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Abstract

Background: Quantitative Cardiovascular Magnetic Resonance (CMR) techniques have gained high interest in CMR
research. Myocardial T2 mapping is thought to be helpful in diagnosis of acute myocardial conditions associated
with myocardial edema. In this study we aimed to establish a technique for myocardial T2 mapping based on
gradient-spin-echo (GraSE) imaging.

Methods: The local ethics committee approved this prospective study. Written informed consent was obtained
from all subjects prior to CMR. A modified GraSE sequence allowing for myocardial T2 mapping in a single
breath-hold per slice using ECG-triggered acquisition of a black blood multi-echo series was developed at 1.5 Tesla.
Myocardial T2 relaxation time (T2-RT) was determined by maximum likelihood estimation from magnitude
phased-array multi-echo data. Four GraSE sequence variants with varying number of acquired echoes and
resolution were evaluated in-vitro and in 20 healthy volunteers. Inter-study reproducibility was assessed in a
subset of five volunteers. The sequence with the best overall performance was further evaluated by assessment of
intra- and inter-observer agreement in all volunteers, and then implemented into the clinical CMR protocol of five
patients with acute myocardial injury (myocarditis, takotsubo cardiomyopathy and myocardial infarction).

Results: In-vitro studies revealed the need for well defined sequence settings to obtain accurate T2-RT measurements
with GraSE. An optimized 6-echo GraSE sequence yielded an excellent agreement with the gold standard
Carr-Purcell-Meiboom-Gill sequence. Global myocardial T2 relaxation times in healthy volunteers was 52.2 + 2.0 ms
(mean + standard deviation). Mean difference between repeated examinations (n=5) was —0.02 ms with 95%
limits of agreement (LoA) of [-4.7; 4.7] ms. Intra-reader and inter-reader agreement was excellent with mean
differences of —0.1 ms, 95% LoA =[-1.3; 1.2] ms and 0.1 ms, 95% LoA =[-1.5; 1.6] ms, respectively (n = 20). In patients
with acute myocardial injury global myocardial T2-RTs were prolonged (mean: 61.3 £ 6.7 ms).

Conclusion: Using an optimized GraSE sequence CMR allows for robust, reliable, fast myocardial T2 mapping
and quantitative tissue characterization. Clinically, the GraSE-based T2-mapping has the potential to complement
qualitative CMR in patients with acute myocardial injuries.
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Background

Cardiovascular Magnetic Resonance (CMR) can provide
safe and prompt diagnosis in patients with acute myo-
cardial injury (e.g. acute myocardial infarction, tako tsubo
cardiomyopathy and acute myocarditis) [1,2]. Many acute
myocardial conditions lead to myocardial edema that in-
creases the free myocardial water content. Myocardial
water content is directly related to myocardial T2 relax-
ation times [3], thus it can be visualized using black blood
T2-weighted (T2-w) imaging [4]. However, this qualitative
technique is challenging and has several limitations that
compromise its use in clinical routine [5]: (1) The black
blood impulse can result in an imperfect nulling of the left
ventricular blood pool signal making it difficult to differ-
entiate subendocardial edema from low flow left ventricu-
lar blood; (2) Arrhythmia and the use of phased array coils
can cause signal intensity inhomogeneities that may ob-
scure myocardial edema; (3) In cases of diffuse global
myocardial edema, when no signal from healthy myo-
cardium is present, correct image interpretation may also
be hampered.

Quantitative T2 mapping techniques may overcome
some of these limitations in qualitative T2-w imaging. Dur-
ing the last decades, several techniques and sequences for
myocardial T2 mapping have been described [6-9] with
several studies defining normal values for healthy human
myocardium [7,9-13]. However, some of these methods
are either time-consuming, are acquired in free breathing,
or require specialized software for data acquisition and/or
post-processing, all of which are factors that limits their
use in clinical routine. Measurement of an absolute tissue
property for the quantification of myocardial edema is not
only expected to be beneficial for establishing the diagno-
sis but can also improve monitoring and help in guiding
therapy, if well defined T2 mapping sequences are avail-
able, that allow for good quality, reliable and rapid data
acquisition.

In summary, a readily available, phantom-validated T2
mapping sequence with high accuracy and reproducibility
in healthy volunteers is desirable allowing for a good dis-
crimination between diseased and healthy myocardium.
Therefore, the purpose of this study was to develop and
evaluate a sequence for accurate myocardial T2 mapping
using the gradient-spin-echo (GraSE) technique [14,15]
which (1) has an acceptable acquisition time for integra-
tion into clinical CMR protocols, (2) may overcome some
of the limitations of standard T2-w imaging, and (3) uti-
lizes standard imaging and post-processing methods that
allow a widespread clinical implementation.

Methods

The local ethic committee approved this prospective study
and written informed consent was obtained from all
study subjects prior to CMR. All scans were performed
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using a 1.5 Tesla (T) MR system (Ingenia 1.5 T, Philips
Healthcare, Best, The Netherlands) with a maximum
gradient strength of 45 mT/m and a maximum slew rate
of 120 mT/m/ms. A 32 channel torso coil with digital
interface was used for signal reception.

T2 Mapping sequence details

For pixel-wise measurement of T2 relaxation times, a
multi-echo dataset was acquired based on two well
established MR techniques: (1) Turbo-spin-echo (TSE),
originally dubbed rapid acquisition with relaxation en-
hancement (RARE) [16] and also known as fast-spin-echo,
and (2) echo-planar-imaging (EPI) [17]. In this sequence a
train of spin-echoes is generated by several 180° radiofre-
quency pulses and each individual spin echo is acquired
with an EPI readout. This concept is known as gradient-
spin-echo. In contrast to the conventional GraSE sequence,
that can be utilized to further speed up TSE sequences
and/or to reduce energy deposition, here each of the sam-
pled echoes in the TSE echo-train is used for the recon-
struction of a separate image with varying effective echo
time (TE). Consequently, the number of 180° pulses (TSE
factor) determines the number of images in the multi-echo
series, and the EPI factor (specifying the number of gradi-
ent echoes per readout) determines the number of profiles
acquired per spin-echo. An illustration of the sequence can
be found in the Additional file 1.

A standard dual inversion recovery black blood mod-
ule was applied to null the signal of flowing blood in the
ventricles; the inversion delay was calculated automatic-
ally from the cardiac frequency assuming a T1 relaxation
time of 1200 ms for blood at 1.5 T. The bandwidth of
the second inversion pulse was increased to achieve
complete re-inversion in the myocardium (with a slice
thickness for re-inversion of 2.5 fold the imaging slice
thickness). To avoid ghosting artifacts and possible sig-
nal contributions from pericardial or subcutaneous fat,
which can severely confound T2 measurements, fat sup-
pression was applied using a spectral selective inversion
recovery pulse (SPIR).

Signal acquisition was triggered by ECG and data were
acquired during breath-hold. With parallel imaging the
acquisition time was reduced to a maximum of 13 RR
intervals per slice including one dummy TR. Hence, data
could be acquired in a single breath-hold per slice even
in cases with a low cardiac frequency. Finally, T2 maps
were generated directly on the scanner applying a max-
imum likelihood estimation on the magnitude phased-array
multi-echo data taking the non-Gaussian distribution of
noise in magnitude images into account [18,19].

Phantom experiments
To test the accuracy of the method, six phantom tubes
were filled with Manganese (II) chloride doped water
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(MnCl, -4 H,0) in various concentrations covering the
whole range of T2 relaxation times relevant for myocar-
dial T2 mapping. With a T1 relaxation time of about 10
times T2 at 1.5 T, MnCl, - 4 H50 solution is a well-suited
phantom for sequence optimization.

A phantom pre-study was performed to determine a
suitable set of sequence parameters for the GraSE
multi-echo sequence (see Additional file 1). T2 values
obtained from the measurements with the GraSE se-
quence were compared to the T2 values determined by a
Carr-Purcell-Meiboom-Gill sequence (see Additional
file 1), which was considered as the Gold standard.

In-vivo studies

Based on the phantom experiments, four sets of se-
quence parameters were selected for in-vivo evaluation
in volunteers: a nine echo variant (9 Ec), a six-echo vari-
ant (6 Ec), both with one start-up echo (i.e. the first echo
is not used for data acquisition), a 6 echo variant with
lower resolution (6 Ec LR) and therefore higher signal to
noise ratio (SNR), and a 7 echo variant with the same
setting as the 6 Ec variant but without a start-up echo (7
Ec no s.e.). Sequence details are listed in Table 1. Account-
ing for the results of the phantom experiments, modified
Shinnar-Le-Roux pulses for optimized slice refocusing
with a sinc-gauf$ like shape and modified side-lobes (one
at each side) were applied with a duration of 4.5 ms.

T2 mapping with all four sequence variants was per-
formed in 20 healthy volunteers. All healthy volunteers
had no medical history of cardiac or vascular disease and
no cardiac risk factors. ECG-analyses showed no abnor-
malities in all volunteers. Breath-hold T2 mapping was
performed in end-diastole in short axis orientation. Three
short axis slices (basal, mid-ventricular, and apical) were

Table 1 Details of the GraSE sequences
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obtained for coverage of all 16 segments as described pre-
viously [20].

Myocardial T2 relaxation times were extracted from
the T2 maps by using freely available software (Segment,
version 1.9, R2783; http://segment.heiberg.se) [21]. After
endocardial and epicardial borders were contoured by
two readers with 2 (JAL) and 9 (CPN) years of experience
in CMR, T2 maps were analyzed by a segmental approach
according to the 16 segment AHA model [20].

To assess the inter-study repeatability of the different
GraSE sequence variants, myocardial T2 mapping was re-
peated in five randomly chosen volunteers within a two
week period. Based on the results of the phantom and the
in-vivo study, the performance of the six-echo GraSE se-
quence was further evaluated by an assessment of the
intra- as well as inter-reader agreement in all volunteers.

For functional analysis ECG-gated steady-state free
precession short axis cine images covering the whole left
ventricle were obtained in breath-hold. Left ventricular
end systolic volume and left ventricular ejection fraction
were quantified by using dedicated software (ViewForum,
Philips Healthcare). Papillary muscles were included in
the left ventricular cavity volume.

Clinical application

In order to demonstrate potential clinical applications
for myocardial T2 mapping with GraSE, the six-echo T2
mapping sequence was implemented into the CMR
protocol of 5 patients with acute myocardial injury. Two
patients with acute myocardial infarction, two patients
with acute myocardial inflammation, and one patient
with takotsubo cardiomyopathy were examined. CMR
protocol included black blood T2-w short tau inversion-
recovery (STIR) sequences for detection of myocardial

9 Ec
Acquisition matrix
Voxel size
Slice thickness
TR
First TE
ATE

236 ms

Number of echoes 9
EPI/SENSE factor
Black blood/Fat sat
Profile order

TSE shot duration 118 ms
Time shift between first and last echo 944 ms

Bandwidth (P/F)

6 Ec (LR)
176 x 168 (152 x 138)

7 Ec no se.

2 x 2 mm? (2.3°) reconstr. to 1 x 1 mm?
10 mm
1 RR interval
23.6 ms
11.8 ms
6 7
7/2

Dual Inversion/SPIR

11.8 ms

Linear
83 ms 83 ms
59 ms

173 Hz/1740 Hz

70.8 ms

Values in bold correspond to the six-echo variant proposed for clinical application and which was analyzed in detail.


http://segment.heiberg.se
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edema and segmented inversion-recovery gradient-echo
sequences for detection of myocardial fibrosis and scar-
ring. The diagnoses of acute myocardial infarction, acute
myocarditis, and takotsubo cardiomyopathy were made
on the basis of the results of CMR, electrocardiogram,
coronary angiography and serum markers indicating
acute myocardial injury and inflammation (troponin and
C-reactive protein, respectively).

Image quality analysis

Image quality (under special consideration of motion ar-
tifacts) of the six-echo T2 mapping variant was assessed
in the given study population (20 healthy volunteers and
5 patients with acute myocardial conditions). One reader
(9 years of experience in CMR) blinded to the patient/
volunteer information rated the T2 maps (basal, midven-
tricular, and apical sections) using the following 5-point
rating scale: 1: non-diagnostic, 2: poor, severe motion ar-
tifacts and/or misregistration compromising image qual-
ity and severely hampering analysis, 3: moderate, with
minor motions artifacts and/or misregistration at the
myocardial borders with moderate effect on image ana-
lysis, 4: good, minimal motion or misregistration arti-
facts with minimal effect on image analysis, 5: excellent,
no artifacts.

Statistical analysis

Statistical analysis was performed using SPSS V22 (IBM
Corp, Armonk, NY). Continuous variables are presented
as mean * standard deviation (SD), dichotomous vari-
ables are presented as absolute frequency. The paired
and unpaired Student’s t-Test was used for comparison
of continuous variables. The level of statistical signifi-
cance was set to p<0.05. Bonferroni correction was
used as an adjustment for multiple comparisons. Bland-
Altman analysis and Pearson correlation were performed
to assess the agreement of measurements.

Results

Phantom experiments

The phantom study demonstrated the need for well de-
fined sequence settings for T2 mapping with GraSE to
obtain accurate measurements. Details of the phantom
measurements can be found in the Additional file 1.
With optimized parameters, i.e. especially with appropri-
ate slice profile settings, T2 values obtained by T2 map-
ping with GraSE showed an excellent correlation with
the Carr-Purcell-Meiboom-Gill sequence for each of the
four sequence variants (R >0.999, each). The sequence
variant without start-up echo led to a slight overesti-
mation of the T2 relaxation times while the nine- and
six-echo variant showed almost perfect agreement with
the reference (see Figure 1).
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Figure 1 Results of phantom measurements. The agreement
between T2 measurements using the GraSE sequence and the
reference (CPMG sequence) were excellent for the 9 Echo and the 6
Echo variant with the parameter “slice profile” set to “optimal”
and one start-up echo. Without start-up echo, T2 relaxation
times were slightly overestimated (7Ec no s.e.). The dotted line in gray
represents the line of identity corresponding to a perfect agreement

with the reference.

In-vivo studies

Myocardial T2 mapping with four variants of the GraSE
sequence was performed in 20 healthy volunteers (17/20
[85%] men and 3/20 [15%] women). Mean age was 32.4 +
8.1 years (range: 18 to 50 years). Mean left ventricular
ejection fraction was 62.1 +4.0% (left ventricular end
diastolic volume/body surface area: 76.9 + 8.1 ml/m?
heart rate: 64.7 +7.2 beats/minute). Mean breath-hold
duration was 12.2 s with a maximum of 14.8 s. All myo-
cardial segments were included into segmental analysis
(1280/1280 [100%]). No segments were excluded from
analysis. Figure 2 shows a GraSE multi-echo dataset with
corresponding T2 maps.

Mean global T2 relaxation time (T2-RT) over all vol-
unteers was 53.3 +2.7 ms (for the 9 Ec variant), 52.2 +
2.0 ms (6 Ec), 51.3 +3.3 ms (6 Ec LR), and 50.4 + 2.7 ms
(7 Ec no s.e.) with the lowest inter-subject variation in
the 6 Ec variant. T2 relaxation times for the 9 Ec se-
quence were significantly longer compared to all other
variants. No significant differences were found between
the two variants with six echoes. Bland-Altman analysis
of the inter-study repeatability revealed a mean differ-
ence and 95% limits of agreement (LoA) between the
first and the second examination of —0.04 ms [-8.4; 8.3]
ms for the 9 Ec variant, -0.02 ms [-4.7; 4.7] ms for the
6 Ec variant, 1.0 ms [-5.9; 7.9] ms for the 6 Ec LR vari-
ant, and 2.2 ms [-1.0; 5.5] ms for the 7 Ec no s.e. vari-
ant. Considering the results of the phantom study and
the T2 analysis in healthy volunteers including the as-
sessment of inter-study repeatability, the six-echo (6Ec)
variant was selected for further analysis.
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Figure 2 Results of the six-echo GraSE sequence with corresponding T2 maps for a healthy 37-year-old male. Each row shows a single
slice (from top to bottom: basal, mid-ventricular, apical slice) with echo-times ranging from 23.6 ms to 82.6 ms (from left to right). Data were
acquired in one breath-hold per slice (12.8 s). No motion correction was applied. Color-coded T2 maps are shown in the last column and
were generated based on a maximum likelihood estimation accounting for the non-Gaussian distribution of noise in magnitude images.
Global myocardial T2 relaxation time in this subject was 51.6 + 3.3 ms (basal anterior/anteroseptal/inferoseptal/inferior/inferolateral/anterolateral:
50.1/51.6/47.6/47.7/45.0/52.9 ms; midventricular anterior/anteroseptal/inferoseptal/inferior/inferolateral/anterolateral: 55.5/57.1/50.2/50.2/54.6/49.2 ms;
apical anterior/septal/inferior/lateral: 54.7/54.8/49.4/54.9 ms). To ease comparison with clinical cases (see Figure 5), color-settings are kept equal

throughout the article. Scale bars equal 20 mm.

The assessment of intra- and inter-observer agreement
for the six-echo GraSE sequence revealed very small dif-
ferences between repeated readings of the same reader
(-0.1 ms, 95% LoA =[-1.3; 1.2] ms) and between the
measurements of different readers (0.1 ms, 95% LoA =
[-1.5; 1.6] ms), with a linear correlation coefficient of R =
0.95 and R =0.92, respectively. The Bland-Altman plots
and the corresponding correlation plots are displayed in
Figure 3.

T2 values for the individual segments are presented in
Figure 4. For segmental measurements the mean differ-
ences in T2-RTs between repeated readings were 0.04 ms,
95% LoA =[-2.8; 2.9] ms (same reader) and -0.1 ms, 95%
LoA =[-4.4; 4.6] (different readers). Analysis of the re-
gional variation in myocardial T2 relaxation time revealed
a rather homogeneous distribution. Mean T2 was slightly
higher in apical slices compared to mid ventricular slices
(AT2=1.2+2.7 ms) and also compared to basal slices
(AT2 =1.2 + 4.9 ms) but the differences did not reach stat-
istical significance. Differences between septal and lateral
segments and apical and inferior segments were less than
1 ms.

Clinical application

After implementing the six-echo variant into clinical
routine protocol, myocardial T2 mapping was performed
in five patients with acute myocardial injury. Mean time
from onset of symptoms to CMR was 2.2+0.7 days.
Global myocardial T2 relaxation times were considerably
prolonged in patients with acute myocardial conditions
(myocarditis: 62.9 + 5.5 ms; myocardial infarction: 58.7 +

8.4 ms; takotsubo cardiomyopathy: 63.5+ 6.0 ms) (see
Figure 5). In addition, T2 relaxation times were signifi-
cantly prolonged in infarcted segments compared to re-
mote segments (76.2 + 11.1 ms vs. 53.4 + 4.1 ms, p < 0.001).
More detailed patient characteristics are given in Table 2.

Image quality analysis

Image quality scores of the T2 maps showed no signifi-
cant difference between healthy volunteers and patients
with acute myocardial injuries (4.5 + 0.6 vs. 4.4 + 0.6). No
significant differences were found between basal, mid-
ventricular, and apical sections (4.3 + 0.8 vs. 4.6 £ 0.5 vs.
4.5 £ 0.5).

Discussion

In this prospective study, the applicability of myocardial
T2 mapping using the GraSE technique was systematically
evaluated. The specific sequence parameters derived from
sequence optimization allowed for an accurate estimation
of myocardial T2 relaxation times in clinically acceptable
breath-hold times. After a phantom pre-study and the
evaluation of four different sets of sequence parameters in
an in-vivo volunteer study, the six-echo variant of the
GraSE sequence was judged to offer the best performance
for clinical use when taking into account the measure-
ment accuracy and repeatability. The use of the six-echo
variant was demonstrated in five clinical cases.

The nine-echo variant suffered from a relatively high
inter-study variance. This may be attributed to the rela-
tively long shot duration of 118 ms making it more sus-
ceptible to motion artifacts. Subsequently, this increased
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Figure 3 Assessment of intra- and inter-reader agreement for global myocardial T2 measurements with the six-echo GraSE sequence.
A: Bland-Altman analysis shows very good agreement of repeated observations for the same reader (mean difference = —0.1 ms, 95% LoA =[—1.3; 1.2] ms)
with an excellent linear correlation (R=095). B: The agreement of two different readers is only slightly lower (R=092) than repeated readings by

T T T T T
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T2 reader 1 [ms]

susceptibility to motion artifacts may counterbalance if
not even outweigh the benefit of acquiring more data
points for estimation of T2. The evaluation of the six-
echo variant with lower resolution revealed no benefit
with respect to inter-study reproducibility and inter-
subject variability. Here, the gain in SNR appears to be
counteracted by partial-volume effects. The omission of
a start-up echo yielded only a slight overestimation of
T2-RT in the phantom measurements, therefore we also
evaluated a variant without start-up echo in the in-vivo
experiments, again with the aim to increase the SNR.
Interestingly, the omission of a start-up echo did not
lead to higher values for T2 in the in-vivo experiments,
but also did not show a distinct benefit.

In existing literature to date a large range of myocar-
dial T2 values for healthy volunteers is reported. At a
field-strength of 1.5 Tesla, T2 values from 50 ms [7] to
59 ms [22] are reported. However, comparably long T2

values of 59 ms are elsewise only reported for lower
field-strengths [23], suggesting that a T2 relaxation time
of 59 ms may rather be regarded as an outlier. Three pos-
sible explanations exist: (1) In the phantom measurements
performed for sequence optimizaton we could demon-
strate that the combination of a short first TE and a sub-
optimal slice profile leads to a severe overestimation of
T2-RTs. Because a first TE of 7 ms was chosen [22], the
high T2-RT may be caused by a suboptimal slice profile of
the navigator-gated GraSE sequence. (2) T2 was estimated
by exponential fitting without accounting for the non-
Gaussian noise distribution in magnitude images [18]. (3)
Two studies reported a correlation of myocardial T2 with
age [22,23] indicating that normal T2-RTs may be age-
dependant. However, this was not confirmed in a different
study [24], leaving the impact of age on T2-RTs unclear at
this time. The shortest T2 values of 50 ms are reported
in a study where a steady state free precession (SSFP)
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anterior

Figure 4 Segmental analysis of myocardial T2 relaxation time.
Regional dependence of measured T2 values is illustrated using the 16
segment AHA model [20]. Slightly higher values for the T2 relaxation
time of myocardium were observed in the apical segments, but with
no significant difference to mid-ventricular and basal segments.
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sequence was applied with interleaved variation of inver-
sion time and T2 preparation time for simultaneous map-
ping of T1 and T2 relaxation times [7]. Interestingly, Giri
et al. reported values for T2 in healthy volunteers very
similar to our results [10], although the parameters of the
SSFP sequence used for in-vivo T2 relaxation time map-
ping in that study showed only inferior accuracy in phan-
tom measurements. In a very recent study a nine-echo
navigator-gated sequence was used successfully to detect
myocardial edema [25]. Although the healthy control
group was very similar to the volunteers examined in our
study with respect to age and sex, T2 values observed for
healthy myocardium were distinctly longer (interquartile
range: [54; 60] ms) compared to our measurements (inter-
quartile range: [50.4; 53.6] ms). As the echo spacing was
only 6.25 ms in that study, the longer values may again be
an effect of a suboptimal slice profile. Unfortunately, there
was no phantom validation performed in that study [26].
The segmental analyses reported in our study revealed
only minor regional variations in healthy volunteers with
slightly higher T2 relaxation times in apical segments
compared to mid-ventricular and basal segments, similar
to previous studies [10,22], including a 3 Tesla study [24].

Figure 5 Example CMR findings. Midventricular short axis T2-weighted short tau inversion recovery (STIR), late gadolinium enhancement (LGE), and
T2 mapping sequences in a 29-year-old healthy male volunteer (A, B, C), a 42-year-old patient (#1) with acute, diffuse myocarditis (D, E, F), and a
53-year-old patient (#2) with acute myocardial infarction (G, H, 1). Mean global T2 relaxation time for the healthy volunteer was 485 + 4.6 ms
(anterior: 47.8 ms; anteroseptal: 57.8 ms; inferoseptal: 52.1 ms; inferior: 49.6 ms; inferolateral: 45.5 ms; anterolateral: 47.1 ms) (C). In patient #1 diffuse
myocardial edema was present throughout all myocardial segments (D, E, F), associated with increased global T2 values of 68.0+2.4 ms (anterior:
654 ms; anteroseptal: 68.4 ms; inferoseptal: 70.5 ms; inferior: 65.8 ms; inferolateral: 64.4 ms; anterolateral: 66.1 ms). Patient #2 showed an
acute myocardial infarction of the inferior segments with subendocardial LGE (G) and pronounced edema in the T2 STIR image (H). Pronounced
myocardial edema is also visible in the corresponding T2 map (1), where the infarcted segments showed mean T2 relaxation times of 89.4 ms (inferior)
and 82.3 ms (inferolateral) (anterior: 55.5 ms; anteroseptal: 56.2 ms; inferoseptal: 70.5 ms; anterolateral: 66.1 ms; global T2 relaxation time: 62.5 +13.1 ms).

100 ms
La | 80ms
60 ms

40 ms

80 ms
¥ | 60ms

40 ms

80 ms
60 ms

40 ms
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Table 2 Patient characteristics
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Patient Diagnosis Gender Age ECG changes Troponin | [ng/ml] CRP [mg/I] T2 total [ms]
#1 Acute, diffuse myocarditis Female 42 None 16 188.0 680+24

#2 Acute myocardial infarction Female 53 ST segment elevation 30.1 32 62.5+13.1

#3 Takotsubo cardiomyopathy Female 44 Left bundle branch block 9.6 5.1 63.5+6.0

#4 Acute myocarditis Male 28 None 4.1 59.7 57.7+87

#5 Acute myocardial infarction Male 68 T-wave abnormalities 50 4.1 548+ 4.1

Patient characteristics for five patients with acute myocardial injury. Myocardial T2 relaxation times were obtained with the six-echo variant of the GraSE sequence.
CRP = C-reactive protein; ECG = Electrocardiogram; T2 = Global myocardial T2 relaxation times.

Knobelsdorff et al. speculated that the regional variation
is most probably caused by partial-volume effects in-
creasing towards the apex [24]. A tendency to a higher
inter-subject variation in lateral segments is most probably
an effect of wall motion, and was also observed in SSFP-
based T2 mapping [10].

T2 mapping based on the GraSE sequence has several
inherent pitfalls that must be addressed. First, the use of
an EPI readout introduces some T2* weighting and can
lead to an underestimation of T2 relaxation times. How-
ever, clinically acceptable breath-hold durations can
already be achieved with a relatively modest EPI factor
of 7, as applied in this study. In contrast, the use of a
turbo-spin echo series for T2 mapping can result in a
prolongation of observed T2 relaxation time, depending
on echo spacing and the applied turbo factor [27]. The
GraSE sequence variant used in our study did not show a
systematic deviation from the reference T2 determined in
the phantom experiment. However, a less homogenous By
field in in-vivo applications may introduce a slight under-
estimation of T2. Another drawback of the GraSE se-
quence is that each echo is acquired at a slightly different
heart phase. However, with the six-echo variant, the shot
duration is less than 85 ms, which should not introduce a
significant error in T2 estimation, as long as the trigger
delay is set appropriately to achieve image acquisition in
the end diastole.

One problem using qualitative T2-w imaging is that sub-
endocardial edema may be difficult to differentiate from
low flow left ventricular blood [5], possibly also making
contouring of the myocardial borders error-prone. How-
ever, the high intra- and inter-reader agreements demon-
strated for the six-echo variant indicate that reliable
contouring of the subepicardial and subendocardial bor-
ders of the left ventricle can be performed even by investi-
gators with different levels of experience. Moreover, while
correct interpretation of standard qualitative T2-w images
is challenging in global edema due to the lack of healthy
reference tissue, we demonstrated that diffuse myocardial
edema as seen in patient #2 can be detected more easily
with myocardial T2 mapping compared to qualitative
T2-w imaging. Although some clinical studies already

investigated the diagnostic value of myocardial T2 map-
ping in acute myocardial injury [11,25,28] more studies
with well-defined study populations will be necessary to
evaluate the clinic impact of myocardial T2 mapping [26].
Especially studies, with well-defined cohorts that use
a longitudinal design will be necessary to investigate the
benefits for monitoring therapy.

Our study has several limitations. First, the reference
values provided in this study are mainly for younger male
adults. The reference values can probably not be general-
ized to older and female patients without further valid-
ation. Second, it should be noted that arrhythmia may
degrade accuracy and robustness of T2 measurements.

Conclusion

In conclusion, our study shows that myocardial T2 map-
ping using the GraSE technique can be performed within
an acceptable acquisition time. However, appropriate
sequence settings are necessary to obtain accurate and re-
liable results. The technique demonstrated here has the
potential to overcome some limitations of qualitative
T2-w imaging, and may further enhance the diagnostic
quality of CMR in patients with suspected acute myocar-
dial injuries.

Additional file

Additional file 1: lllustration of the GraSE sequence and phantom
study details.
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