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Introduction
Cardiovascular magnetic resonance 
(CMR) has been an increasingly used 
imaging modality which has experi-
enced significant advancements in the 
last years [1]. One of the most used 

1 MOLLI images (1A) with respective signal-time curves (1B) and reconstructed T1 map (1C) at 3T. The mean T1 time for this patient was 
1152 ms (pre-contrast). 

techniques that have made CMR so 
important is late gadolinium enhance-
ment (LGE) and the demonstration of 
localized areas of infarct and scar tissue 
[2–4]. However, despite being very sen-

sitive to small areas of regional fibrosis, 
LGE techniques are mostly dependent on 
the comparison to supposedly normal ref-
erence areas of myocardium, thus not 
being able to depict more diffuse disease.
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Table 1: Comparison of the MOLLI sequences available for T1-mapping:

Sequence Original MOLLI T1 
 sequence [15]

Optimized MOLLI 
 sequence [17]

Shortened MOLLI 
 sequence [18]

Preparation Non-selective inversion 
recovery

Non-selective inversion 
recovery

Non-selective inversion 
recovery

Bandwidth 1090 Hz/px 1090 Hz/px 1090 Hz/px

Flip angle 50° 35° 35°

Base matrix 240 192 192

Phase resolution 151 128 144

FOV x % phase 380 x 342 256 x 100 340 x 75

TI 100 ms 100 ms 100 ms

Slice thickness 8 mm 8 mm 8 mm

Acquisition window 191.1 ms 202 ms 206 ms

Trigger delay 300 ms 300 ms 500 ms

Inversions 3 3 3

Acquisition heartbeats 3,3,5 3,3,5 5,5,1

Recovery heartbeats 3,3,1 3,3,1 1,1,1

TI increment 100–150 ms 80 ms 80 ms

Scan time 17 heartbeats 17 heartbeats 9 heartbeats

Spatial resolution 2.26 x 1.58 x 8 mm 2.1 x 1.8 x 8 mm 1.8 x 1.8 x 8 mm
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Myocardial interstitial fibrosis, with a 
 diffuse increase in collagen content in 
myocardial volume, develops as a result 
of many different stimuli including pres-
sure overload, volume overload, aging, 
oxidative stress and activation of the 
sympathetic and renin-angiotensin-aldo-
sterone system [5]. Different from 
replacement fibrosis, where regional col-
lagen deposits appear in areas of myo-
cyte injury, LGE has a limited sensitivity 
for interstitial diffuse fibrosis [6]. There-
fore, if one wants to image diffuse inter-
stitial fibrosis within the myocardium 
other techniques might be more suitable.
While echocardiogram backscatter and 
nuclear imaging techniques may be 
applied for that purpose [7, 8], myocar-
dial tissue characterization is definitely 
an area where CMR plays a large role. 
While equilibrium contrast CMR and 
myocardial tagging have been shown to 
reflect diffuse myocardial fibrosis, 

T1-mapping techniques have been most 
widely used. In the following, we 
describe the developments in T1-map-
ping as well as their possible current and 
future uses.

T1-mapping 
By directly quantifying T1 values for 
each voxel in the myocardium, a para-
metric map can be generated represent-
ing the T1 relaxation times of any region 
of the heart without the need to com-
pare it to a normal reference standard 
before or after the use of a contrast 
agent. The first attempts to measure T1 
times in the myocardium used the origi-
nal Look-Locker sequence and were 
done using free breathing with acquisi-
tion times of over 1 minute per image 
[9, 10], not allowing for pixel-based-
mapping but only for regions-of-interest 
analysis. Another implementation of 
T1-mapping used variable sampling of 

the k-space in time (VAST), acquiring 
images in three to four breath-holds and 
correlating that data to invasive biopsy 
[11]. Other sequences have been used 
for quantification of T1 as well using 
inversion recovery TrueFISP [12, 13] or 
multishot saturation recovery images 
[14] but their reproducibility and accu-
racy have not been extensively 
 validated.
The most widely used T1-mapping 
sequence is based on the Modified Look-
Locker Inversion-recovery (MOLLI) tech-
nique. Described originally by Mess-
roghli et al. [15] it consists of a single 
shot TrueFISP image with acquisitions 
over different inversion time readouts 
allowing for magnetization recovery of a 
few seconds after 3 to 5 readouts. The 
parameters for the original MOLLI 
sequence are described in Table 1. The 
advantages of this sequence over previ-
ous methods are its acquisition in only 

2 MOLLI (2A) versus ShMOLLI (2B) in a single patient at 3T post-contrast. The calculated values for the 11 MOLLI images were 551 ms versus 
544 ms for the 8 images of the shMOLLI set. The time to acquire the MOLLI images were 21 seconds versus 14 seconds for the shMOLLI sequence 
(with a patient heart rate of 61 bpm).

2A 2B



MAGNETOM Flash · 1/2012 · www.siemens.com/magnetom-world   99

Cardiovascular Imaging Clinical

one relatively short breath-hold, the 
higher spatial resolution (1.6 x 2.3 x 
8 mm) and increased dynamic signal. 
Reproducibility studies using this 
sequence have shown that the method 
is very accurate with a coefficient of 
variation of 5.4% [16] although an 
underestimation of 8% should be 
expected based on phantom data. An 
example of MOLLI images and its respec-
tive signal-time curves and map are 
shown in Figure 1. One disadvantage of 
this implementation of MOLLI is its 
dependence on heart rate, mostly true 
for T1 values less than 200 msec or 
greater than 750 msec. However, 
because the deviation is systematic, raw 
values can be corrected using the for-
mula T1corrected = T1raw – (2.7 x [heart rate 
-70]), bringing the coefficient of varia-
tion down to 4.6% after applying the 
correction. An optimized MOLLI 
sequence was subsequently described 

where heart rate correction might not 
be even necessary [17]. In the optimized 
sequence, the authors tested variations 
in readout flip angle, minimum inversion 
time, inversion time increments and 
number of pauses between each read-
out sequence. The conclusion from 
these experiments showed that a flip 
angle of 35°, a minimum inversion time 
of 100 msec, increments of 80 msec and 
three heart cycle pauses allowed for the 
most accurate measurement of myocar-
dial T1 (Table 1). Because T1 assessment 
may be sensitive to motion artifacts and 
not all patients might be able to hold 
their breaths throughout all the neces-
sary cardiac cycles used in MOLLI’s 
sequence implementation, more 
recently a shortened version sequence 
(ShMOLLI) using only 9 heart beats was 
presented to account for those limita-
tions [18]. Using incomplete recovery of 
the longitudinal magnetization that is 

corrected directly in the scanner by con-
ditional interpretation, ShMOLLI was 
directly compared to MOLLI in patients 
over a wide range of T1 times and heart 
rates both at 1.5 and 3T. The results 
showed that despite an increase in noise 
and slight increase in the coefficient of 
variation (especially at 1.5T), T1 times 
were not significantly different using 
ShMOLLI with the advantage of much 
shorter acquisition times (9.0 ± 1.1 sec 
versus 17.6 ± 2.9 sec). An example of 
MOLLI and ShMOLLI images from the 
same patient is presented in  Figure 2.
Up to now, after acquiring images for 
T1-mapping, one had to analyze them 
using in-house developed software, 
 dedicated commercial programs or 
open-source solutions [19], not always a 
simple and routine task, leading to diffi-
culty in post-processing the data and 
generating T1 values. Recent advances 
have provided new inline processing 

3 An example of an automated T1-map generated on the fly with inline processing after acquisition of a MOLLI sequence at 3T. 
In (3A) the original images acquired and in (3B) the inline map. The T1 for this patient was calculated at 525 ms post-contrast.

3A 3B



100   MAGNETOM Flash · 1/2012 · www.siemens.com/magnetom-world

Clinical Cardiovascular Imaging

techniques that will generate the 
T1-maps automatically after image 
acquisition with MOLLI, without the 
need for further post-processing, accel-
erating the whole process. An example 
of such automated T1-map is presented 
in  Figure 3. At the same time, inline 
application of motion correction permits 
more accurate pixel-wise maps, avoiding 
errors due to respiratory deviations. 
An example of an image with and with-
out motion correction is presented in 
Figure 4.

Clinical applications
Potentially, T1-mapping can be used to 
assess any disease that affects the myo-
cardium promoting diffuse fibrosis. How-
ever, because of its recent development, 
the technique has only been evaluated 
on a small number of patients although 
the clinical scenarios are varied.
The first clinical description of direct 
T1-mapping in pathological situations 
was done in patients with acute myocar-
dial infarction [20]. While the authors 
did not use the described MOLLI 
sequence, they did note that pre-con-
trast infarct areas had an 18 ± 7% 
increase in T1 times compared to normal 
myocardium and that after contrast the 
same areas showed a 27 ± 4% reduction 
compared to non-infarcted areas (P < 
0.05 for both). In chronic myocardial 

infarction, where LGE has proven so use-
ful, these changes were also observed 
although differences were not as pro-
nounced as in the acute setting [21].
In amyloidosis, post-contrast T1 times 
were also detected to be shorter in the 
subendocardial regions compared to 
other myocardium areas [22]. The com-
bination of both LGE identification and 
T1 times < 191 msec in the subendocar-
dium at 4 minutes provided a 97% con-
cordance in diagnosis of cardiac amyloi-
dosis and T1 values significantly 
correlated to markers of amyloid load 
such as left ventricular mass, wall thick-
ness, interatrial thickness and diastolic 
function.
In valve disease, an attempt to show dif-
ferences in T1 values in patients with 
chronic aortic regurgitation using MOLLI 
sequence did not find any changes in 
the overall group before or after contrast 
[23]. However, the authors did notice 
that differences were observed region-
ally in segments that demonstrated 
impaired wall motion in cine images. 
The small number of patients (n = 8) in 
the study might have affected the con-
clusions and further evaluation of simi-
lar data might yield other conclusions. 
A more recent study showed that, using 
equilibrium contrast CMR, diffuse fibro-
sis measured in aortic stenosis patients 
provided significant correlations to 

quantification on histology [24].
In heart failure, the use of T1-mapping 
has been more widely studied and 
directly correlated to histology evalua-
tion [11]. In this paper, the authors eval-
uated patients with ischemic, idiopathic 
and restrictive cardiomyopathies show-
ing that post-contrast T1 times at 1.5T 
were significantly shorter than controls 
even after exclusion of areas of LGE (429 
± 22 versus 564 ± 23 msec, P < 0.0001). 
We have investigated a similar group of 
patients on a 3T MAGNETOM Verio scan-
ner and have found that both dilated 
and hypertrophic cardiomyopathy 
patients have lower post-contrast T1 
times compared to controls, but non-
infarcted areas from ischemic cardiomy-
opathy patients do not show significant 
differences (unpublished data). Exam-
ples of a myocardial T1-map at 3T from a 
patient with dilated cardiomyopathy and 
suspected hypertrophic cardiomyopathy 
are seen in Figure 5 and 6 respectively.
Finally, in patients with both type 1 and 
2 diabetes melitus, T1-mapping using 
CMR was able to show that these 
patients may have increased interstitial 
fibrosis compared to controls as T1 times 
were significantly shorter (425 ± 72 msec 
versus 504 ± 34 msec, P < 0.001) and 
correlated to global longitudinal strain 
by echocardiography, demonstrating 
impaired myocardial systolic  function.
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4 Example of a 
MOLLI sequence 
obtained without 
(4A) and with 
(4B) motion cor-
rection. Notice 
the deviation 
from baseline of 
the left ventricle 
during the image 
acquisition cycle, 
fully corrected in 
(4B).
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Future directions

Certainly with the research of T1-map-
ping in different clinical scenarios the 
applicability of the method will increase 
substantially. In the meantime, more 
effort has been made to further stan-
dardize values across different patients 
and time points. As T1 time, especially 
after injection of contrast, depends on 
both physiologic and scan acquisitions, 
methods have been described to 
account for these factors, with normal-
ization of T1 values [25]. More than 
that, standardization of normal values 
across a larger number of normal indi-
viduals is also necessary since most 
papers provide data on much reduced 
cohorts, mostly limited to single center 
data. In that regard, a large multicenter 
registry is already collecting data at 3T 
in patients from 20 to 80 years of age in 
Latin America [Fernandes JL et al. – 
www.clinicaltrials.gov – NCT01030549]. 
Besides that, other techniques are under 
development that might allow T1 mea-
surement with larger coverage of the 
heart using 3D methods [26]. 
Nevertheless, with the current tech-
niques available there are already much 
more clinical applications to explore and 
certainly quantitative T1-mapping will 
become one of the key applications in 
CMR in the near future.



5  T1-mapping at 3T after contrast of a patient with (5A) dilated cardiomyopathy (T1 of 507 ms) in comparison to 
(5B) a control patient (T1 of 615 ms).

6  T1-mapping of a patient with (6A) suspected hypertrophic cardiomyopathy (T1 of 466 ms) in comparison to 
(6B) a control patient (with a T1 of 615 ms).
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