not be clinically relevant.'”
In contrary to the general option and despite the acquisition window
of about 200 msec of the MOLLI sequence, images acquired at the
early systole may result in a constantly good image quality.”? The re-
gional differences in myocardial motion or perfusion might cause
variation in T1 value by post-contrast T1 mapping.'*® Messroghli et
al.'® compared pre-contrast T1 values of the base, middle, and apical
level of the left ventricle (LV) and did not find regional differences.

For practical reasons, most previous studies reported the post-
contrast T1 mapping results only at a single location of the LV, com-
monly at the middle ventricle level. However, even if T1 values are
the same between basal, middle, and apical myocardium of the LV,
it is not clear whether all locations of the LV are equally affected by
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diffuse fibrosis. Assessment of post-contrast T1 value and ECV is a
sensitive method that requires rigorous conditions, such as con-
sidering the target region and cardiac cycle in order to enhance its
accuracy to characterize the myocardium.

Clinical Application of T1 Mapping

Acute myocardial injury

The presence of myocardial edema can be a useful finding to dif-
ferentiate acute from chronic myocardial infarction (Fig. 1), as
sessment of the area-at-risk,*" myocarditis*® and increasingly as a
surrogate end-point in clinical trial.**
together such myocardial edema, which prolongs T1 and T2 reflect-
ing free water contents in ischemic tissue.*®

prolonged ischemia, T1 values may increase above the expected in-

T1 and T2 values track closely
Especially, following

crease in water content because of release of intracellular contents
into the extracellular interstitium, according to the severity of cel-
lular injury.”

In the study of patients with acute myocardial infarction, T1 value
by pre-contrast T1 mapping showed a significantly lower variability
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than T2-weighted image (T2WI) and accurately detected acutely in-
jured myocardium.® Ferreira et al*® suggested that pre-contrast T1
mapping at 1.5T may be a more sensitive technique in detecting acu-
te myocardial changes in both global and regional pathologies by
using the diagnostic criteria of greater than 990 msec T1 value, with
a sensitivity and specificity of 92%. In addition, DallArmellina et al.*¥
reported the likelihood of improvement of myocardial function at
6 months after injury decreased progressively with incremental in-
crease of myocardial T1 values.

Myocardial fibrosis

Although the pathophysiological mechanisms of myocardial fi-
brosis are various, myocardial fibrosis, an increase of the collagen
composition has been reported as an independent predictor of ma-
jor adverse cardiac events.*’=*

Post-contrast T1 values in myocardial fibrosis are much smaller
than those of normal myocardium due to the retention of more ga-
dolinium in the expanded extracellular space in the fibrotic tissue.

Messroghli et al.*” reported that post-contrast T1 values were ap-

proximately 390 msec in chronic infarction scar and 483 msec in

»\

Fig. 2. Late gadolinium enhancement (LGE) (A), pre- and post-contrast (B and C) T1 map images using 3-T MR system in a patient with secondary myocar-
dial amyloidosis from multiple myeloma. LGE-MR image shows diffuse subendocardial gadolinium enhancement, which is a typical finding of myocardial
amyloidosis deposition. Post-contrast T1 map image shows decrease of T1 value in the myocardium which enables quantification of extracellular volume

fraction.

S

Fig. 3. Late gadolinium enhancement (LGE) (A), pre- and post-contrast (B and C) T1 map images using 3-T MR system in a patient with esoniophilic myo-
carditis diagnosed by the biopsy. LGE-MR image shows no remarkable late gadolinium enhancement in the myocardium. Pre-contrast T1 map image shows
the prolongation of T1 value in the focal area of mid ventricular septum, compared to the lateral wall. It can suggest the probable edema in the myocardi-
um. Post-contrast T1 mapping show diffusely low T1 value (mean=tstandard deviation, 410.4+34.4 msec) from gadolinium-induced T1 shortening in the
myocardium. Myocardial extracellular volume fraction calculated by the T1 mapping results is 33.5% which is higher than that in normal control in the lit-

erature.
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normal myocardium by T1 mapping with MOLLI sequence at 1.5T.
Kehr et al.*" also showed that post-contrast T1 values for both dif-
fuse and replacement fibrosis were significantly shorter than those
for normal myocardium. In addition, myocardial ECV obtained by
combining pre- and post-contrast T1 mapping may be useful to de-
tect mild or diffuse abnormalities. Ugander et al."” reported that the
ECV obtained by T1 mapping at 1.5T of "normal appearing” myocar-
dium without LGE was 26£3%, and increased with age. Mild ECV
abnormalities were consistent with fibrosis according to age in the
remote myocardium from infarction. A recent study reported that
extracellular volume expansion measured by CMR might predict
both mortality and other composite end points, including death,
cardiac transplantation, and left ventricular assist device implanta-
tion.”? The investigators enrolled 793 patients and 9 volunteers, and
measured ECV in non-infarcted myocardium. The ECV in patients
ranged from 21.0% to 45.8%, while that in volunteers ranged from
21.7% to 26.2%. After the cohort was followed for 0.8 year, ECV was
related to all-cause mortality and the other composite end points
(hazard ratio, 1.5 and 1.48 for every 3% increase in ECV, respective-
ly). Myocardial infiltrative diseases, such as amyloidosis and sar-
coidosis usually reveal LGE at the diseased myocardium. Cardiac
amyloidosis is characterized by a deposition of amyloid fibrils mainly
in the endocardial myocardium, where LGE can be seen with an
expanded extracellular space.”” Diffuse subendocardial enhance-
ment is a hallmark of cardiac amyloidosis. T1 mapping can be a use-
ful method to detect and quantify diffuse infiltrative pathology in
the myocardium (Fig. 2).

Myocarditis

Although myocarditis is represented by myocardial inflammation,
temporary pathologic status, according to disease progression or se-
verity varies from edema to necrosis or fibrosis. T2WI of CMR is
quite sensitive to detect regional myocardial edema in active myo-
carditis. LGE is a standard noninvasive imaging technique to evalu-
ate irreversible myocardial injury related to myocarditis. However,
diffuse or mild regional myocarditis typically in early or borderline
disease may not be detected with T2-weighted imaging or LGE.
Recently, a study reported that pre-contrast T1 mapping was sensi-
tive to diagnose acute myocarditis that was CMR diagnosis based
on T2-weighted imaging and LGE.* With combination of pre-con-
trast and post-contrast T1 mapping, early detection and quantific-
ation of water contents or extracellular space will be feasible in
myocarditis (Fig. 3).

Conclusion

Despite its sensitivity affected by many confounding technical
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factors, CMR T1 mapping with MOLLI technique has begun to offer
insight into early or diffuse myocardial disease and offered the po-
tential for clinical utility. Being in need of the critical cut-off to dif-
ferentiate between "normal” and “abnormal” myocardium by T1
mapping, ECV which can quantify myocardial interstitial expansion
might be useful and stable index to characterize myocardium by us-
ing pre- and post-contrast T1 mapping.
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