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REVIEW

T2 mapping in myocardial disease: 
a comprehensive review
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Abstract 

Cardiovascular magnetic resonance (CMR) is considered the gold standard imaging modality for myocardial tissue 
characterization. Elevated transverse relaxation time (T2) is specific for increased myocardial water content, increased 
free water, and is used as an index of myocardial edema. The strengths of quantitative T2 mapping lie in the accurate 
characterization of myocardial edema, and the early detection of reversible myocardial disease without the use of 
contrast agents or ionizing radiation. Quantitative T2 mapping overcomes the limitations of T2-weighted imaging for 
reliable assessment of diffuse myocardial edema and can be used to diagnose, stage, and monitor myocardial injury. 
Strong evidence supports the clinical use of T2 mapping in acute myocardial infarction, myocarditis, heart transplant 
rejection, and dilated cardiomyopathy. Accumulating data support the utility of T2 mapping for the assessment of 
other cardiomyopathies, rheumatologic conditions with cardiac involvement, and monitoring for cancer therapy-
related cardiac injury. Importantly, elevated T2 relaxation time may be the first sign of myocardial injury in many 
diseases and oftentimes precedes symptoms, changes in ejection fraction, and irreversible myocardial remodeling. 
This comprehensive review discusses the technical considerations and clinical roles of myocardial T2 mapping with an 
emphasis on expanding the impact of this unique, noninvasive tissue parameter.
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Background
Decay of transverse magnetization, marked by the relaxa-
tion time constant T2, has long been known as an index 
of myocardial edema. Cardiovascular magnetic reso-
nance (CMR) studies from the early 1980s in canines 
demonstrated a positive linear relationship between 
myocardial water content and T2 relaxation time in 
myocardial ischemia [1, 2]. These ex  vivo investigations 
using spin echo pulse sequences provided an early frame-
work for the use of T2 relaxation time in the detection 
of myocardial edema. Subsequent in  vivo canine stud-
ies used electrocardiogram (ECG) gated spin echo pulse 
sequences to assess elevated myocardial T2 times after 

coronary artery occlusion and reperfusion [3, 4]. The 
first CMR study establishing feasibility, safety, and utility 
of the technique for human patients with acute myocar-
dial infarction (AMI) took place in 1989 [5]. These early 
in  vivo studies were limited by imaging artifacts caused 
by blood flow and breathing motion. These limitations 
were overcome by a pulse sequence that combined turbo 
spin echo with short-inversion-time inversion-recov-
ery (STIR), and blood signal nulling [6] that enabled 
T2-weighted imaging of the heart within a breath-hold. 
This form of T2-weighted imaging (T2w-STIR) remains 
one of the predominant CMR modes for assessment of 
myocardial edema.

Quantitative T2 mapping overcomes several limita-
tions of T2-weighted (T2w) imaging and results in more 
accurate evaluation of myocardial edema [7]. T2 map-
ping has been validated in an animal study by showing 
strong correlation with actual myocardial water content 
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[8]. It is important to note that myocardial T2 time may 
be elevated by changes in myocardial water state, and 
not only net water content (Fig.  1). This explains why 
T2 relaxation time may be elevated in myocardial dis-
eases that do not produce changes in gross water con-
tent. Examples of conditions that may elevate T2 times 
without changing net water content include changes in 
the fraction of free water vs. water bound to macromol-
ecules, fluid shifts between extracellular and intracellu-
lar compartments, intracellular vacuolization, changes 
in collagen content, and orientation of collagen fibrils 
[9–15]. Thus, T2 relaxation time is a versatile index for 
a range of myocardial pathologies.

T2 mapping differs from T2w imaging in that it ren-
ders pixel-wise T2 times for myocardium on a continu-
ous millisecond (ms) scale. The basic requirements for 
any conventional T2 mapping method are: (a) acquisi-
tion of a series of T2w images at varying T2 sensitiv-
ity; (b) co-registration of the multiple source images; 
(c) estimation of T2 relaxation time by performing a 
pixel-wise fit of the T2w signal to a mono-exponential 
decay equation (Eq.  1.), where S

(

x, y
)

 is the acquired 
signal intensity for the pixel location 

(

x, y
)

 , M0(x, y) 
is the steady-state signal, TET2p is the T2 preparation 
time, T2 is the T2 relaxation time, and C is a constant 
offset that may or may not be used based on the fitting 
model; and (d) reconstruction of a quantitative para-
metric map, usually color coded for easier visualization 
(Fig. 2).

T2 mapping provides reliable quantitative information 
about focal, regional, patchy, or diffuse myocardial dis-
ease, whereas T2w imaging relies on semi-quantitative 
comparison of signal intensities between normal and 
diseased myocardium, or between myocardium and skel-
etal muscle. Depending on the pulse sequence, advan-
tages of T2 mapping over T2w imaging include reduced 
sensitivity to motion, reduced signal intensity vari-
ability, improved detection of endocardial borders, and 
increased objectivity [7].

This comprehensive review discusses T2 mapping from 
two perspectives. The technical considerations of T2 
mapping are discussed first, followed by established and 
emerging clinical roles as well as future directions for this 
CMR imaging modality.

T2 map acquisition
T2 maps may be acquired in any imaging plane, typically 
in the vertical long axis (VLA or two-chamber), hori-
zontal long axis (HLA or four-chamber), three-chamber, 
and short axis (SAx) planes (Fig.  3). Mapping can be 
performed at field strengths (B0) of 1.5 T, or 3 T. Source 
images may be acquired with or without magnetiza-
tion preparation, in a single-shot or segmented fashion, 
ECG-triggered with breath-holding, or as navigator-
gated free breathing scans, in 2D or 3D, with Cartesian 
or radial readouts, and combined with non-rigid motion 

(1)S(x, y) = M0(x, y)e
−TET2p
T2(x,y) + C

Fig. 1  Pathophysiology of Changes in Free Water and Water Content During Ischemic Myocardial Injury. A simplified graphical representation of 
(a) equilibrium of free water and bound water during steady physiologic state. During ischemia due to micro- or macro-vascular obstruction, (b) 
adenosine triphosphate (ATP)-dependent ion pumps are disrupted resulting in fluid shifting intracellularly and an increase in free water relative 
to bound water without change in net water content. Decreased intracellular pH changes protein conformation—favoring release of bound 
water. Finally, reperfusion of necrotic myocardium through damaged microvasculature (c) results in leakage of intravascular fluid and cells into 
the interstitial space with gain of free water in this compartment and net water increase. Adapted with permission from Springer Nature: Nature 
Reviews Cardiology. Friedrich MG. Myocardial edema–a new clinical entity? Nat Rev Cardiol. 2010;7(5):292–296. https://​doi.​org/​10.​1038/​nrcar​dio.​
2010.​28
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Fig. 2  Quantitative Determination of Myocardial T2 Relaxation Time. In order to generate quantitative maps of myocardial T2 relaxation time, 
several images with varying T2 sensitivity are acquired at the same cardiac phase over multiple cardiac cycles. For each pixel location, the signal 
intensities across the T2 weighted (T2w) images are then fit to a mono-exponential decay equation to estimate the T2 relaxation time and generate 
a T2 map. These maps are often displayed using a color scale for easier visualization. The graph demonstrates the transverse signal decay of 
myocardium and arterial blood, as measured from the three single-shot T2 prepared balanced steady state free precession (bSSFP) images acquired 
at T2 preparation times of 0, 25 and 55 ms. Since myocardial T2 relaxation time is approximately four times shorter than arterial blood, this difference 
is observed in the faster signal decay in the myocardium across the T2w  images and in the color map. Placing a region of interest in the map 
provides the user with the corresponding T2 relaxation time

Fig. 3  T2 Mapping in a Patient with no Evidence of Myocardial Edema/Inflammation. Short axis (Panel A1–A3) and long axis T2 maps (Panel 
B1–B3). Focal T2 time prolongation in the mid anteroseptal wall on the map acquired during diastole (Panel A2; black arrow), most likely caused by 
partial volume artifact, is no longer present on the map acquired during systole (Panel A3). A1—basal short axis view; A2—midmyocardial short 
axis view acquired during diastole; A3—midmyocardial short axis view acquired during systole; B1—horizontal long axis view; B2—three-chamber 
view; B3—vertical long axis view. T2-prepared bSSFP pulse sequence with the use of rectangular T2 preparation pulse utilized to acquire T2 short 
axis (SAx) map during diastole (Panel A2) and with adiabatic T2 preparation pulse to acquire long axis and SAx T2 maps during systole (Panel A1, 
A3, B1–B3)(1.5 T MAGNETOM Sola, Siemens Healthineers)
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correction as needed. These acquisition methods are 
briefly summarized below.

B0 field strength
T2 relaxation times decrease with increasing field 
strength. Myocardial T2 maps are commonly acquired at 
1.5 T and 3 T [7, 16–20] with feasibility demonstrated at 
lower field strengths [21, 22] as well. Imaging at higher 
field strength provides a signal-to-noise ratio (SNR) gain 
that may afford higher spatial and temporal resolution. 
On the other hand, increased B0 and B1 inhomogeneities 
experienced at higher field strengths can create non-uni-
form T2 preparation, resulting in artifacts that confound 
image interpretation. Use of B1-insensitive adiabatic T2 
preparation pulses, application of B0 and B1 shimming, 
and use of gradient recalled echo (GRE) instead of bal-
anced steady state free precession (bSSFP) acquisition 
modules can mitigate these artifacts to some extent and 
ensure successful imaging at 3 T [23, 24].

T2 preparation
Magnetization preparation based T2 mapping utilizes a 
T2 preparation module to create T2 contrast, followed 
by a readout or data acquisition module using a fast 
sequence such as bSSFP [25] or GRE. This allows the T2w 
magnetization to be sampled before bSSFP steady-state is 
reached and creates image contrast that is primarily due 
to the T2 relaxation time. The T2 preparation module 
duration, or T2 preparation time (T2prep), is adjusted to 
acquire images at varying echo times. The T2 preparation 
module consists of a 90° excitation or tip-down pulse to 
tip the magnetization into the transverse plane, a train 
of equally spaced 180° pulses to refocus the transverse 
magnetization, followed by a 90° tip-up pulse to restore 
the T2w magnetization to the longitudinal axis. This T2 
preparation scheme was first used to achieve muscle and 
venous suppression for improved visualization of coro-
nary arteries [26]. Combinations of single or composite 
rectangular hard pulses ordered with Malcolm-Levitt 
phase cycling [27] and adiabatic pulses have been imple-
mented in the T2 preparation module to achieve motion 
and flow insensitivity, and B0 and B1 homogeneity. Adia-
batic pulse designs such as B1-insensitive refocusing [23], 
modified B1-insensitive rotation [28] and Silver-Hoult 
[29], provide even greater B0 and B1 homogeneity than 
rectangular pulses.

The T2 preparation module can be non-selective [26] 
for single-slice imaging or slice-selective for multi-slice 
imaging [30]. Mapping techniques that do not utilize 
magnetization preparation are usually multi-echo spin 
echo (MESE) based methods where multiple T2-weighted 
images with different echo times are acquired to generate 
a series of images with varying T2 sensitivity.

Single shot or segmented acquisition
T2 maps can be generated from a series of single-shot 
T2w source images [7, 25]. These source images can also 
be acquired in a segmented fashion to improve temporal 
resolution, or for 3D volumetric imaging, at the expense 
of longer acquisition times [31–34]. The benefits of sin-
gle-shot 2D imaging are that the k-space lines for a single 
T2 prepared source image are acquired in a single heart-
beat, and all source images are acquired within a single 
breath-hold. Single-shot techniques may however suffer 
from both fast and variable heart rates. Unless adjusted, 
the wait time between T2 prepared images is shortened 
with higher heart rates; this can introduce T1 weighting 
(T1w) into the signal as a result of the incomplete mag-
netization recovery, leading to underestimated T2 relaxa-
tion times. Variable heart rates could create variable T1 
influence between source images, leading to altered sig-
nal behavior and errors in the estimated T2. Non-selec-
tive 90° saturation pre-pulses have been used prior to the 
acquisition module to reset the magnetization and avoid 
this heart rate dependency [35, 36].

Motion compensation
Single-shot mapping methods employ ECG-triggering 
and breath-holds to compensate for cardiac and res-
piratory motion. However, poor breath-hold compli-
ance in patients can result in mis-registration of the 
source images, causing mapping errors and the need for 
repeated acquisitions. The use of non-rigid motion cor-
rection algorithms can avoid spatial mis-registration of 
the source images, thereby improving the accuracy of the 
pixel-wise T2 fit and the subsequent quality of the maps; 
it cannot however account for through-plane motion 
arising from different breath-hold positions. Navigator-
gating has been utilized in both 2D and 3D T2 mapping 
to provide respiratory motion compensation that allows 
images to be acquired free-breathing, and to remove con-
straints on achievable spatial and temporal resolution 
[16, 37, 38]. However, the reduced acquisition efficiency 
can prolong scan times. Scanning efficiency has been 
improved with image-based navigator respiratory motion 
correction methods [39, 40].

2D or 3D
Several 2D single-slice T2 maps at different imaging 
planes can be easily included in the routine CMR work-
flow as each map can be acquired in a short breath-hold 
lasting 7–10  s. However, repetitive breath-holds and 
the cumulative scan time become limiting factors when 
extensive myocardial tissue characterization or whole 
heart coverage is desired. In addition, the thicker 2D 
maps (usually 8–10  mm) provide non-isotropic resolu-
tion, which may introduce partial volume effects and 
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potentially lower sensitivity to small focal areas of inflam-
mation. While 2D mapping is the standard approach, 3D 
myocardial T2 mapping methods have been described 
that allow whole heart tissue characterization and 
acquisition of data at isotropic and higher spatial reso-
lution [31, 35]. 3D T2 mapping techniques have been 
accomplished with free-breathing and self-navigation 
techniques, utilizing under sampling strategies and com-
pressed sensing reconstruction to accelerate scan times 
[37, 40].

K‑space sampling
Conventional Cartesian sampling remains the standard 
approach and sampling trajectories that employ linear 
and centric view ordering are commonly used for single-
shot, 2D T2 mapping. Radial and hybrid cartesian-radial 
trajectories have also been implemented, primarily in 
3D T2 mapping techniques [16, 37, 41]. Radial trajecto-
ries can reduce motion sensitivity and afford higher spa-
tial resolution. The under sampled k-space can however 
result in inherent loss of SNR compared to Cartesian 
sampling [42].

Multi‑parametric
Investigational techniques have been described that 
produce T2 maps jointly with other relaxation times by 
employing multiple magnetization preparation modules 
in a single image acquisition. This allows co-registered 
parametric maps to be generated [36, 43–45]. Magnetic 
resonance fingerprinting based techniques map multiple 
tissue properties simultaneously by characterizing the 
signal evolution over time together with dictionary simu-
lation and template matching. T2 maps have been deter-
mined simultaneously with T1, proton density, T1ρ and 
fat fraction [46–48].

Commercially available 2D T2 mapping methods
Although a wide range of T2 mapping strategies exist, 
each having advantages that may best fit the clinical or 
research demand, currently most CMR centers use one of 
the following commercially available 2D pulse sequences 
in their clinical workflow: single-shot T2-prepared bSSFP 
or T2p-GRE [7], multi-echo fast spin echo (multi-echo 
FSE) [6, 32], or gradient spin echo (GraSE) [33] (Fig.  4) 
[49]. Commonly implemented acquisition strategies and 
technical considerations for these pulse sequences are 
further summarized below. The Society for Cardiovas-
cular Magnetic Resonance (SCMR) and European Asso-
ciation for Cardiovascular Imaging (EACVI) recommend 
the use of T2p-bSSFP or T2p-GRE pulse sequences [50].

Single‑shot T2 prepared bSSFP
This mapping technique utilizes a T2 preparation mod-
ule immediately followed by a single-shot bSSFP readout 
module [25]. T2 preparation is non-selective and may 
use composite rectangular or adiabatic 180 ◦ refocus-
ing pulses. Multiple T2-prepared images, usually three, 
are acquired at different T2 preparation times. The pulse 
sequence timing delay following the R-wave trigger is 
adjusted for each image such that each bSSFP readout 
occurs at the same phase of the cardiac cycle, generally 
either mid-diastole or end-systole to avoid rapid cardiac 
motion. Pulse sequence parameters are chosen such 
that the total acquisition time remains within the dura-
tion of a breath hold for most patients. As each image is 
acquired within one heartbeat for single-shot T2p-bSSFP 
mapping, it is suggested to adjust the number of recovery 
heartbeats between source images to approximately three 
seconds to allow sufficient magnetization recovery.

Specific design parameters such as the number and 
duration of refocusing pulses in the T2 preparation mod-
ule could impact the resultant T2 magnetization and 
therefore the estimated T2 relaxation time. The number 
of k-space lines acquired between T2 preparation and 
the center of k-space will affect the influence of the T2 
preparation on image contrast, and hence the estimated 
T2 time. For a T2p-bSSFP pulse sequence, increasing the 
image field of view and/or resolution in the phase encode 
direction can reduce T2 weighting, and generally lead to 
an overestimation of T2 relaxation time. This is exacer-
bated with linear ordering of k-space. Centric ordering, 
on the other hand, can cause increased spatial variabil-
ity and artifacts due to the oscillatory approach to steady 
state of bSSFP [7]. A GRE readout may be more readily 
combined with centric ordering, and may be preferred 
either at 3  T, or in the presence of implanted devices 
due to the higher sensitivity of bSSFP to off-resonance 
artifacts.

Double inversion recovery (DIR) prepared fast spin echo 
(FSE) or turbo spin echo (TSE)
These are MESE based T2 mapping techniques that 
generate T2w images with a desired effective echo 
time (TE) within a breath-hold [6, 32]. These pulse 
sequences involve a DIR pre-pulse, which consists of 
a non-selective 180 ◦ IR pulse immediately followed 
by a selective 180 ◦ inversion recovery (IR) pulse. This 
effectively nulls the blood signal, leading to black-blood 
T2w images. Multiple black blood T2w images can be 
acquired at different TE and then fit pixel-wise to cre-
ate a T2 map.
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Gradient and spin echo (GraSE)
GraSE-based T2 mapping combines a fast spin echo 
pulse sequence together with echo-planar imaging (EPI). 
A train of refocusing 180 ◦ pulses are used to generate a 
train of spin-echoes, where gradient echoes are sampled 
before and after each spin echo with an EPI readout. 
The sampled echoes are used to reconstruct an image 
with an effective echo time determined by the echo used 
to encode the central region of k-space. The number of 
images acquired are determined by the number of 180 ◦ 
pulses, while the number of gradient echoes surrounding 
each spin echo is determined by the EPI factor; EPI fac-
tors of 3 [8, 18] and 7 [33, 34] have been utilized for myo-
cardial T2 mapping.

GraSE and FSE based T2 mapping are black-blood 
techniques, which reduce partial volume effects and 
allow more precise definition of the blood-myocardium 
border compared to bright-blood T2p-bSSFP. GraSE 
pulse sequences generally produce significantly longer 
T2 values than T2p-bSSFP pulse sequences [20]. Imper-
fect 180° refocusing pulses in fast MESE sequences can 
cause signal contamination due to the introduction of 
T1w stimulated and indirect echo pathways. The direct, 
stimulated, and indirect echoes together contribute to 
the measured signal intensity of the corresponding echo, 
resulting in higher-than-expected values. This would 
prolong signal decay leading to T2 overestimation [51]. 
Additionally, the longer echo-spacing and EPI readout 

Fig. 4  Three Principal Pulse Sequences Used for Myocardial T2 Mapping. While several variations have been described in the literature, only the 
three techniques shown here are commercially available. ECG—Electrocardiogram, TD—trigger delay, TE—echo time, HB—Heartbeat, bSSFP—
balanced steady state free precession, TI—nversion ime, FSE—fast spin echo, SE—spin echo, BB—black blood, DIR—dual inversion recovery, GRE—
gradient recalled echo, EPI—echo planar imaging, SPIR—spectral presaturation with inversion recovery



Page 7 of 25O’Brien et al. Journal of Cardiovascular Magnetic Resonance           (2022) 24:33 	

utilized in GraSE may increase susceptibility to motional 
blurring and through-plane motion, introducing partial 
volume effects [17, 34].

T2 map estimation
As described previously in Eq. 1, a two-parameter model 
involving two unknowns, M0 and T2 , or a three-param-
eter model having three unknowns M0,T2 ,  and C are 
commonly implemented for T2 mapping. A minimum 
of three points must be sampled along the curve to allow 
least squares curve fitting of the two-parameter model. 
Generally, the longest T2prep time is chosen to approxi-
mate the expected T2 relaxation time of the myocardium. 
The number of T2prep source images, T2prep times, and 
the type of curve-fit are factors that may affect the accu-
racy and precision of the estimated T2 time [52]. A linear 
two-parameter fit following logarithmic transformation 
is frequently used to fit a T2 relaxation time curve when 
three source images are acquired. The three-parameter 
model including C , facilitates a non-linear fit leading to 
more accurate T2 time estimates, but also requires the 
acquisition of additional T2prep images at longer or infi-
nite T2prep times to improve the accuracy and robust-
ness of the fit [41, 52].

T2 map visualization
Inline T2 maps generated at the scanner are provided 
with a few pulse sequences and vendors, but it is also 
possible to generate T2 maps offline from the T2w source 
images using commercially available CMR post-process-
ing software platforms. The quantitative T2 relaxation 
times are typically mapped to a color scale. Compared to 
a gray-scale display, color mapping improves the ability 
to discern subtle differences in the parameter of interest. 
The easy visual interpretation can facilitate discrimina-
tion of myocardial abnormalities.

The variety of color schemes used to display myocar-
dial T2 maps have also contributed to challenges in visual 
image interpretation. Rainbow-like color palettes cor-
responding to colors of the visible spectrum are often 
the default choice in most post-processing and image 
visualization toolkits. Although this is useful to high-
light small differences in tissue characteristics due to the 
sharp transitions in color [53], it can also introduce arti-
ficial borders if the myocardial T2 relaxation time change 
corresponds to a color transition but not necessarily a 
pathological change. In addition, a small myocardial T2 
relaxation time change may be obscured if it is within a 
given color range [54].

Perceptually ordered color scaling (a scale that linearly 
increases in luminescence) allows easy visual comparison 
of relative changes in measurement. Heated black-body 

schemes are available that range from black/cool color 
at the lower limit to colors that represent increasing 
warmth to white hot at the upper limit. This scheme has 
been popular in nuclear medicine applications to present 
higher signal intensity as warmer colors to the observer. 
It has also been applied to myocardial T2 mapping where 
brighter colors represent longer T2 relaxation time. The 
advantages are easy visibility, which leads the observer 
to associate an ‘inflamed’ appearance with the red to yel-
low representation of elevated myocardial T2 relaxation 
times. Blood in the cardiac chambers is often mapped 
to an extremely bright/white color because of its four to 
five-fold longer T2 relaxation time than myocardium. 
While this large color contrast may facilitate identifica-
tion of partial volume artifacts, the presence of extremely 
bright blood adjacent to the myocardium can create chal-
lenges in visual interpretation of subtle myocardial T2 
relaxation time changes.

A standardized palette with limited hue and luminance 
levels, specifically designed to accentuate pathologi-
cal changes in the myocardium corresponding to quan-
titative T2 time thresholds would be ideal. For a given 
color scheme, viewing myocardial T2 maps from 3 T at 
the same window width and center as 1.5  T may visu-
ally obscure pathological changes as the dynamic range 
of T2 times are narrower in the 3 T map. Regardless of 
the color scale implemented, adjusting the window width 
and center of the color look up table can provide certain 
user flexibility to enhance contrast and visibility in areas 
of interest. An optimal data display is key to ensure accu-
rate visualization of the magnitude and extent of myocar-
dial T2 time prolongation to the user.

T2 map post‑processing
Because numerous factors can affect the T2 relaxa-
tion time estimate, including choice of pulse sequence, 
preparation pulses, field strength, and even the number 
of acquired k-space lines, it is critical to consider these 
effects when using any T2 mapping technique. If acquir-
ing a T2 map, at least one should be acquired in the SAx 
orientation, with the remaining T2 maps determined 
by the clinical indication [50, 55]. T2 maps are usually 
acquired at mid or end-diastole to minimize cardiac 
motion. Acquiring T2 maps at end-systole when the myo-
cardium is thickest can facilitate avoidance of blood pool 
contamination within the measurement region of inter-
est (ROI) [56], although timing within the cardiac cycle 
is critical to avoid the rapid myocardial motion of systolic 
contraction or early diastolic filling. The blood T2 time is 
much longer than that of myocardium, and inclusion of 
any blood pool pixels within the ROI can drastically alter 
the estimated myocardial T2 time. For assessment of dif-
fuse disease and global evaluation, a single septal ROI on 
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a mid-SAx map to avoid artifacts from extra-myocardial 
structures is recommended [50]. For the evaluation of 
focal or patchy disease, the ROI may be drawn based on 
visual impression by an experienced observer and should 
be at least 20 pixels, and one long axis map should always 
be acquired [50, 57]. The American Heart Association 
(AHA) 17-segment model may be used for regional T2 
relaxation time quantification, with exclusion of the ter-
minal apical segment which is thin and easily contami-
nated by blood signal [58].

Myocardial T2 relaxation times and variability
Exact T2 relaxation times are often reported in stud-
ies, but differences in CMR platform, pulse sequences, 
and post-processing result in significant heterogene-
ity. Recently Snel et al. performed a meta-analysis of T2 
times for various myocardial pathologies [49]. The extant 
studies on myocardial T2 mapping suggest that T2 times 
can reliably differentiate between healthy controls and 
patients with myocardial infarction, dilated cardiomyo-
pathy, myocarditis, and heart transplant [49]. There were 
insufficient studies on hypertrophic cardiomyopathy, car-
diac sarcoidosis, Anderson-Fabry disease, systemic lupus 
erythematosus, and cardiac amyloidosis to analyze covar-
iates and publication bias, though reported myocardial 
T2 relaxation times were longer in all except Anderson-
Fabry without left ventricular (LV) hypertrophy [49].

Longer T2 relaxation time may be associated with 
female sex, advancing age, and apical segments [59]. 
There is significant heterogeneity of reported myocar-
dial T2 relaxation time between studies; field strength, 
pulse sequence, and CMR vendor account for much of 
the variation [20]. Interestingly, a recent meta-analysis 
on healthy participants found no significant impact of 
age or sex on myocardial T2 time [20]. Hydration status 
has been found to significantly impact myocardial T2 
relaxation time, as might be expected given the relation-
ship between T2 relaxation time and tissue water content 
[60]. These findings emphasize the importance of main-
taining control over scan parameters and patient hydra-
tion, as well as generating site specific reference ranges. 
The SCMR consensus statement on parametric mapping, 
endorsed by the EACVI, recommends that local refer-
ence ranges should be generated using the same scanner, 
pulse sequence, processing, and analysis as the intended 
application [50]. Normal myocardial T2 time range is 
defined as the mean ± 2 standard deviations of the local 
reference cohort [50].

Relaxation times and sensitivity to pathology
Cardiovascular disease leads to pathological alterations 
in the myocardial tissue structure and composition. 
These changes are associated with a change in myocardial 

relaxation times. Depending on their sensitivity, myocar-
dial relaxation times may find clinical utility for assess-
ment of specific myocardial diseases. Since T1 and T2 
reflect tissue water characteristics, prolonged relaxation 
time may indicate pathological changes in the state of 
myocardial water. As native T1 depends on intracellu-
lar and extracellular/interstitial factors, myocardial T1 
times are used in the assessment of ischemic and nonis-
chemic cardiomyopathy [61] to distinguish focal patholo-
gies such as acute infarct, chronic scar, infiltration, and 
diffuse fibrosis [62]. Structural changes associated with 
diffuse fibrosis such as the expansion of the extracellular 
matrix can be better characterized by T1 mapping in the 
presence of extracellular contrast agents, allowing one to 
determine the extracellular volume [63, 64]. Native T1 
relaxation time is also sensitive to edema and iron over-
load [65–67].

T1ρ, the T1 relaxation time in the rotating frame, rep-
resents the longitudinal relaxation decay in the presence 
of an on-resonance spin-lock RF field. Presently, T1ρ 
methods are experimental and not in clinical use. T1ρ 
relaxation time is always longer than T2 relaxation time 
and equals T2 relaxation time in the absence of a spin-
lock field [68]. T1ρ relaxation time is sensitive to the 
interactions between water and macro-molecules like 
collagen and proteoglycans. Regions of scar or infarcted 
tissue, which is composed of collagen and fibrous tissue, 
demonstrate increased T1ρ relaxation times, attributed 
to increased water mobility [69]. Thus, T1ρ relaxation 
time has shown sensitivity to edema in acute and chronic 
myocardial infarction [70]. As myocardial T1ρ relaxa-
tion time can be sensitive to ischemic and nonischemic 
cardiomyopathy without the need for contrast agents, it 
is a possible alternative to late gadolinium enhancement 
(LGE) imaging used to detect myocardial scar.

Elevated myocardial T2 relaxation times are used 
as an index of myocardial edema [7, 71, 72]. Short T2 
relaxation time on the other hand, may be indicative of 
intramyocardial hemorrhage and iron overload, but with 
less sensitivity than T2* relaxation time [73]. T2 relaxa-
tion time is also sensitive to oxygenation changes and has 
been utilized in myocardial blood-oxygen-level-depend-
ent (BOLD) imaging to perform cardiac stress testing 
[74]. Myocardial T2* relaxation time is the most sensi-
tive to iron content and is used in the assessment of iron 
accumulation [75, 76].

The sensitivity of a specific relaxation time to patholog-
ical changes may be sufficient to serve as a single marker 
of myocardial disease or may improve diagnostic confi-
dence when jointly assessed with others. Since the initial 
use of myocardial T2 mapping to investigate ischemia 
and reperfusion, it has been clinically and/or experimen-
tally applied to myocardial infarction, cardiac transplant, 
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cardiomyopathies, myocarditis, rheumatologic condi-
tions with cardiac involvement, valvular heart disease, 
athlete’s heart, muscular dystrophy, chronic kidney dis-
ease with cardiac involvement, cardio-oncology and 
more (Table  1  and Table  2) [71, 77–90]. The following 
sections focus on cardiovascular disease-specific clinical 
applications of myocardial T2 mapping.

Myocardial ischemia
Early canine studies showed that permanent coronary 
artery occlusion results in redistribution of water from 
the interstitial space to the intracellular space likely by 
failure of transmembrane ATP dependent ion transport-
ers [91]. Ischemia with reperfusion further alters myocar-
dial fluid balance by increasing interstitial water content, 
resulting in net gain of myocardial water secondary to 
cellular and vascular injury [91, 92]. T2 mapping, which 
is both sensitive and specific for myocardial edema, is 
an ideal imaging modality for characterization of these 
injured infarct and peri-infarct zones.

Baseline myocardial T2 time for patients with both 
ST segment elevation myocardial infarction (STEMI), 
and non-ST segment elevation myocardial infarc-
tion (NSTEMI), is significantly longer in the infarct 
zone, compared with remote zones [93]. T2 relaxa-
tion time decreases to near normal in the infarct zone 
at 6  months after reperfusion and discriminates AMI 
from chronic infarction with higher diagnostic accu-
racy than semi-quantitative T2w methods [93]. T2 
mapping also outperforms T2w imaging for identifi-
cation of infarct related artery and estimation of area 

of myocardial injury in NSTEMI [94]. One factor that 
may complicate the classification of chronic infarc-
tion is intramyocardial hemorrhage (IMH). Work in a 
canine model of infarction indicates that IMH is asso-
ciated with persistent edema and cellular inflamma-
tion in peri-hemorrhagic territories causing longer T2 
time 8  weeks after reperfusion [95]. Therefore, it may 
be important to consider the presence of hemorrhage 
when distinguishing infarction chronicity using T2 
mapping.

Dynamic changes in myocardial water content occur 
after reperfusion of infarct territory as shown by a recent 
porcine study [96]. In ischemia–reperfusion injury, 
edema peaks at 2 h after reperfusion, normalizes within 
day 1, then peaks again at day 7 [96]. Moreover, this study 
showed good correlation of T2 time with myocardial 
water content—showcasing T2 mapping as a means of 
dynamically monitoring ischemia–reperfusion injury.

Though controversy over the histopathologic valid-
ity of myocardial area at risk (AAR) using T2w imaging 
exists [97], both T1 and T2 mapping have been used to 
assess AAR, a key variable in quantification of myocar-
dial salvage [98, 99]. Myocardial salvage index (MSI) is 
calculated by expressing the difference between AAR and 
irreversible infarct size (by LGE) as a proportion of AAR 
[100]. A bimodal edematous myocardial response follow-
ing reperfusion has also been demonstrated in humans, 
indicating that assessment of myocardial salvage using 
T2w imaging should account for timing of the study 
[100]. However, T2 mapping has shown that AAR, infarct 
size, and MSI do not vary with time after revasculariza-
tion [101]. The strengths of T2 mapping over T2w imag-
ing in assessing myocardium at risk are evident in the 
differing results of the two studies reported above.

T2 mapping is also useful for detection of microvascu-
lar obstruction (MVO) and IMH as mentioned above—
well-known complications of reperfusion. Both present 
as a region of shorter T2 time within the infarct core 
in patients after reperfusion and are associated with 
increased end diastolic volume (EDV) and decreased LV 
ejection fraction (LVEF) 6 months after STEMI, empha-
sizing the role of T2 mapping in prognostication after 
reperfusion therapy [102]. T2 mapping is highly accurate 
for the diagnosis of IMH and may be considered as an 
alternative to T2* mapping [79].

Recently, parametric mapping has been studied as 
an alternative to gadolinium-based contrast studies for 
stress testing. Nakamori et al. found that native T1 map-
ping has better diagnostic accuracy for the detection of 
myocardial perfusion deficits after exercise than T2 map-
ping, citing T2 mapping’s sensitivity to field inhomoge-
neity and detection of confounding myocardial edema 
after exercise as possible explanations [103]. In healthy 

Table 1  Clinical applications of myocardial T2 mapping

Conditions associated with prolonged myocardial T2 relaxation 
time

Acute coronary syndrome

Myocarditis

Heart transplant rejection

Dilated cardiomyopathy

Amyloidosis

Sarcoidosis

Heart Failure

Hypertrophic cardiomyopathy

Takotsubo cardiomyopathy

Peripartum cardiomyopathy

Rheumatologic disease with cardiac involvement

Anderson-Fabry cardiomyopathy

Cancer therapy related cardiac injury

Neuromuscular diseases

Athlete’s heart

Aortic stenosis
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study participants, myocardial T2 relaxation time length-
ens significantly during adenosine stress testing and the 
increase is mostly explained by increased extracellular 
volume (ECV) and increased blood volume [104].

Myocarditis
Myocarditis is a cause of sudden cardiac death and heart 
failure [105, 106]. Despite recent technical advances, its 
diagnosis remains challenging [107]. Endomyocardial 
biopsy (EMB), a diagnostic gold standard in myocarditis, 
is an invasive method with limited accuracy due to sam-
pling error arising from the patchy nature of the inflam-
matory process [108–110]. Given its risks and limitations, 
biopsy is often not performed in cases of suspected myo-
carditis. CMR has thus become a key diagnostic tool in 
myocarditis [107, 111]. Established CMR criteria for the 
diagnosis of myocarditis are strengthened by parametric 
mapping [108, 112].

Regional and global T2 times are significantly increased 
in patients with myocarditis, and longer T2 relaxation 
time correlates with myocardial edema and inflammation 

in endomyocardial biopsy samples (Fig. 5) [90, 107, 113, 
114]. T2 mapping reliably discriminates between biopsy-
proven myocarditis and healthy myocardium in patients 
with recent-onset heart failure presentation [114]. T2 
mapping also identifies myocardial involvement in 
patients with acute chest pain presentation [72]. Diag-
nostic accuracy of T2 mapping is superior to LGE, global 
myocardial T1 mapping, and ECV values [114]. This 
could be partly explained by closer association between 
free water and myocardial T2 relaxation time, than free 
water and myocardial T1 [114]. Sensitivity of T2 map-
ping for acute myocarditis is high irrespective of symp-
toms, though T2 time specificity is significantly higher 
in patients with acute chest pain than with heart fail-
ure presentation [72, 107, 114]. In patients with chronic 
symptoms, only T2 mapping among CMR parameters 
has acceptable diagnostic performance [108].

T2 mapping is useful not only for making the diagno-
sis, but also for risk stratification [107]. The degree of 
T2 relaxation time prolongation, and to a lesser extent 
the percentage of myocardium with prolonged T2 time, 

Table 2  Advantages of T2 mapping in selected myocardial diseases. The meta-analysis from Snel et al. included sufficient studies to 
conclude that T2 relaxation time is significantly prolonged above healthy subjects for all diseases included in this table except cardiac 
amyloidosis. Since the time of its publication, additional studies have shown T2 mapping as an accurate discriminator between AL and 
transthyretin amyloidosis as well as an accurate prognosticator (see Cardiac Amyloidosis section of main text). The rightmost column 
adds important advantages of T2 mapping

Data printed with permission from: Snel GJH, van den Boomen M, Hernandez LM, Nguyen CT, Sosnovik DE, Velthuis BK, Slart RHJA, Borra RJH, Prakken NHJ. 
Cardiovascular magnetic resonance native T2 and T2* quantitative values for cardiomyopathies and heart transplantations: a systematic review and meta-analysis. 
Journal of Cardiovascular Magnetic Resonance. 2020;22(1):34. https://​doi.​org/​10.​1186/​s12968-​020-​00627-x

Disease Weighted mean T2 relaxation time at 1.5 T Number of 
studies in meta-
analysis

Clinical utility of T2 mapping

Myocardial infarction 58.5 ± 5.8 ms vs. 49.3 ± 2.6 ms in controls 31 T2 mapping differentiates acute vs. chronic myocardial 
infarction

T2 mapping is used in measuring area at risk

T2 mapping identifies intramyocardial hemorrhage

Heart transplant 54.6 ± 5.2 ms vs. 49.2 ± 2.5 in controls 11 T2 mapping is a reliable surrogate for direct tissue 
assessment in transplant rejection

Prolonged T2 time may identify patients that will benefit 
from immunosuppression modification despite negative 
endomyocardial biopsy

Myocarditis 61.9 ± 11.5 ms vs. 54.4 ± 5.9 ms in controls 19 Prolonged T2 time corresponds to myocardial edema 
and inflammation on biopsy

Abnormal T2 relaxation time has high sensitivity for 
diagnosing acute myocarditis

Persistently prolonged T2 relaxation time is associated 
with increased adverse cardiac events

Amyloidosis 55.3 ± 4.2 ms vs. 50.2 ± 2.7 in controls 2 Local toxicity of amyloid deposits results in longer T2 
time, particularly in light chain (AL) amyloidosis

T2 mapping helps differentiate AL from ATTR amyloi-
dosis

Dilated cardiomyopathy 62.9 ± 5.7 ms vs. 55.4 ± 3.5 in controls 9 T2 mapping improves early detection of dilated cardio-
myopathy, prior to left ventricular dysfunction

Shorter T2 time in patients with successful reverse myo-
cardial remodeling after goal directed medical therapy

https://doi.org/10.1186/s12968-020-00627-x
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are reliable predictors of major adverse cardiac events 
(MACE) (cardiac death, heart transplantation, ven-
tricular assist device implantation), and heart failure 
(HF) hospitalization in patients with myocarditis [107]. 
T2 time tends to shorten after resolution of the inflam-
mation, whereas LGE may persist [107]. Persistent T2 
time prolongation after the acute phase correlates with 
MACE, HF hospitalization, and LV dysfunction making 
T2 mapping a useful monitoring tool in patients with 
myocarditis [107].

COVID‑19
Recently, there has been interest in the detection of myo-
cardial involvement in patients with coronavirus dis-
ease 2019 (COVID-19). Guidance on CMR during the 
COVID-19 pandemic can be found in SCMR published 
recommendations [115–117]. An early study revealed 
high prevalence of myocardial edema detected by T2 

mapping in patients recovered from COVID-19 [118].
One third of the patients required hospitalization for 
COVID-19, and several patients were not completely 
recovered [118]. A study by the COVIDsortium investiga-
tors found a low prevalence of prolonged myocardial T2 
time in seropositive healthcare workers 6  months after 
mild COVID-19 (1 hospitalization out of 74 seropositive 
cases), and no significant difference in T2 time between 
seropositive cases and seronegative controls [119].

Research on young athletes recovering from COVID-19 
is ongoing. Several studies found prolonged myocardial 
T2 time in athletes recovered from either mild or asymp-
tomatic COVID-19, while others have not [120–123]. 
CMR with parametric mapping is selectively recom-
mended for athletes with signs or symptoms of myocar-
dial injury that are recovering from COVID-19 [124]. It is 
important to consider normal myocardial adaptations to 
intensive athletic training when evaluating these patients. 

Fig. 5   Cardiovascular Magnetic Resonance Imaging in Patients with Presence of Myocardial Inflammation. Panel 1–2: T2 mapping; Panel 3: late 
gadolinium enhancement imaging. Panel 1—midmyocardial short axis view; Panel 2, 3—horizontal long axis view. A Diffuse myocardial edema/
inflammation (Panel 1–2; black arrows) with corresponding prominent midmyocardial to subepicardial nonischemic enhancement (Panel 3; 
white arrows) most prominent in the lateral wall in a patient with myocarditis. B Patient post heart transplant with diffuse myocardial edema/
inflammation (Panel 1–2; black arrows) with striking diffuse linear nonischemic midmyocardial enhancement most prominent in 
the septal and lateral walls (Panel 3; white arrows). Findings concerning for heart transplant rejection. C: Patient with Takotsubo cardiomyopathy 
with myocardial edema/inflammation in the mid to apical segments (Panel 1–2; black arrows) with lack of corresponding enhancement in the 
mid to apical segments. Mild patchy midmyocardial nonischemic fibrosis in the basal lateral wall (Panel 3; white arrow). Panel A, B—T2 prepared 
(rectangular preparation) pulse sequence with balanced steady state free precession (bSSFP) readout utilized to acquire T2 maps during diastole 
(1.5 T MAGNETOM Avanto, Siemens Healthineers). Panel C—T2-prepared bSSFP pulse sequence with the use of rectangular T2 preparation pulse 
utilized to acquire T2 maps during diastole (1.5 T MAGNETOM Sola, Siemens Healthineers)
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Larger studies with appropriate controls are needed to 
elucidate myocardial T2 relaxation time abnormalities 
associated with COVID-19 in athletes and non-athletes 
stratified by the severity of disease presentation.

Heart failure
CMR proves superior diagnostic and prognostic value 
in HF by delineating specific etiologies, guiding thera-
peutics, and monitoring response to treatment [125]. 
T2 mapping may aid in identifying which patients could 
benefit from immunosuppressive therapies during acute 
HF [114, 126].

CMR is the most accurate imaging modality for assess-
ment of LV mass, systolic function, pericardium, and 
myocardial tissue characteristics as they relate to heart 
failure with preserved ejection fraction (HFpEF) [127, 
128]. CMR imaging with cine, tagging, and phase con-
trast measurements of mitral inflow and mitral annulus 
velocities can be used to asses LV diastolic function [127]. 
Patients with HF and moderately reduced LVEF were 
shown to have longer global LV T2 time than healthy 
healthy  controls, with a similar trend in HFpEF [129]. 
Global myocardial T2 relaxation time is significantly 
associated with quality of life, 6 min walking test, glomer-
ular filtration rate and N-terminal pro-brain natriuretic 
peptide (NT-proBNP) in these patients [129].

Global myocardial T2 relaxation time can serve as an 
index of compensation in HF, with acute decompensated 
HF marked by prolonged T2 time, and shortening of T2 
time after decongestion [130]. Myocardial tissue may be 
more susceptible to edema than other striated muscles 
due to the dynamic nature of venous and lymphatic flow 
during the cardiac cycle [130].

Dilated cardiomyopathy
Nonischemic dilated cardiomyopathy (DCM) is a com-
mon cause of HF [90, 131]. Myocardial T2 relaxation time 
is significantly prolonged in patients with chronic pres-
entation of DCM regardless of the degree of LV dysfunc-
tion [49, 90, 132]. T2 mapping also improves detection of 
early DCM when myocardial morphology is difficult to 
distinguish from athletic myocardial adaptation [133]. T2 
time prolongation is not limited to patients with inflam-
mation on endomyocardial biopsy (EMB) [90, 108, 131]. 
This could be potentially explained by sampling error, 
presence of edema with number of leukocytes below the 
required threshold, or microvascular dysfunction causing 
repetitive ischemia and myocardial edema [90].

A significant percentage of DCM has an underlying 
inflammatory background, and the presence of inflam-
matory cells in EMB samples is associated with pro-
longed myocardial T2 time [90]. In such instances, T2 
time prolongation is most prominent in the inferior and 

lateral walls [90]. T2 mapping could thus be used to bet-
ter identify patients requiring EMB [90]. No correla-
tion was found between T2 time and presence of viral 
genomes in EMB samples or grade of fibrosis [90].

Shorter myocardial T2 relaxation time may be used to 
predict which patients will experience LV reverse remod-
eling during treatment for DCM, and the reverse remod-
eling is associated with normalization of T2 time [134]. 
Therefore, T2 mapping is an important supportive tool 
for diagnosis, stratification, and monitoring in DCM.

Hypertrophic cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is a common 
cause of sudden cardiac death [135]. CMR is the key tool 
for its diagnosis and risk stratification with the major-
ity of prognostic assessment attributed to LGE [135]. T2 
and T1 relaxation times are significantly prolonged in 
the non-hypertrophic myocardial segments despite their 
preserved contractility [135]. This suggests that in HCM, 
tissue remodeling precedes functional remodeling and 
parametric mapping can be helpful in making the diag-
nosis at an early stage of the disease [135]. The degree of 
T2 time prolongation increases with increasing severity 
of hypertrophy, and that association is more pronounced 
than for T1 time prolongation (Fig. 6) [135]. Myocardial 
edema, and hence T2 relaxation time, might be influ-
enced by collagen accumulation, ischemia, or microvas-
cular dysfunction induced by myocardial hypertrophy 
and capillary endothelial dysfunction causing increased 
free water [9, 135].

T2 mapping may aid in the discrimination of LV hyper-
trophy (LVH) due to strength training vs. HCM [78]. 
Patients with HCM have significantly longer global LV 
T2 time than weight lifters with LVH [78].

A recent study in over 150 patients with HCM found 
that mid-septal T2 relaxation time is  shorter than 
healthy controls [136]. However, another study with simi-
lar sample size found prolonged myocardial T2 relaxation 
time in patients with HCM and an association between 
T2 time and non-sustained ventricular tachycardia [137]. 
The findings suggest that prolonged T2 relaxation time 
could be used as a marker for arrhythmogenicity [137].

Cardiac transplant
The number of cardiac transplants has increased from 
less than 500  per year worldwide in the early 1980’s to 
nearly 6000 in the year 2017 [138]. Over 10% of patients 
will experience transplant rejection within one year of 
transplant [139]. Therefore, routine rejection surveillance 
with EMB is performed frequently throughout the first 
year after transplant. The complication rate of EMB is 
low, though improving immunosuppressive regimes have 
also lowered the diagnostic yield of these procedures 



Page 13 of 25O’Brien et al. Journal of Cardiovascular Magnetic Resonance           (2022) 24:33 	

which are limited to sampling of endocardial based septal 
tissue [140]. This increasingly neutral risk–benefit ratio 
may be augmented by noninvasive tissue characterization 
with CMR and its accurate morphologic, and parametric 
analyses.

Both animal and human studies have shown that myo-
cardial T2 relaxation time can be a valuable surrogate 
for direct tissue assessment in cardiac transplant rejec-
tion (Fig.  5). T2 time measurement using a spin echo 
pulse sequence was positively correlated with degree of 
histologic rejection in canines that undergo heterotopic 
cardiac transplant [141]. The same study showed that 
transplanted hearts have greater myocardial water con-
tent than the native heart, and that the increase in water 
content has a direct linear relationship with myocardial 
T2 relaxation time [141].

A 2009 review by Butler et  al. summarized the early 
evidence of longer T2 time in rejecting vs non-rejecting 
human and animal cardiac transplant subjects [142]. 

Prior to the implementation of contemporary T2 map-
ping pulse sequences, human studies demonstrated 
that T2 time is significantly longer in cardiac transplant 
patients with rejection and that myocardial T2 relaxation 
time is significantly correlated with histologic grade of 
rejection [143–145].

More recently, a pilot study by Usman et  al. in 53 
patients after cardiac transplant, found that T2 mapping 
accurately diagnosed transplant rejection compared with 
EMB [146]. Importantly, there were two patients in this 
study that presented with clinical rejection (no biopsy 
evidence of rejection, but clinical improvement after 
immunosuppressive therapy) who had longer myocardial 
T2 time comparable to biopsy proven rejection patients. 
Thus, T2 mapping has the potential to identify patients 
that will benefit from increased immunosuppression 
despite negative EMB.

A subsequent study by Miller et  al. including 22 
patients that underwent cardiac transplant found no T2 

Fig. 6  Cardiovascular Magnetic Resonance Imaging in Patients with Increased Left Ventricular Wall Thickness. Panel a: T2 mapping; Panel b: late 
gadolinium enhancement imaging. Panel 1—midmyocardial short axis view; 2—horizontal long axis view; 3—three chamber long axis view; 4—
vertical long axis view. A Patient with hypertrophic cardiomyopathy with myocardial edema/inflammation in the septal and inferior walls (Panel a1–
a4; black arrows) and prominent midmyocardial nonischemic fibrosis in the basal to mid septal and inferior walls (Panel b1–b2, b4; white arrows). 
In addition, there is infarct scar along the basal to mid lateral walls (Panel b2–b3; asterisks). B Patient with cardiac amyloidosis with myocardial 
edema/inflammation in the septal, inferior and lateral walls (Panel a1–a4; black arrows) with diffuse late gadolinium enhancement throughout the 
left ventricle (Panel b1–b4; white arrows). T2-prepared bSSFP pulse sequence with the use of rectangular T2 preparation pulse utilized to acquire T2 
maps during diastole (1.5 T MAGNETOM Sola, Siemens Healthineers)
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time prolongation in patients with significant histologic 
rejection compared with mild or absent histologic rejec-
tion [147]. The intervals between transplant and scan 
were significantly longer in the Usman study, and the 
study did not statistically adjust for repeated measures 
in the same subjects over time [146, 147]. These differ-
ences in study design and statistical analysis, along with 
inherent sampling error of EMB, and low numbers of his-
tologic rejection likely account for the discrepant results 
of the Usman and Miller studies.

Vermes et  al. (2018) conducted a similar study in 20 
cardiac transplant patients which showed that prolonged 
basal T2 time diagnosed EMB-positive rejection with 
71% sensitivity and 96% specificity using a center specific 
cutoff [148]. Basal myocardial T2 time was then com-
bined with ECV mapping for a multi-parametric work-
flow which had the capacity to eliminate 63% of EMB 
which were negative by CMR criteria and EMB. A multi-
parametric approach with age at CMR, global T2 time, 
and global ECV can diagnose patients with biopsy proven 
acute rejection with high accuracy [82].

Amyloidosis
Cardiac amyloidosis, characterized by interstitial amy-
loid infiltration, leads to myocardial wall thickening and 
progressive heart failure [84, 149, 150]. Elevated native 
T1 time and ECV, along with subendocardial or transmu-
ral LGE, are highly specific CMR findings [50, 149, 150]. 
Amyloid deposition and its toxic influence on cardiomyo-
cytes are the most likely cause of myocardial edema seen 
in EMB and hence prolonged T2 relaxation time (Fig. 6) 
[84]. While T2 times in amyloidosis are lower than typi-
cally reported in myocarditis or myocardial infarction, 
this may be explained by the fact that active inflamma-
tion is rarely present on histology [84]. No correlation 
was found between visually assessed percent of edema on 
EMB and myocardial T2 time, though histologic assess-
ment of edema may not always provide reliable informa-
tion [9, 84].

Differentiation between transthyretin (ATTR) and light 
chain (AL) amyloidosis is crucial for proper treatment 
implementation [149]. Despite better prognosis, LV mass 
tends to be higher, LVEF lower, LGE more prominent, 
and ECV higher in ATTR amyloidosis [84, 149, 150]. 
However, myocardial T2 relaxation time is more signifi-
cantly elevated in AL amyloidosis, with T2 time being a 
discriminator between ATTR and AL amyloidosis [149]. 
A novel CMR model for distinguishing AL from ATTR 
amyloidosis with high accuracy incorporates mean T2 
time, age, and right ventricular ejection fraction [151].

Prolonged myocardial T2 time is also an independent 
predictor of mortality in AL amyloidosis that remains sig-
nificant after adjustment for ECV and serum biomarkers 

[84, 150]. Treatment of AL amyloidosis is associated 
with shortening of myocardial T2 relaxation time [84]. 
There is no correlation between T2 time and prognosis in 
patients with ATTR amyloidosis [84, 150].

Sarcoidosis
Sarcoidosis is a chronic inflammatory disease of 
unknown etiology characterized by noncaseating granu-
lomatous tissue infiltration [113, 152]. Cardiac involve-
ment is common and reported in approximately 25% of 
patients with systemic sarcoidosis [153, 154]. Identifica-
tion of cardiac sarcoidosis is important due to increased 
risk of HF and sudden cardiac death [154]. EMB has low 
sensitivity due to sampling error making the diagnosis 
challenging [154]. T2 time is prolonged in patients with 
active cardiac sarcoidosis and is a good discriminator 
between healthy and inflamed myocardium irrespective 
of symptoms or disease duration [113, 154]. Prolonged 
T2 time is associated with ECG abnormalities in patients 
with sarcoidosis [113, 155–157]. T2 mapping can be used 
as a supportive tool in diagnosing early cardiac sarcoido-
sis along with wall motion abnormalities in a non-coro-
nary distribution, and multifocal LGE at more advanced 
stages of the disease [113, 154]. Significant reductions in 
myocardial T2 relaxation time and ECG abnormalities 
occur after anti-inflammatory treatment, thus T2 map-
ping can be used to monitor treatment efficacy (Fig.  7) 
[113, 158].

A recent study by Flamée et al. found that only presence 
of LGE was significantly associated with hard MACE in 
systemic sarcoidosis, though not all patients underwent 
T2 mapping [80]. Taken together, these studies indicate a 
clear role for T2 mapping in the identification of subclini-
cal myocardial inflammation which may herald clinical 
deterioration, as well as following response to immuno-
suppressive therapies.

Cardiac iron overload
Iron overload may occur as a result of hemochroma-
tosis [159], or frequent blood transfusions [50]. The 
resultant cardiac iron overload leads to HF and lethal 
arrhythmias [50]. T2* mapping is highly specific and 
enables quantitative assessment of cardiac and hepatic 
iron content [159, 160]. It is used in making the diag-
nosis and monitoring therapy [49]. There is strong cor-
relation between myocardial T2 and T2* times with 
significantly shorter myocardial T2 time in patients 
with cardiac iron overload [161, 162]. Patients with 
thalassemia and chronic iron overload based on T2* 
mapping have significantly shorter myocardial T2 time 
than patients without chronic iron overload [87, 163]. 
Meta-analysis results of T2 mapping in cardiac iron 
overload patients vs. controls by Snel et  al. indicate 
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no significant difference [49]. This is most likely due 
to limited studies on T2 mapping in cardiac iron over-
load patients, and that the study by Kritsaneepaiboon 
et al. had only 3 patients that met criteria for mild car-
diac iron overload [49, 164]. More studies are needed 
to evaluate the role of T2 mapping in cardiac iron 
overload.

Anderson‑Fabry disease
Anderson-Fabry disease is a rare X-linked recessive lyso-
somal storage disorder [50, 165–168]. Concentric LVH 
and eventually HF, is a leading cause of death in this dis-
ease [50, 165–168]. CMR is the only imaging modality 
that discriminates Anderson-Fabry disease from other 
forms of LVH [167]. Decrease in global T1 time and mid-
myocardial LGE in the basal inferolateral wall, which is 
often thin, is associated with focal T1 and T2 time pro-
longation in the LGE positive areas [50, 165, 168]. T2 
relaxation time in LGE positive segments is significantly 
prolonged in Anderson-Fabry disease compared with 
other cardiomyopathies [168]. Furthermore, prolonged 
T2 time in the basal inferolateral wall is a reliable pre-
dictor of serum cardiac troponin level in patients with 
Anderson-Fabry disease [165, 168]. These findings sug-
gest that T2 mapping can be used to monitor myocardial 

injury during treatment of patients with Anderson-Fabry 
disease.

Rheumatologic diseases with cardiac involvement
The autoimmune rheumatologic diseases including sys-
temic lupus erythematosus (SLE), systemic sclerosis, 
anti-neutrophilic cytoplasmic antibody (ANCA) asso-
ciated vasculitis, rheumatoid arthritis, and idiopathic 
inflammatory myositis frequently involve the pericar-
dium and myocardium. T2 mapping may be a preferred 
non-contrast imaging modality for patients with early 
and/or reversible myocardial injury. For patients with 
multi-system disease, and severe renal involvement, gad-
olinium-based contrast agents should be used with cau-
tion [169]—though a recent meta-analysis indicates very 
low risk of nephrogenic systemic fibrosis in patients with 
advanced chronic kidney disease with the use of macro-
cyclic contrast agents [170].

SLE causes myocardial edema that can be detected 
with T2 mapping even at low levels of SLE disease activ-
ity and preserved myocardial function [88, 171]. Patients 
with active SLE often meet CMR diagnostic criteria for 
myocarditis despite low symptom burden and infrequent 
LGE [172]. Even patients with low disease activity have 
significantly prolonged myocardial T2 time compared 
with healthy controls and significantly shorter myocar-
dial T2 time after treatment intensification [173]. T2 time 

Fig. 7   Cardiovascular Magnetic Resonance Imaging in a Patient with Cardiac Sarcoidosis Prior to Treatment (Panel A) and on Immunosuppression 
(Panel B). Panel 1—midmyocardial short axis view; Panel 2—vertical long axis view. Diffuse myocardial edema/inflammation most 
prominent in the inferior, and lateral walls (Panel A; black arrows). There was interval improvement with no residual myocardial edema/
inflammation while on immunosuppressive therapy (Panel B). T2 prepared (rectangular preparation) pulse sequence with bSSFP) readout 
utilized to acquire T2 maps during diastole (1.5 T MAGNETOM Avanto, Siemens Healthineers)
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prolongation in SLE patients without myocardial symp-
toms is also a strong predictor of cardiac troponin release 
[174]. T2 time prolongation may also serve as an index of 
arrhythmogenicity in patients with SLE and other auto-
immune rheumatic diseases [175].

Like SLE and sarcoidosis, systemic sclerosis (SSc) can 
cause overt or subclinical myocardial injury. T1 map-
ping is of particular interest in the evaluation of SSc, as 
it is closely associated with myocardial fibrosis [176]. SSc 
patients with elevated T1 relaxation time have signifi-
cantly longer myocardial T2 relaxation time than those 
without elevated T1 time [177]. Many patients with SSc 
have prolonged myocardial T2 time without LGE, and 
the degree of prolongation may be even greater than 
patients with SLE [88]. SSc patients with recent cardiac 
signs or symptoms have longer T2 time than those with-
out, and prolonged T2 time may predict future adverse 
cardiac events [178]. More studies are needed to confirm 
that T2 time can be used as an accurate cardiac prognos-
ticator in SSc [77].

Idiopathic inflammatory myopathies (IIM) are also 
associated with myocardial T2 relaxation time prolon-
gation. Several studies found significant prolongation 
of myocardial T2 relaxation time in a heterogeneous 
group of patients with IIM, including polymyositis, der-
matomyositis, anti-synthetase syndrome, necrotiz-
ing autoimmune myopathy, inclusion body myositis, 
and overlap syndromes [179–181]. Myocardial T2 time 
can be elevated even with normal LVEF and no LGE in 
these patients [179, 181]. It may be difficult to distin-
guish patients with IIM and cardiac involvement from 
patients with acute viral myocarditis if the clinical history 
is unclear. Myocardial T2 relaxation time is elevated in 
both conditions and can distinguish patients from con-
trols, but has not been found to differentiate acute viral 
myocarditis from IIM with cardiac involvement [180]. 
Patients with IIM undergoing treatment are noted to 
have shorter myocardial T2 time that parallels improve-
ment in serum inflammatory markers [181].

Patients with rheumatoid arthritis have significantly 
longer myocardial T2 time compared with healthy con-
trols with no difference in T2 time between LGE positive 
and negative rheumatoid arthritis patients [182]. Myo-
cardial T2 relaxation time is positively correlated with 
disease duration and has been found to be the best CMR 
parameter for discriminating patients with rheumatoid 
arthritis from healthy controls [182].

ANCA associated vasculitis may present with subclini-
cal myocardial inflammation and prolonged myocardial 
T2 relaxation time, while nearly half of patients are LGE 
negative [183]. It is not yet known whether myocardial 
T2 time is a meaningful prognosticator in these patients.

These studies highlight the clinical range of T2 mapping 
and the many avenues for exploration of T2 mapping as a 
predictor of outcomes. A key strength of T2 mapping in 
the context of these autoimmune inflammatory disorders 
is in the identification of reversible myocardial irregulari-
ties prior to clinical deterioration, and its use as a valu-
able surveillance tool and treatment guide.

Aortic stenosis
Aortic stenosis (AS) is associated with progressive myo-
cardial remodeling with LVH, supply–demand ischemia, 
cardiomyocyte death, and accumulation of interstitial 
collagen contributing to HF [184, 185]. As the degree of 
biopsy proven myocardial fibrosis increases, so do native 
T1 time and ECV fraction [186]. Recent work has shown 
that ECV is most accurate for quantifying myocardial 
fibrosis in the absence of significant myocardial inflam-
mation [187]. Thus, as a reliable index of myocardial 
inflammation, T2 mapping adds valuable information to 
the interpretation of ECV mapping in myocardial pathol-
ogy. In severe AS, global myocardial T2 relaxation time 
is significantly elevated, exhibiting little overlap with 
healthy controls [85]. In addition, global myocardial T2 
time shows a positive linear association with LV mass 
index in patients with severe AS [85]. Transcatheter aor-
tic valve replacement (TAVR) results in decreased global 
myocardial T2 time, commensurate with decreased 
LV mass index over 6  month follow-up [188]. Patients 
with the longest pre-TAVR T2 time show the greatest 
reduction in LV EDV and more improvement in LVEF 
at 6  months post-TAVR. Myocardial T2 relaxation time 
also shows a positive linear relationship with aortic valve 
pressure gradient in severe AS [189]. Taken together, 
these studies indicate that T2 mapping adds important 
information about the extent of cardiac decompensation 
in severe AS, independent of myocardial fibrosis. Detec-
tion of myocardial edema in severe AS may also aid in 
prediction of reverse remodeling after TAVR.

Neuromuscular disorders
Cardiac involvement in patients with neuromuscular dis-
orders such as Duchenne muscular dystrophy (DMD), 
Becker muscular dystrophy, Emery-Dreifuss muscular 
dystrophy, limb-girdle muscular dystrophies, myotonic 
dystrophies, and others is common [190].

Patients with DMD have significant cardiomyo-
cyte necrosis, interstitial fibrosis, fatty infiltration, and 
interstitial edema which may lead to HF and arrhyth-
mias [190–192]. Early work using T2 mapping in DMD 
showed that patients have higher heterogeneity of T2 
relaxation time across the LV compared to controls [193]. 
A study in 12 DMD patients found significantly short-
ened T2 time in the anteroseptal segment compared with 
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healthy controls [194]. Myocardial T2 time in patients 
with myotonic dystrophy type 2 was significantly pro-
longed in basal, mid, and apical maps [195]. However, 
prolonged T2 relaxation time has not been found in 
patients with facioscapulohumeral muscular dystrophy 
[83]. More studies are needed to characterize myocardial 
T2 relaxation time in these rare diseases.

Athletes
The athlete’s heart may undergo adaptive remodeling that 
bears superficial resemblance to pathological remodeling 
in cardiac disease states [196]. Septal myocardial T2 time 
is significantly elevated in early idiopathic DCM patients 
compared with athletes and may help to differentiate 
these similar myocardial morphologies [133].

Studies involving elite breath-hold divers and male 
triathletes did not find significant T2 time prolongation 
compared to controls [197, 198]. However, a study of 30 
ultra-marathon runners found significantly longer myo-
cardial T2 time (chronically) compared with healthy con-
trols despite no significant differences in CMR markers 
of myocardial fibrosis [199]. Recently, T2 mapping was 
shown to accurately discriminate strength-trained ath-
letes with LVH from patients with HCM [78]. Prolonged 
myocardial T2 relaxation time has also been found in 
athletes with ventricular rhythm disturbances compared 
with control athletes [200]. These studies suggest that T2 
mapping adds important data to the analysis of athlete’s 
heart and prolonged T2 time may indicate myocardial 
pathology.

Takotsubo cardiomyopathy
Takotsubo cardiomyopathy  (TTCM) is characterized 
by reversible mid and apical ventricular inflammation 
and wall motion abnormalities [201–203]. T2 mapping 
detects significant edema in mid and apical LV segments 
of Takotsubo patients compared with basal (remote) seg-
ments and healthy controls (Fig. 5) [72]. The basal to api-
cal gradient of increasing myocardial T2 relaxation time 
in TTCM was confirmed by Aikawa et al. with shortening 
of T2 time toward normal values over 3 months follow-
up [204]. Recent work has shown that T2 time in Takot-
subo patients is also higher in myocardial regions with 
normal wall motion compared with controls [205]. A 
combination of T2 mapping and native T1 mapping can 
accurately diagnose TTCM [206].

Peripartum cardiomyopathy
Peripartum cardiomyopathy (PPCM) is a poorly 
understood condition associated with decreased LV 
systolic function [207]. A recent study in 40 patients 
with PPCM found a very low prevalence of LGE and 

detected no edema by T2w imaging [208]. Only one 
study using T2 mapping in PPCM patients was identi-
fied; it reported significantly prolonged T2 relaxation 
time in PPCM patients compared to healthy controls 
[209]. Persistence of LV dysfunction after 6 months fol-
low-up can be predicted by longer myocardial T2 time 
at baseline [209]. T2 mapping may be used as a prog-
nosticator for patients with PPCM, but more studies 
are needed to validate these recent findings.

Chronic kidney disease
Cardiovascular diseases are a leading cause of excess 
morbidity and mortality in patients with chronic kid-
ney disease (CKD) and end stage renal disease (ESRD) 
[210]. Shortened myocardial T2 and native T1 relaxa-
tion times parallel reductions in LV mass index in 
patients with ESRD after undergoing hemodialysis 
[211]. This finding is consistent with recent work which 
indicates that whole body fluid status may significantly 
impact myocardial T2 time [60]. Similarly, patients with 
advanced CKD and LVH have significantly longer myo-
cardial T2 time than patients with HCM or hyperten-
sive cardiomyopathy [136]. Native T1 relaxation time is 
elevated in patients with CKD, and is highly correlated 
with myocardial T2 time, indicating dual impact of 
myocardial fibrosis and edema in LV remodeling [136].

Cancer therapy‑related cardiac injury
Many cancer therapeutics such as the anthracyclines, 
HER2/neu inhibitors, tyrosine kinase inhibitors, pro-
teasome inhibitors, immunotherapies, and radiation 
may cause myocardial injury, leading to dysfunction 
and morbidity [212]. Studies using T2 mapping have 
consistently found prolonged T2 relaxation time indi-
cating myocardial edema after treatment with anthra-
cycline drugs [11, 213–215]. A porcine study found that 
prolonged myocardial T2 time was the earliest marker 
of reversible myocardial toxicity in anthracycline 
treated pigs [11]. Furthermore, this animal study corre-
lates myocardial T2 time with the histopathologic find-
ing of intramyocardial vacuolization [11]. Other studies 
have investigated patients undergoing treatment with 
anthracycline drugs and HER2/neu inhibitor therapy in 
series finding that this combination is also associated 
with myocardial edema [81, 216].

A growing arsenal of targeted immunotherapies for 
cancer creates many opportunities to use T2 mapping 
in the study of their adverse myocardial effects. Immu-
notherapeutic agents such as chimeric antigen receptor 
T-cell therapy, and immune checkpoint inhibitors are 
also associated with cardiac dysfunction [217, 218]. In 
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patients undergoing CMR, T2 mapping could serve as 
a valuable index of early, reversible myocardial injury 
attributed to novel antineoplastic drugs.

T2 mapping in the pediatric population
Contemporary studies using parametric mapping in the 
pediatric population primarily utilize T1 and/or ECV 
mapping [219]. T2 mapping in the pediatric popula-
tion has predominantly been utilized in patients with 
myocarditis and heart transplant recipients. System-
atic studies of CMR mapping in pediatric patients are 
scarce since mapping is not routinely performed in 
many pediatric academic institutions [220]. There is 
also a scarcity of studies investigating normal ranges of 
T2 time in healthy pediatric patients [221]. Addition-
ally, T2 mapping may pose more challenges in the pedi-
atric population due to high heart rate and heart rate 
variability, motion artifact, and need for sedation prior 
to CMR in the youngest subjects [220]. Breath-hold 
compliance and difficulty remaining still during the 
exam may be challenges experienced with non-sedated 
children. Smaller heart size may also necessitate the 
acquisition of T2 maps at higher spatial resolution than 
adult maps. In a study by Alsaied in 102 healthy pediat-
ric subjects, T2 relaxation time at 1.5 T demonstrated 
a non-significant negative correlation with age, and no 
correlation with heart rate [222]. There were no dif-
ferences in T2 time between genders [222]. In another 
study performed at 3  T that included 38 healthy chil-
dren, there were no significant correlations between T2 
time and age, height, weight, or body surface area [221]. 
However, significantly longer T2 relaxation times were 
observed in females compared with males, and in the 
pubertal (ages 13–15 years) compared with prepubertal 
periods (ages 9–12  years) [221]. The lack of influence 
of age on the T2 relaxation time could derive from the 
fact that only a small age range was analyzed [221]. The 
generation of a site-specific normal T2 time range is 
imperative for the pediatric application of T2 mapping.

Diagnosis of myocarditis in the pediatric population 
is challenging because of the wide spectrum of clini-
cal presentation and heterogenous clinical course [223]. 
Similar to the adult population, T2 times were found to 
be significantly elevated in pediatric patients with clini-
cally suspected acute myocarditis, with longer relaxa-
tion time in patients with reduced LVEF [220, 223]. 
Cornicelli et al. reported T2 time prolongation in 90% of 
acute myocarditis cases missed by original Lake Louise 
criteria, emphasizing the difference in sensitivity of the 
original and updated Lake Louise criteria for the diag-
nosis of myocarditis [220, 223]. Interestingly, Isaak et al. 
demonstrated comparable diagnostic accuracy between 
non-contrast scoring based on quantitative mapping 

parameters and the updated Lake Louise criteria [223]. 
Since the T2 relaxation time was shorter in myocarditis 
patients under the age of 18  years than in patients ages 
18–21 years, characterization of site and age specific nor-
mal T2 time range is warranted for the delineation of cut-
off values [223].

Wang et  al. conducted a study on 31 patients with 
clinically suspected myocarditis and no evidence of focal 
myocardial edema or necrosis/fibrosis visible on conven-
tional CMR at 3 T [224]. The study did not demonstrate 
any significant difference between T2 time in the myo-
carditis and control groups [224]. Inclusion of patients 
with relatively mild symptoms, small sample size, varying 
and predominantly long intervals from symptom onset to 
CMR study, and lack of histologic validation are limita-
tions of this study [224].

While CMR with quantitative T2 mapping has been 
extensively studied as a screening method for acute allo-
graft rejection in adult heart transplant patients, there 
are limited data on its application in the pediatric pop-
ulation [225]. Sethi et  al. found a significant difference 
between both mean and maximum T2 relaxation time in 
a rejection group versus the non-rejection group [225]. 
Similar to prior reports in the adult population, prolon-
gation of T2 relaxation time is observed in higher EMB 
grades [143, 225]. In a study conducted by Husain in 
pediatric heart transplant patients, prolonged T2 time 
correlated with reduced systolic function as assessed by 
LVEF, global circumferential strain and global longitudi-
nal strain which may indicate disease progression [226]. 
There was a weak correlation between higher rejection 
score and T2 relaxation time [226]. The presence of even 
low-grade coronary allograft vasculopathy was associated 
with longer maximum segmental T2 time [226].

Conclusions
The clinical applications of T2 mapping are widespread 
and impactful. Technology allowing rapid, high-quality 
acquisition of myocardial T2 maps in a variety of disease 
states is steadily advancing. Myocardial T2 maps add 
specific, complementary information about myocardial 
edema to other parametric CMR studies such as ECV 
and native T1 mapping. This information can be used for 
diagnosis, risk stratification, and guiding or monitoring 
treatment of myocardial disease.
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