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Myocardial T1 Mapping: Techniques 
and Potential Applications1

Myocardial fibrosis is a common endpoint in a variety of cardiac 
diseases and a major independent predictor of adverse cardiac out-
comes. Short of histopathologic analysis, which is limited by sam-
pling bias, most diagnostic modalities are limited in their depiction 
of myocardial fibrosis. Cardiac magnetic resonance (MR) imaging 
has the advantage of providing detailed soft-tissue characteriza-
tion, and a variety of novel quantification methods have further 
improved its usefulness. Contrast material–enhanced cardiac MR 
imaging depends on differences in signal intensity between regions 
of scarring and adjacent normal myocardium. Diffuse myocardial 
fibrosis lacks these differences in signal intensity. Measurement of 
myocardial T1 times (T1 mapping) with gadolinium-enhanced in-
version recovery–prepared sequences may depict diffuse myocardial 
fibrosis and has good correlation with ex vivo fibrosis content. T1 
mapping calculates myocardial T1 relaxation times with image-
based signal intensities and may be performed with standard car-
diac MR imagers and radiologic workstations. Myocardium with 
diffuse fibrosis has greater retention of contrast material, resulting 
in T1 times that are shorter than those in normal myocardium. 
Early studies have suggested that diffuse myocardial fibrosis may be 
distinguished from normal myocardium with T1 mapping. Large 
multicenter studies are needed to define the role of T1 mapping in 
developing prognoses and therapeutic assessments. However, given 
its strengths as a noninvasive method for direct quantification of 
myocardial fibrosis, T1 mapping may eventually play an important 
role in the management of cardiac disease.
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Introduction
The normal myocardium includes a network of cardiac cells embed-
ded within mainly fibrillar collagen. This collagen matrix plays an 
essential role in giving strength to the heart, as well as creating an 
intercellular communication grid. Increased myocardial collagen 
deposition is the common endpoint for a wide variety of cardiomy-
opathies and results in abnormal myocardial stiffness and contractil-
ity, which leads to progression of heart failure and disruption of the 
intercellular communication grid and which, in turn, may lead to 
malignant arrhythmias and sudden death. Indeed, multiple clinical 
studies have shown fibrosis to be a major independent predictor of 
adverse cardiac outcomes (1–4).
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scar or be more diffuse, depending on the un-
derlying cause (13,14). In general, myocardial 
fibrosis is classified as replacement or interstitial 
fibrosis.

Replacement fibrosis is caused by the replace-
ment of damaged or necrotic cells by plexiform 
fibrosis and is only seen when the integrity of the 
cell wall is affected (15). Both regional and diffuse 
patterns of replacement fibrosis may be present, 
depending on the underlying cause. The most 
common cause of replacement fibrosis is scarring 
from myocardial infarction. Other conditions as-
sociated with replacement fibrosis include hyper-
trophic cardiomyopathy, sarcoidosis, myocarditis, 
chronic renal insufficiency, and toxic cardiomyop-
athies (16,17). Late gadolinium contrast enhance-
ment at cardiac MR imaging is a validated, nonin-
vasive way to identify replacement fibrosis (18).

In general, interstitial fibrosis is diffuse, and 
its subtypes include reactive and infiltrative in-
terstitial fibrosis. Reactive fibrosis is present in a 
variety of common conditions, including aging 
and hypertension (Table 1). It is caused by an 
increase in collagen production and deposition 
by stimulated myofibroblasts, which is thought 
to result from alterations in metabolism, activa-
tion of the renin-aldosterone-angiotensin system, 
and oxidative injury and usually results in diffuse 
collagen deposition in the myocardial intersti-
tium (31,32). Infiltrative fibrosis is much more 
rare and is caused by progressive deposition of 
insoluble proteins or glycosphingolipids in the 
interstitium. Examples of infiltrative fibrosis in-
clude amyloidosis and Anderson-Fabry disease 
(27,28). Eventually, both interstitial and infiltra-
tive fibrosis lead to cardiomyocyte apoptosis and 
replacement fibrosis (31).

In the heart, collagen remodeling plays an es-
sential role in the development of a variety of car-
diomyopathies and is always present in end-stage 
heart failure (33). Patients with increased myo-

Historically, myocardial fibrosis was not use-
ful as a clinical marker because the only available 
method for assessment was invasive endomyocar-
dial biopsy, which was seldom performed. Even in 
those who undergo endomyocardial biopsy, results 
are limited by sampling bias (5). More recently, 
investigators have sought a noninvasive method 
to distinguish fibrotic myocardium from normal 
myocardium. Cardiac magnetic resonance (MR) 
imaging has the advantage of detailed soft-tissue 
characterization. A variety of novel methods of 
quantification have further improved its usefulness. 
Measurement of myocardial longitudinal relaxation 
time (T1 mapping) with gadolinium contrast ma-
terial–enhanced inversion recovery (IR)–prepared 
sequences has emerged as a novel approach for 
possible noninvasive quantification of myocardial 
fibrosis. In this article, T1 mapping of diffuse inter-
stitial fibrosis of the myocardium is discussed.

Pathogenesis  
of Myocardial Fibrosis

The extracellular matrix (ECM) is an essential 
component of the healthy heart and functions 
to anchor cardiac muscle cells, regulate tissue 
mechanics, and store growth factors (6–8). Nor-
mally, the ECM and fibrillar collagen network 
form only 6% and 2%–4%, respectively, of the 
structural space within the heart (9). An in-
creased amount of collagen (fibrosis) in the myo-
cardial tissue results from altered collagen turn-
over, in which net collagen deposition exceeds 
net collagen breakdown. Myocardial fibrosis 
increases with age (10). Although it is not entirely 
understood, after an initiating factor (eg, a toxin 
or mechanical injury), a cascade of chemokines, 
cytokines, and neurohormonal factors lead to lo-
cal cell activation and collagen synthesis (11,12). 
Matrix metalloproteinases also play a key role in 
the development of myocardial fibrosis, which 
may be regionally distributed in the form of a 

Table 1: Cardiac Diseases that Cause Myocardial Fibrosis

Diseases that Cause Reactive Interstitial Fibrosis
Aging, hypertension, diabetes, acute or chronic ischemia, valvular disorders, 

nonischemic dilated cardiomyopathy, rejection of a transplanted heart, 
hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomy-
opathy, sarcoidosis, systemic lupus erythematosus, systemic sclerosis, Chagas 
disease, chronic renal insufficiency

Diseases that Cause Infiltrative Interstitial Fibrosis
Amyloidosis, Anderson-Fabry disease

Diseases that Cause Replacement Fibrosis
Ischemia, infarction, sarcoidosis, chronic renal insufficiency, myocarditis, toxic 

cardiomyopathies, plus all causes of reactive and infiltrative interstitial fibrosis

Source.—References 9–11, 14, 15, 19–31.
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method would allow early detection of disease, 
accurate prognostication, and targeted guidance 
of treatment without the risks associated with 
invasive methods. Cardiac MR imaging has the 
potential to fulfill these criteria and provide a 
comprehensive cardiac assessment with detailed 
information about cardiac anatomy and function. 
In contrast to endomyocardial biopsy, sampling 
errors may be avoided with cardiac MR imaging 
by assessing the degree of fibrosis throughout the 
entire left ventricular myocardium.

Background of T1 Mapping 

What Is Myocardial T1 Mapping?
T1 mapping consists of quantifying the T1 relax-
ation time of a tissue by using analytical expres-
sions of image-based signal intensities. A funda-
mental principal of MR imaging is that the signal 
intensity of pixels is based on the relaxation of 
hydrogen nuclei protons in a static magnetic field 
(38). The T1 relaxation times between two tis-
sues vary substantially. Edema, fat infiltration, 
and fibrosis also cause differences in T1 relaxivity. 
In some settings, the intrinsic T1 time of a tissue 

cardial collagen deposition have increased mor-
tality, which is linked to sudden cardiac death, 
arrhythmias, and heart failure (5,7,34,35). Find-
ings from animal and clinical studies indicate that 
diastolic function is initially affected and followed 
by deterioration of systolic function (31). Unlike 
replacement fibrosis, interstitial fibrosis may be 
reversible and is a target for treatment (36,37).

Assessment of Fibrosis
Endomyocardial biopsy—in which a small (<1 
mm3) sample is obtained with biopsy forceps, typi-
cally from the right ventricular side of the distal 
myocardial septum during catheterization of the 
right side of the heart—is the principle method 
for diagnosing myocardial fibrosis. The sample of 
myocardium is evaluated with Masson trichrome 
staining (Fig 1). Quantitative morphometry with 
picrosirius red under polarized light may be used 
to quantify absolute collagen volume fraction. 
Because of the invasive nature of this technique 
and the potential for complications and sampling 
errors, which limit diagnostic accuracy and re-
producibility, other diagnostic methods are being 
investigated (5). Ideally, an accurate noninvasive 

Figure 1.  Use of Masson trichrome staining in three 
patients. Red areas = cardiomyocytes, blue areas = 
fibrillar collagen network. (a) Photomicrograph (Mas-
son trichrome stain; original magnification, ×10) shows 
normal myocardium.  (b) Photomicrograph (Masson 
trichrome stain; original magnification, ×10) obtained 
in a patient with nonischemic dilated cardiomyopathy 
shows reactive interstitial fibrosis. (c) Photomicrograph 
(Masson trichrome stain; original magnification, ×10) 
obtained in a patient with chronic myocardial infarction 
shows replacement fibrosis (scarring).
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Figure 3. Replacement fibrosis in a patient with a history of left anterior descending artery occlusion. 
Short-axis delayed contrast-enhanced phase-sensitive inversion-recovery (PSIR) MR images obtained at 1.5 
T show regional subendocardial scarring (replacement fibrosis) in the septum and anteroseptal wall (arrows). 

may act as a marker for the extent of myocardial 
disease (39,40). Specific IR-prepared cardiac MR 
imaging sequences are used to determine the rate 
of recovery of longitudinal magnetization (the T1 
time).

T1 Mapping and  
Delayed Myocardial Enhancement 
After intravenous administration of a gadolinium 
chelate contrast agent, myocardium-containing 
fibrosis demonstrates prolonged washout of the 
contrast agent, a finding related to decreased 
density of capillaries within the scar tissue and 
an increased extracellular volume of distribution 
(41). An increased concentration of gadolinium 
relaxes the adjacent protons much faster than 
usual, causing T1 shortening (an area of high 
signal intensity) on IR-prepared images (42). 
The difference in signal intensity between nor-
mal myocardium and scar tissue is enhanced by 
selecting an inversion time that nulls the signal 
from noninfarcted areas of myocardium (Fig 2).

The extent of collagen deposition within the 
myocardium varies depending on the type and 
severity of the cardiac disease. Focal scarring 
refers to an area of replacement fibrosis that is 

seen as regional late gadolinium enhancement at 
cardiac MR imaging (Fig 3). On the other hand, 
diffuse fibrosis is indicative of interstitial fibrosis 
at histopathologic analysis that is not seen at late 
gadolinium-enhanced cardiac MR imaging. The 
use of late gadolinium-enhanced cardiac MR im-
aging to depict focal scarring depends on visual 
differences in signal intensity between regions of 
scarring and adjacent normal myocardium. On 
standard delayed contrast-enhanced IR-prepared 
(delayed myocardial-enhanced) images, diffuse 
fibrosis lacks these differences in signal inten-
sity and may not be visually distinguished from 
normal myocardium. In addition, in cases of uni-
form dispersion of interstitial fibrosis, the use of 
inversion pulses with standard delayed contrast-
enhanced cardiac MR imaging techniques uni-
formly suppresses the entire myocardium despite 
the presence of retained gadolinium contrast 
material (Fig 4).

T1 mapping overcomes these limitations 
by measuring the intrinsic T1 time (in msec) 
of the tissue being evaluated. Other aspects of 
standard contrast-enhanced IR-prepared imag-
ing that may be difficult to standardize—such 
as optimized window leveling, inadvertent use 

Figure 2. Graph shows the relax-
ation times of myocardium and focal 
scarring. In this example, maximal 
contrast (arrow) between regional 
scarring (blue line) and normal 
myocardium (red line) is achieved 
with an inversion time of 290 msec 
(vertical line).
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Figure 4. Reactive interstitial fibrosis in a patient with arrhythmogenic right ventricular cardiomyopathy and 
dysplasia. (a) Short-axis delayed contrast-enhanced PSIR MR image obtained at 1.5 T shows an absence of 
late contrast enhancement. (b) Photomicrograph (Masson trichrome stain; original magnification, ×10) of 
endomyocardial biopsy specimen, obtained around the time that cardiac MR imaging was performed, shows 
moderate reactive interstitial fibrosis.

of inappropriate inversion time for nulling, 
and variations in signal enhancement—are also 
eliminated with this technique. As expected, 
precontrast enhancement T1 times in normal 
myocardium are much longer than postcontrast 
enhancement times, a result of the small amount 
of residual gadolinium in the myocardial inter-
stitium, which has a relaxing effect (18). This 
relaxing effect is amplified by the increased vol-
ume of retained gadolinium in patients with dif-
fuse fibrosis and even more so in patients with 
regional scarring. In animal and human stud-
ies, shortened T1 times in fibrotic myocardium 
on contrast-enhanced IR-prepared sequences 
showed good correlation with ex vivo fibrosis 
content (Fig 5) (39,43–46).

T1 Mapping Techniques

How to Perform T1 Mapping
The T1 mapping sequence is acquired in a single 
breath hold. Multiple varieties of this basic IR-
prepared sequence have been used, including 
the standard Look-Locker (LL) sequence, the 
modified LL inversion-recovery (MOLLI) se-
quence, and the shortened MOLLI (ShMOLLI) 
sequence. To measure T1 values, midventricular 
four-chamber long- and short-axis orientations 
are comparable (47). Some prefer to acquire 
three short-axis sections, including the base, mid-
cavity, and apex to obtain a larger sample volume. 
Precontrast-enhanced T1 values may be used as a 
baseline reference and have been correlated with 
myocardial injury in patients with ischemic heart 
disease, hypertrophic cardiomyopathy, and di-
lated cardiomyopathy (40,48). Prolonged precon-

trast-enhanced T1 relaxation times are suggestive 
of diffuse fibrosis (compared with postcontrast-
enhanced T1 relaxation times). Because gadolin-
ium chelate is continuously excreted through the 
kidneys, T1 times of the myocardium vary during 
the washout phase (Fig 6) (49). To standardize 
this protocol, we acquire T1 times at 12 and 25 
minutes after administering a consistent dose 
(0.15 mmol/kg) of gadolinium chelate, a protocol 
that is similar to that used in a large prospec-
tive clinical trial conducted at six centers in the 
United States and involving approximately 1200 
study subjects (50,51).

Pulse sequences used to measure myocardial 
T1 times require electrocardiographic (ECG) 
gating to freeze cardiac motion, a unique require-
ment. In general, the most common approach 
uses an inversion recovery pulse sequence, in 
which application of a non–section-selective 180° 
pulse inverts the magnetization. As longitudinal 
magnetization recovers, at a time defined as the 
inversion time (TI), a section-selective 90° excita-
tion pulse is applied and rotates the magnetiza-
tion into the transverse plane. This “experiment” 
is repeated again and again, each time with the TI 
changed. To ensure complete T1 relaxation, the 
repetition time (TR) should be at least five times 
the T1 time (approximately 1000 msec for unen-
hanced myocardium). For cardiac applications, 
the TR is determined by the ECG R-R interval, 
which necessitates measuring the T1 time over 
multiple heartbeats.

To measure average myocardial T1 times, 
epicardial and endocardial contours are traced 
around the left ventricular myocardium. Alter-
natively, regions of interest may also be drawn 
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for pooled blood or focal areas of myocardium. 
Postprocessing software, such as MASS V2010-
EXP (Leidden University Medical Center, 
Leiden, The Netherlands), MRmap version 
1.2 (Charite University Medicine, Berlin, Ger-
many), and Vizpack (General Electric, Wauke-
sha, Wis), may be used to derive the T1 relax-
ation time constant (Fig 7). Three-parameter 
curve fitting of data requires use of the Leven-
berg-Marquardt algorithm, which is calculated 
with one of the following equations: Mz (t) = 
A–Bexp (-R1*×t) and Mz(t) = A–Be-R1*t, where 
Mz = sample magnetization at time, t = TI, and 
R1* = estimated relaxivity. A, B, and R1* are 
constants determined by curve-fitting the model 
to acquired phases. The equation T1 = (B/A-1)
T1* is used to calculate the T1 time, where T1* 
is the modified T1 time in an LL experiment. 
Testing (c2) for fit excludes pixels with values 
that are not significant (level of significance: a = 
0.05). These steps are automatically performed 
by the analysis software (Fig 8).

In summary, the following basic steps are used 
for T1 mapping: ECG-gated contrast-enhanced 
IR-prepared LL sequences are performed, and 

the images are evaluated with postprocessing 
software such as MASS V2010-EXP. Endo- and 
epicardial contours or regions of interest are 
drawn to include the myocardial area of interest. 
T1 mapping software is used to perform three-
parameter curve fitting of the data, and a T1 
time is displayed. T1 times are compared with 
published values for normal healthy myocardium. 
In healthy myocardium, a contrast-enhanced T1 
time that is lower than published T1 times is in-
dicative of fibrosis.

Multiple approaches are currently available 
to derive an ECG-gated IR-prepared sequence, 
including the LL, MOLLI, and ShMOLLI tech-
niques (Table 2) (52–55). Other less common se-
quences that may be used for T1 mapping include 
modulated repetition time LL, spin-and-stimu-
lated-echo-planar imaging (two-dimensional [2D] 
ss-SESTEPI), variable sampling of k-space in 
time (VAST), and three-dimensional (3D) PSIR 
(39,56,57). An in-depth review of each of these 
sequences is beyond the scope of this discussion; 
however, LL, MOLLI, and ShMOLLI are further 
explored because of their relatively frequent ap-
pearances in recent publications.

Figure 6. Graph shows myocar-
dial T1 values that were obtained 
in a healthy volunteer at various 
times after intravenous administra-
tion of 0.15 mmol/kg gadopentetate 
dimeglumine. T1 values are ex-
pressed as the mean plus or minus 
the standard deviation.

Figure 5. Graph plotting data 
from a study in which 26 patients 
underwent endomyocardial biopsy 
and cardiac MR imaging with an 
LL technique between January 
2005 and January 2010 shows an 
inverse correlation between T1 
time and percentage of patients 
with myocardial fibrosis (r =-0.57, 
P < 0.0001), which indicates that 
postcontrast T1 times reflect his-
tologic findings. No late contrast 
enhancement (ie, regional scarring) 
was seen. Biopsy specimens underwent digitization and Masson trichrome staining by the pathology department at 
Johns Hopkins Hospital. With this method, the percentage of histologic fibrosis was correlated with corrected myo-
cardial T1 times. (Reprinted and modified, with permission, from reference 46.)
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Figure 7. Graph shows curve fitting of selected short-axis sections from an LL sequence. In-
version times are shown in the upper left corner of each image.

Table 2: Typical Imaging Parameters of Common T1 Mapping Techniques

Parameter LL MOLLI ShMOLLI

Field of view 360 × 290 360 × 250 340 × 255
Matrix size 192 × 72 to 192 × 93 192 × 122 to 192 × 183 192 × 144
Section thickness (mm) 8 8 8
Repetition time 2.5 2.2 2.1
Echo time 1.2 1.1 1.1
Flip angle 50 35 35
Parallel imaging factor 2 2 2
No. of images acquired 22–46* 11† 7‡ 
Acquisition window 35 191–202 206
Voxel size (mm) 1.7 × 2.7 × 8 1.6 × 2.3 × 8 0.9 × 0.9 × 8
Gadolinium dose (mmol/kg) 0.1–0.2 0.1–0.2 0.1–0.2

*The number of images acquired is determined by the heart rate.
†A set of three consecutive IR experiments with increasing TIs is performed throughout one breath hold, for a 
total of 11 images over 17 heartbeats.
‡A set of three consecutive IR experiments with increasing TIs are performed in one breath hold for a total of 
seven images acquired over nine heartbeats.

Look-Locker
The LL sequence is continuously and prospectively 
performed throughout the cardiac cycle, without 
regard for cardiac motion or gating to a specific 
phase (Fig 9). A single 180° pulse is applied, and 
images are acquired at multiple TIs. A variety of 
readout sequences have been used with the LL 
method, including steady-state free precession 
(SSFP), balanced SSFP, echoplanar imaging, and 
fast low-angle shot (FLASH), all of which enable 

LL images to be acquired in a single long breath 
hold (20–28 seconds). No matter which type of 
readout sequence is used, this sequence is referred 
to as a “TI scout” or LL sequence (Fig 10). The 
term TI scout refers to its use of multiple TIs to 
determine the null time of normal myocardium be-
fore delayed contrast-enhanced (scout) images are 
acquired. Because it is regularly performed before 
delayed contrast-enhanced images are acquired, 
the LL sequence is now ubiquitous in cardiac MR 
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Figure 8. T1 mapping performed with LL and MOLLI sequences in a 42-year-old man with mild asym-
metric septal hypertrophy and mild to moderate systolic anterior motion of the mitral valve with provoca-
tion at echocardiography and a family history of hypertrophic cardiomyopathy. (a–d) Bright blood MR 
images obtained in the horizontal long-axis plane (a), vertical long-axis plane (b), five-chamber view (c), 
and short-axis plane (d) show that mid septal thickness reaches 1.3 cm in end diastole. (e–h) Short-axis 
myocardial delayed enhancement MR images show an absence of late contrast enhancement (continues).
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Figure 8. (continued) (i, j) Postcontrast T1 mapping performed with an LL sequence in the horizontal long-axis 
plane shows the left ventricular endo- (red line) and epicardial (green line) contours, which are manually drawn. 
Thirty  -two images were acquired throughout the cardiac cycle. (k) Graph shows the data obtained from LL T1 map-
ping, which were plotted with three-parameter curve fitting and used to calculate T1 times. x-axis = delay time, y-axis =  
signal intensity. (l, m) Postcontrast T1 mapping performed with a MOLLI sequence in the short-axis plane shows the 
left ventricular endo- (red line) and epicardial (green line) contours, which are manually drawn. All 11 images were 
acquired at the same time in end diastole. (n) Graph shows the data obtained from MOLLI T1 mapping, which were 
plotted with three-parameter curve fitting and used to calculate T1 times. MOLLI and LL sequences had similar T1 
values for T1 times after administration of gadolinium contrast material. x-axis = delay time, y-axis = signal intensity. 

imaging, leading to an abundance of retrospective 
data available for T1 mapping. Unfortunately, use 
of the LL sequence to perform pixel-by-pixel T1 
mapping of the heart is limited by cardiac motion. 
Images are acquired throughout the cardiac cycle, 
with variations in image quality, depending on the 
heart rate and rhythm status. Regions of interest or 
endocardial and epicardial contours must be indi-

vidually drawn on each image to determine a T1 
time, a process that may be cumbersome and lead 
to inaccuracies due to misregistration.

MOLLI 
To overcome the limitations of LL sequences, 
researchers developed a sequence that allows 
for selective data acquisition at a given time in 
the cardiac cycle (ie, end diastole) over succes-
sive heartbeats. A single image is acquired in 
each heartbeat, multiple images are acquired 
with each IR experiment, and a set of three 
consecutive IR experiments with increasing TIs  
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Figure 9.  The first published myocardial T1 maps, which were obtained with the LL technique at 0.08 
T in 1988, show that precontrast T1 values were higher in a patient with lupus erythematosus (a) than 
they were in the control patient (b), a finding indicative of diffuse interstitial fibrosis. Each image in the T1 
maps took about 5 minutes to acquire. (Reprinted, with permission, from reference 58.)

is performed throughout one breath hold, for a 
total of 11 images over 17 heartbeats. Cardiac 
motion is minimized by using a narrow acquisi-
tion window with parallel imaging techniques. 
Multiple studies have validated the accuracy 
of the use of MOLLI sequences for T1 map-
ping, with high levels of intra- and interobserver 
agreement (53,54,59). In a recent comparison 
of myocardial T1 mapping with LL and MOLLI 
by Nacif et al (47), both sequences had good 
agreement in intrasequence comparisons, but, 
in general, MOLLI had lower T1 values than 
LL and substantially tighter limits of agreement. 
The reported mean difference in T1 times be-
tween LL and MOLLI was +61.8 msec ± 46.4 
(P < .001) (Fig 11).

Another advantage of MOLLI is its ability to 
merge the image sets from multiple IR acquisitions 
with varying TIs into a single data set. With some 
vendors, these data are automatically entered into 
three-parameter curve fitting at the scanner and 
T1 times are calculated. When used with inline 

motion correction, the T1 values for each voxel 
may be represented by signal intensity and dis-
played as a parametric color map image that may 
be displayed on workstations with standard picture 
archiving and communication (PACS) software, 
and T1 values may be directly derived by using re-
gions of interest, negating the need for specialized 
T1 mapping software (Figs 12, 13) (60).

ShMOLLI
In an effort to decrease the relatively long breath 
hold (usually about 18 seconds) needed to per-
form the MOLLI sequence, Piechnik et al (55) 
investigated the use of a ShMOLLI sequence. 
On average, normal subjects could hold their 
breath for 20.9 seconds (range, 13–74 seconds) 
in end expiration (62). However, those with 
pulmonary disease could only hold their breath 
for an average of 9.1 seconds (range, 2–16 sec-
onds) (62). Long breath holds are also a prob-
lem in patients with a low heart rate, resulting 
in breath holds longer than 20 seconds. With 

Figure 10. Diagram shows 
a conventional 2D LL pulse 
sequence, in which a nonse-
lective 180° inversion pulse 
(p) is applied, and repeated 
radiofrequency pulses (a) with 
a small flip angle are separated 
by a time (t) and sample the 
longitudinal signal magnetiza-
tion as it recovers to steady 
state. m = undisturbed recov-
ery period. (Adapted and re-
printed, with permission, from 
reference 45.)
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Figure 11. Graph shows the 
mean myocardial T1 time for 
each acquisition before and 
after (in 5-minute intervals) 
administration of contrast ma-
terial with MOLLI (black) and 
LL (gray) sequences. For all 
postcontrast acquisitions, P < 
.001; for precontrast acquisi-
tions, P = .26. (Reprinted, 
with permission, from refer-
ence 47.)

Figure 12. T1 mapping in a patient with myocardial infarction. (a) Short-axis IR-prepared delayed 
contrast-enhanced MR image shows subendocardial enhancement in the anteroseptal wall and the sub-
endocardial (red line), subepicardial (green line), and blood pool (yellow line) contours. (b) Short-axis 
color-scale parametric map, created with a 12-minute contrast-enhanced MOLLI sequence with inline 
motion correction, shows the T1 color scale, which indicates the T1 times of the left ventricular myocar-
dium and blood pool. (c) Short-axis color-scale T1 parametric map shows the contours for infarction 
(white arrow), perinfarction (red arrow), and remote myocardium (black arrow), as well as the color 
scale with the corresponding T1 times. Contours were manually drawn on the basis of abnormal signal 
intensity on delayed contrast-enhanced images. (Images courtesy of Marcelo Nacif, MD, PhD, Universi-
dade Federal Fluminense, Niterói, Brazil.)
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Figure 13. Use of regions of interest to derive T1 values in a patient with hypertrophic cardiomyopathy. 
Short-axis gray-scale parametric T1 maps obtained with MOLLI sequences and inline motion correction 
before (a) and 12 minutes after (b) administration of contrast material show the regions of interest (circle) 
and T1 times. Typically, postcontrast T1 times are 450–475 msec. In this case, the T1 time was 396 msec, a 
finding indicative of diffuse myocardial fibrosis, which, when associated with hypertrophic cardiomyopathy, 
may be seen at cardiac MR imaging and is associated with left ventricular diastolic dysfunction.

the ShMOLLI sequence, the average breath hold 
decreases to 9.1 seconds (±1.1 seconds), and the 
number of required heartbeats decreases from 
17 to nine. In the study by Piechnik et al (55), 
T1 times less than 1200 msec obtained with a 
ShMOLLI sequence had good agreement with 
those obtained with MOLLI sequences (Fig 14). 

Extracellular Volume Fraction
An essential component of quantitative imag-
ing is the ability to compare calculated T1 times 
with standardized control values to determine 
the presence and extent of disease. Comparing 
T1 times in different patients has been compli-
cated by differences in patient-specific factors, 
such as heart rate, gadolinium dose, timing of 
image acquisition after administration of intra-
venous contrast material, hematocrit level, body 
composition, B0 field, and glomerular filtra-
tion rate, which may cause small but important 
changes in measured T1 times. For example, 
Gai et al (63) reported that precontrast T1 times 
have a strong linear dependence on heart rate; 
however, there was no significant relationship 
between heart rate and postcontrast T1 times. 
Investigators developed mathematic models by 
using correction values for the most important 
of these variables, including heart rate. Cor-
rected T1 values obtained in a population of 
patients with type I diabetes were more tightly 
clustered and showed better discrimination of 
patients with disease from healthy control sub-
jects (63). However, thus far, histologic valida-
tion of these complex models has been limited 
to animals and ex vivo tissue samples, and these 
models account for only some of the patient-
specific factors (43,44).

Recent research on T1 mapping focuses on 
the use of extracellular volume fraction (ECV) 
to quantify myocardial fibrosis (64–69). Com-
pared with standard T1 mapping techniques, 
ECV is not affected by many of the previously 
described patient-specific factors and allows for 
more accurate patient-to-patient comparisons 
(66,67). Investigators have shown that myocar-
dial gadolinium distribution volume correlates 
with histologic collagen volume fraction in vitro 
and in vivo (66,67). In the two-compartment 
model, a dynamic equilibrium between plasma 
and myocardial interstitium occurs approximately 
8.5 minutes after administration of a bolus of 
gadolinium chelate and remains at a steady state 
up to 50 minutes after administration of contrast 
material (64). Myocardium that contains diffuse 
or regional fibrosis could delay the time to reach 
steady-state equilibrium. ECV is calculated by 
measuring the myocardial gadolinium distribu-
tion volume, which is determined by the patient’s 
hematocrit level to adjust the gadolinium contrast 
partition coefficient. In one technique, quantita-
tive parametric images of myocardial ECV are 
acquired with MOLLI sequences performed be-
fore and after intravenous administration of gado-
linium-based extracellular contrast material (69). 
Because the time to achieve equilibrium of gado-
linium between the myocardial and blood pools 
is delayed in patients with diseased or infarcted 
myocardium, we generally obtain ECV measure-
ments 0, 12, and 25 minutes after administra-
tion of gadolinium. Data obtained from these T1 
maps are used with the hematocrit level to calcu-
late ECV, which ranges from 0% to 100%, with 
normal values between 20% and 32% (mean, 
plus or minus two standard deviations) (Fig 15). 
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Figure 14. ShMOLLI in a patient with arrhythmogenic right ventricular cardiomy-
opathy and dysplasia. (a) Short-axis T1 map obtained with a ShMOLLI sequence 
12 minutes after administration of contrast material shows left ventricular endo- (red 
line) and epicardial (green line) contours, which were manually drawn, and the 
region of interest, which was placed in the left ventricular blood pool. (b) T1 maps 
obtained with an LL sequence show the left ventricular endo- (red line) and epi-
cardial (green line) contours. Eight images, with varying TI times, were obtained. 
(c) Graph shows the data obtained from ShMOLLI T1 mapping, which were 
plotted with three-parameter curve fitting and used to calculate T1 times, which, 
in this patient, are decreased.

With this method, values above 32% are compat-
ible with fibrosis, with high values indicating focal 
scarring and intermediate values indicating dif-
fuse fibrosis. This method has been validated in 
humans (69).

Studies that Used T1 Mapping
A brief review of the literature reveals that 18 
studies published between 1988 and 2012, in-
cluding a total of 796 patients, used T1 mapping 
at 1.5 T, and one study used T1 mapping at 3 T 
(Table 3) (39,40,59,61,63,65,67,69–80). These 
studies vary significantly in technique and design. 

LL (n = 9), MOLLI (n = 6), ShMOLLI (n = 1), 
variable k-space sampling (VAST; n = 2), and 
segmented saturation-recovery single breath-hold 
turbo FLASH (SRTFL; n = 1) techniques were 
evaluated, with some studies evaluating multiple 
techniques. Some studies only included patients 
with cardiac disease (n = 4). Most studies in-
cluded both cases and controls (n = 15), and in 
some studies, T1 mapping was performed both 
with and without contrast enhancement, whereas 
in others, T1 mapping was only performed on un-
enhanced images; most studies did not normalize 
for confounding patient-specific factors.
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Figure 15. Chart shows the calculation of ECV, in which a reciprocal of the signal in each pixel (1/T1) is used to 
generate an R1 map. The precontrast R1 map is subtracted from the postcontrast R1 map to generate a DR1 map. A 
DR1 map of the blood pool (DR1blood) is measured by placing a region of interest in the left ventricular blood pool. To 
calculate ECV, DR1 map pixel values are multiplied by one, with the hematocrit level subtracted, and then divided 
by the mean DR1blood. The final result is a parametric map that displays the pixel-by-pixel ECV values, which are con-
verted into signal intensity by the software. (Adapted and reprinted, with permission, from reference 69.)

Despite the diversity of these studies, a clear 
pattern is manifest: In general, postcontrast 
myocardial T1 relaxation times are shorter in 
patients with cardiac disease than they are in 
healthy control subjects. Unfortunately, a direct 
comparison of T1 times between studies is lim-
ited because of variations in imaging technique 
and methods of analysis. In control subjects, 
normal postcontrast myocardial T1 times are 
reported to be 340–579 msec, whereas those in 
patients with cardiac disease are reported to be 
250–580 msec (Table 3). In control subjects, 
the differences in T1 values with the LL and 
MOLLI techniques correspond well with the 
comparison performed by Nacif et al (47).

Multiple studies have also examined the use of 
ECV and cardiovascular diseases such as acute 
myocarditis, chronic myocardial infarction, hy-
pertrophic cardiomyopathy, nonischemic dilated 
cardiomyopathy, cardiac amyloidosis, and sys-
temic capillary leak syndrome. One of the larger 
studies by Kellman et al (81) reported an ECV of 
25.4 ± 2.5% (mean plus or minus the standard 
deviation) in 62 healthy patients, with a range of 
20%–30%. Among those with cardiac disease, 
ECV was 32%–69%.

To our knowledge, three studies on the diag-
nostic accuracy of myocardial T1 mapping have 
been published to date. In a study that included 
26 patients, Bauner et al (79) reported that con-
trast-enhanced T1 mapping with a T1 threshold 
of 305 msec or less had sensitivity and specific-
ity of 96% and 99%, respectively, for depicting 
chronic myocardial infarction. In the same group 
of patients, ECV had sensitivity and specificity 

of 96% and 100%, respectively, with a threshold 
over 42%.

Ferreira et al (82) reported that, in 21 patients 
with acute regional myocardial edema and no 
infarction and 21 healthy patients, unenhanced 
T1 mapping with a threshold of 990 msec had 
sensitivity and specificity of 92%. Messroghli et 
al (59) evaluated 24 patients with acute infarc-
tion, compared their findings with previously 
published findings in healthy volunteers, and 
reported that precontrast T1 mapping with a 
threshold of 1120 msec or more (mean plus three 
standard deviations) had sensitivity and specific-
ity of 96% and 91%, respectively. Postcontrast 
T1 mapping with a threshold of 392 msec or less 
(mean plus three standard deviations) was re-
ported to have sensitivity and specificity of 100% 
and 95%, respectively, in patients with chronic 
myocardial infarction.

Potential Future  
Applications of Cardiac T1 Mapping

There are many questions about T1 mapping that 
remain unanswered, such as the optimal technique 
for performing IR experiments, whether T1 nor-
malization is necessary, the optimal placement of 
the region of interest, and whether to correlate T1 
shortening with disease progression or outcomes. 
Myocardial T1 mapping may have applications in 
many cardiac diseases in which diffuse interstitial 
fibrosis develops that have not yet been researched, 
such as primary cardiac diseases (eg, arrhythmo-
genic right ventricular cardiomyopathy and dyspla-
sia and myocarditis), mitral and tricuspid valvular 
disease, arrhythmogenic cardiac diseases (eg, atrial 
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fibrillation, atrial flutter, and idiopathic right ven-
tricular outflow tract ventricular tachycardia), sys-
temic disorders that affect the heart (eg, collagen 
vascular diseases, toxic cardiomyopathies, systemic 
hypertension, chronic renal disease, and sarcoid-
osis), and pulmonary artery hypertension. Myo-
cardial T1 mapping also has the potential to depict 
early rejection of transplanted hearts, which may 
obviate the need for more invasive endomyocardial 
biopsy. Given the central importance of myocar-
dial fibrosis as a common and final pathway in an 
array of cardiac diseases, myocardial T1 mapping 
has the potential to play an important role in es-
tablishing a diagnosis and prognosis and providing 
a therapeutic assessment in patients with cardiac 
disease, and it appears that our current research 
has revealed only the tip of a very large iceberg.

Summary
In the heart, diffuse interstitial fibrosis plays an 
essential role in the development of a variety 
of cardiomyopathies and is associated with in-
creased mortality. Previously, endomyocardial 
biopsy was the principle method used to diagnose 
myocardial fibrosis. Currently, late contrast-
enhanced cardiac MR imaging is a robust, well-
validated, noninvasive method for identifying 
replacement fibrosis (ie, scarring). T1 mapping of 
diffuse interstitial fibrosis of the myocardium is a 
novel and expanding application of cardiac MR 
imaging and has the potential to depict diffuse 
interstitial fibrosis in a variety of cardiac diseases. 
Standardization of myocardial T1 mapping tech-
niques will help determine potential cutoff values 
for identifying normal and diseased myocardium 
in future clinical trials.
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Page 377
Increased myocardial collagen deposition is the common endpoint for a wide variety of cardiomyopathies 
and results in abnormal myocardial stiffness and contractility, which leads to progression of heart failure 
and disruption of the intercellular communication grid and which, in turn, may lead to malignant ar-
rhythmias and sudden death. Indeed, multiple clinical studies have shown fibrosis to be a major indepen-
dent predictor of adverse cardiac outcomes (1–4).

Page 379
Ideally, an accurate noninvasive method would allow early detection of disease, accurate prognostication, 
and targeted guidance of treatment without the risks associated with invasive methods. Cardiac MR imag-
ing has the potential to fulfill these criteria and provide a comprehensive cardiac assessment with detailed 
information about cardiac anatomy and function. In contrast to endomyocardial biopsy, sampling errors 
may be avoided with cardiac MR imaging by assessing the degree of fibrosis throughout the entire left ven-
tricular myocardium.
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In some settings, the intrinsic T1 time of a tissue may act as a marker for the extent of myocardial disease 
(39,40). Specific IR-prepared cardiac MR imaging sequences are used to determine the rate of recovery 
of longitudinal magnetization (the T1 time).
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In animal and human studies, shortened T1 times in fibrotic myocardium on contrast-enhanced IR-
prepared sequences showed good correlation with ex vivo fibrosis content (Fig 5) (39,43–46).
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Despite the diversity of these studies, a clear pattern is manifest: In general, postcontrast myocardial 
T1 relaxation times are shorter in patients with cardiac disease than they are in healthy control sub-
jects. 


