
T1 mapping 

Initial T1 measurement methods were 
multi-breath-hold. These were time 
consuming and clunky, but were able 
to measure well diffuse myocardial 
fibrosis, a fundamental myocardial 
property with high potential clinical 
significance [1]. Healthy volunteers 
and those with disease had different 
extents of diffuse fibrosis [2], and 
these were shown to be clinically  
significant in a number of diseases. 
T1 mapping methods based on the 
MOLLI* approach with modifications 
for shorter breath-holds, better heart 
rate independence and better image 
registration for cleaner maps, however, 
transformed the field – albeit still 
with a variety of potential sequences 
in use [3-5]. There are two key ways 
of using T1 mapping: Without (or 

designed to optimize contrast 
between ‘normal’ and abnormal – 
a dichotomy of health and disease. As 
a result, global myocardial patholo­
gies such as diffuse infiltration (fibro­
sis, amyloid, iron, fat, pan-inflamma­
tion) are missed.

Recently, rapid technical innovations 
have generated new ‘mapping’ tech­
niques. Rather than being ‘weighted’, 
these create a pixel map where each 
pixel value is the T1 or T2 (or T2*), 
displayed in color. These new 
sequences are single breath-hold, 
increasingly robust and now widely 
available. With T1 mapping, clever 
contrast agent use also permits the 
measurement of the extracellular 
volume (ECV), quantifying the inter­
stitium (odema, fibrosis or amyloid), 
also as a map. Early results with these 
methodologies are exciting – poten­
tially representing a new era of CMR. 

Introduction

Cardiovascular magnetic resonance 
(CMR) is an essential tool in cardiol­
ogy and excellent for cardiac function 
and perfusion. However, a key, unique 
advantage is its ability to directly 
scrutinize the fundamental material 
properties of myocardium – ‘myocar­
dial tissue characterization’.

Between 2001 and 2011, the key 
methods for tissue characterization 
have been sequences ‘weighted’ to 
a magnetic property – T1-weighted 
imaging for scar (LGE) and T2-weighted 
for edema (area at risk, myocarditis). 
These, particularly LGE imaging, have 
changed our understanding and clini­
cal practice in cardiology. 

However, there are limitations to 
these approaches: Both are difficult 
to quantify – the LGE technique in 
particular is very robust in infarction, 
but harder to quantify in non-ischemic 
cardiomyopathy. A more fundamental 
difference is that sequences are 
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Native T1 maps of (1A) healthy 
volunteer (author VM): the 
myocardium appears homogenously 
green and the blood is red; (1B) 
cardiac amyloid: the myocardium 
has a higher T1 (red); (1C) 
Anderson Fabry disease: the 
myocardium has a lower T1 (blue) 
from lipid – except the inferolateral 
wall where there is red from 
fibrosis; (1D) myocarditis, the 
myocardium has a higher T1 (red) 
from edema, which is regional; (1E) 
iron overload: the myocardium has 
a lower T1 (blue) from iron.
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* The product is currently under develop­
ment; is not for sale in the U.S. and other 
countries, and its future availability cannot 
be ensured.



before) contrast – Native T1 mapping; 
and with contrast, typically by sub­
tracting the pre and post maps with 
hematocrit correction to generate 
the ECV [6]. 

Native T1 

Native T1 mapping (pre-contrast T1) 
can demonstrate intrinsic myocardial 
contrast (Fig. 1). T1, measured in mil­
liseconds, is higher where the extra­
cellular compartment is increased. 
Fibrosis (focal, as in infarction, or dif­
fuse) [7-8], odema [9-10] and amy­
loid [11], are examples. T1 is lower in 
lipid (Anderson Fabry disease, AFD) 
[12], and iron [13] accumulation.

These changes are large in some rare 
disease. Global myocardial changes 
are robustly detectable without con­
trast, even in early disease. In iron, AFD 
and amyloid, changes appear before 
any other abnormality – there may be 
no left ventricular hypertrophy, a nor­
mal electrocardiogram, and normal 
conventional CMR, for example – gen­
uinely new information. In established 
disease, low T1 values in AFD appear 
to absolutely distinguish it from other 
causes of left ventricular hypertrophy 
[12] whilst in established amyloid T1 
elevation tracks known markers of 
cardiac severity [11].

A note of caution, however. Native 
T1, although stable between healthy 
volunteers to 1 part in 30, is depen­
dent on platform (magnet manufac­
turer, sequence and sequence variant, 
field strength) [14]. Normal reference 
ranges for your setup are needed. 

The signal acquired is also a compos­
ite signal – generated by both inter­
stitium and myocytes. The use of 
an extracellular contrast agent adds 
another dimension to T1 mapping 
and the ability to characterize the 
extracellular compartment specifically.

Extracellular volume (ECV)

Initially, post-contrast T1 was mea­
sured, but this is confounded by renal 
clearance, gadolinium dose, body 
composition, acquisition time post 
bolus, and hematocrit. Better is mea­
suring the ECV. The ratio of change 
of T1 between blood and myocardium 
after contrast, at sufficient equilibrium 
(e.g. after 15 minutes post-bolus – no 
infusion generally needed) [15, 16], 
represents the contrast agent parti­
tion coefficient [17], and if corrected 
for the hematocrit, the myocardial 
extracellular space – ECV [1]. The ECV 

is specific for extracellular expansion, 
and well validated. Clinically this 
occurs in fibrosis, amyloid and 
odema. To distinguish, the degree of 
ECV change and the clinical context  
is important. A multiparametric 
approach (e. g. T2 mapping or 
T2-weighted imaging in addition) 
may therefore be useful. Amyloid can 
have far higher ECVs than any other 
disease [18] whereas ageing has small 
changes – near the detection limits, 
but of high potential clinical impor­
tance [19, 20]. For low ECV expan­
sion diseases, biases from blood pool 
partial volume errors need to be metic­
ulously addressed. Nevertheless, even 
modest ECV changes appear prognos­
tic. In 793 consecutive patients  
(all-comers but excluding amyloid and 
HCM, measuring outside LGE areas) 
followed over 1 year, global ECV pre­
dicted short term-mortality (Fig. 2) 

ECV in non scar areas (LGE excluded) is associated with all-cause mortality [21].2

2

A patient with myocarditis. On the left side a native T1 map showing the higher T1 value in the inferolateral wall (1115 ms); 
in the centre, a post-contrast T1 map showing the shortened T1 value after contrast administration (594 ms); on the right side 
the derived ECV map showing higher value of ECV (58%) compared to remote myocardium.
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Progress is rapid; challenges remain. 
Delivery across sites and standard­
ization is now beginning with new 
draft guidelines for T1 mapping  
in preparation. Watch this space. 
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The use and capability of ECV quanti­
fication is growing. T1 mapping is 
getting better and inline ECV maps 
are now possible where each pixel 
carries directly the ECV value (Fig. 3) 
– a more biologically relevant figure 
than T1 [6].

T2 mapping

T2-weighted CMR identifies myocar­
dial odema both in inflammatory 
pathologies and acute ischemia, delin­
eating the area at risk. However, these 
imaging techniques (e. g. STIR) are 
fragile in the heart and can be chal­
lenging, both to acquire and to inter­
pret. Preliminary advances were made 
with T2-weighted SSFP sequences, 

(4A) T2 mapping in a normal volunteer (author VM). (4B) High T2 value in patient 
with myocarditis – here epicardial edema. (4C) Edema in acute myocardial 
infarction – here patchy due to microvascular obstruction – see LGE, (4D).
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which reduce false negatives and  
positives [23, 24]. T2 mapping seems 
a further increment [25] (Fig. 4). As 
with T1 mapping, global diseases such 
as pan-myocarditis may now be iden­
tified by T2 mapping, and preliminary 
results are showing this in several 
rheumatologic diseases (lupus, sys­
temic capillary leak syndrome) and 
transplant rejection, detecting early 
rejection missed by other modalities 
[26, 27]. 

Conclusion

Mapping – T1, T2, ECV mapping of 
myocardium is an emerging topic with 
the potential to be a powerful tool in 
the identification and quantification 
of diffuse myocardial processes with­
out biopsy. Early evidence suggests 
that this technique detects early stage 
disease missed by other imaging 
methods and has potential as a prog­
nosticator, as a surrogate endpoint 
in trials, and to monitor therapy. 

120
ms

0
ms

Clinical Cardiology

106  MAGNETOM Flash | 5/2013 | www.siemens.com/magnetom-world



Contact

Dr. James C. Moon
The Heart Hospital Imaging Centre
University College London Hospitals 
16–18 Westmoreland Street
London W1G 8PH
UK
Phone: +44 (20) 34563081 
Fax: +44 (20) 34563086
james.moon@uclh.nhs.uk

	 9	 Ferreira VM, Piechnik SK, Dall’Armellina E, 
Karamitsos TD, Francis JM, Choudhury 
RP, Friedrich MG, Robson MD, Neubauer 
S. Non-contrast T1-mapping detects acute 
myocardial edema with high diagnostic 
accuracy: a comparison to T2-weighted 
cardiovascular magnetic resonance. J 
Cardiovasc Magn Reson 2012; 14:42.

	10	Dall’Armellina E, Piechnik SK, Ferreira VM, 
Si Ql, Robson MD, Francis JM, Cuculi F, 
Kharbanda RK, Banning AP, Choudhury 
RP, Karamitsos TD, Neubauer S. Cardio­
vascular magnetic resonance by non 
contrast T1-mapping allows assessment 
of severity of injury in acute myocardial 
infarction. J Cardiovasc Magn Reson 
2012;14:15.

	11	Karamitsos TD, Piechnik SK, Banypersad 
SM, Fontana M, MD, Ntusi NB, Ferreira 
VM, Whelan CJ, Myerson SG, Robson MD, 
Hawkins PN, Neubauer S, Moon JC. 
Non-contrast T1 Mapping for the 
Diagnosis of Cardiac Amyloidosis.  
J Am Coll Cardiol Img 2013;6:488–97.

	12	 Sado DM, White SK, Piechnik SK, 
Banypersad SM, Treibel T, Captur G, 
Fontana M, Maestrini V, Flett AS, Robson 
MD, Lachmann RH, Murphy E, Mehta A, 
Hughes D, Neubauer S, Elliott PM,  
Moon JC. Identification and assessment 
of Anderson-Fabry Disease by Cardiovas­
cular Magnetic Resonance Non-contrast 
myocardial T1 Mapping clinical 
perspective. Circ Cardiovasc Imaging 
2013;6:392-398.

	13	 Pedersen SF, Thrys SA, Robich MP, Paaske 
WP, Ringgaard S, Bøtker HE, Hansen ESS, 
Kim WY. Assessment of intramyocardial 
hemorrhage by T1-weighted cardiovas­
cular magnetic resonance in reperfused 
acute myocardial infarction. J Cardiovasc 
Magn Reson 2012; 14:59.

	14	Raman FS, Kawel-Boehm N, Gai N, Freed 
M, Han J, Liu CY, Lima JAC, Bluemke DA, 
Liu S. Modified look-locker inversion 
recovery T1 mapping indices: assessment 
of accuracy and reproducibility between 
magnetic resonance scanners. 
J Cardiovasc Magn Reson 2013; 15:64.

	15	White SK, Sado DM, Fontana M, Banypersad 
SM, Maestrini V, Flett AS, Piechnik SK, 
Robson MD, Hausenloy DJ, Sheikh AM, 
Hawkins PN, Moon JC. T1 Mapping for 
Myocardial Extracellular Volume 
measurement by CMR: Bolus Only Versus 
Primed Infusion Technique, 2013 Apr 5 
[Epub ahead of print].

	16	 Schelbert EB, Testa SM, Meier CG, 
Ceyrolles WJ, Levenson JE, Blair AJ, 
Kellman P, Jones BL, Ludwig DR, 
Schwartzman D, Shroff SG, Wong TC. 
Myocardial extravascular extracellular 
volume fraction measurement by 
gadolinium cardiovascular magnetic 
resonance in humans: slow infusion 
versus bolus. J Cardiovasc Magn Reson 
2011, Mar 4;13-16.

	17	 Flacke SJ, Fischer SE, Lorenz CH. 
Measurement of the gadopentetate 
dimeglumine partition coefficient in 
human myocardium in vivo: normal 
distribution and elevation in acute and 
chronic infarction. Radiology 
2001;218:703-10.

	18	Banypersad SM, Sado DM, Flett AS, 
Gibbs SDG, Pinney JH, Maestrini V,  
Cox AT, Fontana M, Whelan CJ, 
Wechalekar AD, Hawkins PN, Moon JC. 
Quantification of myocardial extracellular 
volume fraction in systemic AL amyloi­
dosis: An Equilibrium Contrast Cardio-
vascular Magnetic Resonance Study.  
Circ Cardiovasc Imaging 2013;6:34-39.

	19	Ugander M, Oki AJ, Hsu LY, Kellman P, 
Greiser A, Aletras AH, Sibley CT, Chen MY, 
Bandettini WP, Arai AE. Extracellular 
volume imaging by magnetic resonance 
imaging provides insights into overt  
and sub-clinical myocardial pathology. 
Eur Heart J 2012; 33: 1268–1278.

	20	 Liu CY, Chang Liu Y, Wu C, Armstrong A, 
Volpe GJ, van der Geest RJ, Liu Y, Hundley 
WG, Gomes AS, Liu S, Nacif M, Bluemke 
DA, Lima JAC. Evaluation of age related 
interstitial myocardial fibrosis with Cardiac 
Magnetic Resonance Contrast-Enhanced 
T1 Mapping in the Multi-ethnic Study of 
Atherosclerosis (MESA). J Am Coll Cardiol 
2013 Jul 3 [Epub ahead of print].

	21	Wong TC, Piehler K, Meier CG, Testa SM, 
Klock AM, Aneizi AA, Shakesprere J, 
Kellman P, Shroff SG, Schwartzman DS, 
Mulukutla SR, Simon MA, Schelbert EB. 
Association between extracellular matrix 
expansion quantified by cardiovascular 
magnetic resonance and short-term 
mortality. Circulation 2012 Sep 
4;126(10):1206-16.

	22	Wong TC, Piehler KM, Kang IA, Kadakkal 
A, Kellman P, Schwartzman DS, Mulukutla 
SR, Simon MA, Shroff SG, Kuller LH, 
Schelbert EB. Myocardial extracellular 
volume fraction quantified by cardiovas­
cular magnetic resonance is increased 
in diabetes and associated with mortality 
and incident heart failure admission. Eur 
Heart J 2013 Jun 11 [Epub ahead of print].

	23	Giri S, Chung YC, Merchant A, Mihai G, 
Rajagopalan S, Raman SV, Simonetti OP. 
T2 quantification for improved detection 
of myocardial edema. J Cardiovasc Magn 
Reson 2009; 11:56.

	24	Verhaert D, Thavendiranathan P, Giri S, 
Mihai G, Rajagopalan S, Simonetti OP, 
Raman SV. Direct T2 Quantification of 
Myocardial Edema in Acute Ischemic 
Injury. J Am Coll Cardiol Img 2011;4: 
269-78.

	25	Ugander M, Bagi PS, Oki AB, Chen B,  
Hsu LY, Aletras AH, Shah S, Greiser A, 
Kellman P, Arai AE. Myocardial oedema  
as detected by Pre-contrast T1 and T2 
CMR delineates area at risk associated 
with acute myocardial infarction.  
J Am Coll Cardiol Img 2012;5:596–603.

	26	 ThavendiranathanP, Walls M, Giri S, 
Verhaert D, Rajagopalan S, Moore S, 
Simonetti OP, Raman SV. Improved 
detection of myocardial involvement in 
acute inflammatory cardiomyopathies 
using T2 Mapping. Circ Cardiovasc 
Imaging 2012;5:102-110.

	27	Usman AA, Taimen K, Wasielewski M, 
McDonald J, Shah S, Shivraman G,  
Cotts W, McGee E, Gordon R, Collins JD, 
Markl M, Carr JC. Cardiac Magnetic 
Resonance T2 Mapping in the monitoring 
and follow-up of acute cardiac transplant 
rejection: A Pilot Study. Circ Cardiovasc 
Imaging. 2012; 6:782-90.

Cardiology Clinical

MAGNETOM Flash | 5/2013 | www.siemens.com/magnetom-world  107




