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Purpose: To develop a free-breathing isotropic-resolution whole-heart joint T1 
and T2 mapping sequence with Dixon-encoding that provides coregistered 3D T1 
and T2 maps and complementary 3D anatomical water and fat images in a single 
~9 min scan.
Methods: Four interleaved dual-echo Dixon gradient echo volumes are acquired 
with a variable density Cartesian trajectory and different preparation pulses: 1) in-
version recovery-preparation, 2) and 3) no preparations, and 4) T2 preparation. Image 
navigators are acquired to correct each echo for 2D translational respiratory motion; 
the 8 echoes are jointly reconstructed with a low-rank patch-based reconstruction. 
A water/fat separation algorithm is used to obtain water and fat images for each 
acquired volume. T1 and T2 maps are generated by matching the signal evolution 
of the water images to a simulated dictionary. Complementary bright-blood and fat 
volumes for anatomical visualization are obtained from the T2-prepared dataset. The 
proposed sequence was tested in phantom experiments and 10 healthy subjects and 
compared to standard 2D MOLLI T1 mapping, 2D balance steady-state free preces-
sion T2 mapping, and 3D T2-prepared Dixon coronary MR angiography.
Results: High linear correlation was found between T1 and T2 quantification with the 
proposed approach and phantom spin echo measurements (y = 1.1 × −11.68, R2 = 
0.98; and y = 0.85 × +5.7, R2 = 0.99). Mean myocardial values of T1/T2 = 1116 ± 
30.5 ms/45.1 ± 2.38 ms were measured in vivo. Biases of T1/T2 = 101.8 ms/−0.77 ms  
were obtained compared to standard 2D techniques.
Conclusion: The proposed joint T1/T2 sequence permitted the acquisition of motion-
compensated isotropic-resolution 3D T1 and T2 maps and complementary coronary 
MR angiography and fat volumes, showing promising results in terms of T1 and T2 
quantification and visualization of cardiac anatomy and pericardial fat.
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1 |  INTRODUCTION

Myocardial tissue characterization plays an important role 
in the detection of many cardiac diseases.1,2 Particularly, T1 
mapping has shown promising results in noninvasive detec-
tion of cardiomyopathies and diffuse fibrosis,3-5 whereas 
T2 elevation has been correlated with edema associated 
with myocardial infarction,6 myocarditis7 and transplant 
rejection.8

Conventionally, quantitative myocardial T1 mapping 
techniques rely on the acquisition of multiple 2D single-shot 
electrocardiogram-triggered images with variable T1 con-
trast. A pixelwise fitting to an exponential model describing 
the magnetization evolution is performed on the acquired  
T1-weighted images to obtain the 2D T1 maps. Look-Locker–
based inversion-recovery sequences sample the longitudinal 
magnetization recovery curve,9,10 providing high precision 
but low accuracy in T1 quantification. On the other hand, sat-
uration-based recovery acquisitions11 show better accuracy 
but lower precision. Both approaches are usually acquired in 
three 2D short-axis slices in 3 breath-holds, leading to low 
spatial resolution and limited coverage of the left ventricle. 
Similarly, conventional cardiac T2 maps are acquired with 
a T2 prepared single-shot balanced steady-state free preces-
sion (bSSFP) sequence in 2D short-axis views under sev-
eral breath-holds. T2 preparations (T2prep) with increasing 
T2prep duration are used to acquire several T2-weighted im-
ages, and a pixel-wise fitting procedure to an exponential T2-
decay model is then performed to obtain the T2 map.12,13 A 
pause of several heartbeats interrupts the acquisition to allow 
for T1 recovery before acquiring the subsequent T2-weighted 
image series; thus, only a single 2D slice can be acquired in 1 
breath-hold, limiting spatial resolution and coverage.

Recently, 3D free breathing T1 and T2 mapping techniques 
have been proposed to overcome the need for breath-holds, 
increase spatial resolution, and minimize through-plane 
motion artifacts.14-23 Some of these approaches were de-
signed for postcontrast application; thus, a direct extension 
to precontrast acquisition would not be straightforward.14,15 
Acquisition of 3D free-breathing native T1 or T2 maps has 
been demonstrated using 1D diaphragmatic navigators, but 
this approach leads to long and unpredictable scan time, lim-
iting spatial resolution and clinical adoption.14,16,17,19 1D and 
2D self-navigation or fat image navigators enabled the ac-
quisition of 3D T1 or T2 maps with 100% respiratory scan 
efficiency18,21,24; however, recovery heart beats for mag-
netization recovery affect the total scan time, leading to a 
tradeoff between spatial resolution18 and acquisition time.21 

A matching approach for T2 map generation was adopted to 
avoid the need of pauses for magnetization recovery, enabling 
the acquisition of high-resolution 3D T2 maps within a scan 
time of ~10 min or less,22,23 relying on 2D image navigators 
and undersampled acquisition; however, these approaches do 
not provide T1 quantification.

The joint acquisition of coregistered T1 and T2 maps could 
improve diagnostic accuracy,25 avoid misregistration between 
different acquisitions,26 and improve efficiency of the acqui-
sition protocol. Several sequences that permit the acquisition 
of joint myocardial T1 and T2 maps in a single scan have 
been proposed.27-31 These approaches rely on the combina-
tion of magnetization preparation pulses such as inversion 
recovery (IR), saturation, and T2prep to achieve combined 
T1 and T2 weighting. Parametric T1 and T2 maps are then 
obtained by fitting the acquired signal to combined relaxom-
etry signal models. However, resting periods are necessary 
for magnetization recovery, and both 2D breath-held27,28 and 
3D diaphragmatic navigator gated30 acquisitions suffer from 
low spatial (anisotropic) resolution and/or limited coverage, 
hindering the reformatting of the acquired maps in different 
orientations that could be beneficial for the detection of lo-
calized pathologies.

The aim of this work was to develop a novel respiratory 
motion-compensated whole-heart sequence that provides 
the acquisition of 3D isotropic resolution joint T1 and T2 
maps and coregistered anatomical water and fat images 
from a single free-breathing scan of ~9 min. The proposed 
approach is based on the acquisition of 4 interleaved vol-
umes with different magnetization preparation pulses and 
with no interruptions for magnetization recovery. T1 and T2 
maps are generated by matching the acquired signal evo-
lution to a simulated dictionary. A spoiled gradient echo 
(GRE) readout with Dixon encoding was used for image 
acquisition to separate the fat from the water signal to 
avoid partial volume artefacts and to increase SNR of the 
water images.32 Thus, a complementary coregistered 3D 
T2-prepared bright-blood water volume for cardiac and 
coronary anatomy visualization (CMRA) and a fat volume 
for epicardial and pericardial fat visualization are obtained 
with the proposed approach. Water/fat cardiac MRI has 
shown promising results in the assessment of fibro-fatty 
infiltration in the myocardium and cardiac masses33,34; fur-
thermore, it has shown potential in identifying patients with 
high risk of future cardiac events associated with increased 
epicardial and pericardial fat.35 Thus, the proposed tech-
nique could enable a comprehensive assessment of cardiac 
anatomy and tissue characterization.

K E Y W O R D S

3D whole-heart, Dixon water/fat separation, respiratory motion correction, T1 mapping, T2 mapping
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2 |  METHODS

2.1 | 3D Joint T1/T2 Framework

The framework of the proposed 3D whole-heart electrocar-
diogram-triggered joint T1/T2 mapping sequence is shown in 
Figure 1. A similar approach to Ref. 23 was used for the pro-
posed technique; however, an adaptation of preparation pulses 
and the imaging sequence was crucial to achieve sufficient T1 
and T2 encoding to provide simultaneous T1 and T2 mapping. 
Four interleaved RF spoiled GRE volumes with 2-point bipolar 
Dixon encoding were acquired with an undersampled Cartesian 
trajectory with spiral-like profile order and undersampling fac-
tor of 4x.36,37 The first volume was acquired with a nonselec-
tive inversion recovery pulse with TI = 120 ms; the second 
and third dataset were acquired with no preparations; and a T2 
preparation pulse (T2prep length = 50 ms) was applied prior to 
the fourth dataset. A GRE Dixon acquisition was used to obtain 
a robust water/fat separation independent from the preparation 
pulses and to increase the SNR of the water images.

2D coronal low-resolution image navigators (iNAVs)38 
were acquired prior to imaging of each volume in order to es-
timate and correct for superoinferior and left–right respiratory 
motion, enabling 100% scan efficiency and a predictable scan 
time. Out-of-phase iNAVs were used to estimate the motion 
displacements independently for each volume using template 
matching.39 This approach ensures that no contrast variations 
are observed between the iNAVs of each individual dataset. 
Translational motion correction to a common end-expiration 
was performed by applying a linear phase shift in k-space40 
to each dataset separately. Finally, a rigid registration to 
end-expiration is performed between the 4 motion-corrected 
volumes using mutual information as similarity measure to 
account for contrast differences. The eight 3D motion-com-
pensated and registered undersampled in- and out-of-phase 
echoes were jointly reconstructed with a 3D multi-contrast 
high-dimensionality undersampled patch-based low-rank 
reconstruction.41 High-dimensionality undersampled patch-
based reconstruction exploits local (within a patch), nonlo-
cal (between similar patches within a neighborhood), and  
contrast redundancies between the 8 echo images in an ef-
ficient multidimensional low-rank formulation. A water/fat 
separation algorithm with magnitude-based B0 estimation 
and phase unwrapping42 was used to generate the fat and 
water images for each dataset. The 4 water volumes were 
normalized on a voxel-by-voxel basis in time to obtain the  
acquired signal evolution across the 4 acquired volumes. T1 
and T2 maps were generated by matching the normalized sig-
nal evolution of each voxel to a subject-specific simulated dic-
tionary obtained via extended phase graphs (EPG),43 whereas 
complementary bright-blood and fat images were obtained 
from the T2-prepared dataset. EPG simulations provided the 
transverse and longitudinal magnetization evolution given a 

particular sequence design and thus enabled the acquisition 
of interleaved volumes without need of resting heartbeats for 
magnetization recovery. Details of dictionary generation and 
matching step between the acquired and simulated signal evo-
lution are reported hereafter.

2.2 | Dictionary generation and matching

EPG simulations were carried out to generate a subject- 
specific dictionary. Heart rate-specific parameters such as 
trigger delay and acquisition window duration were specified 
for each simulation according to mid-diastolic resting period 
of the subject acquisition. The MRI signal was simulated at 
every TR using the EPG framework. Because data acquisi-
tion is performed with a centric k-space reordering, the mean 
absolute value of the transverse magnetization in the central 
region of the k-space (40%) was considered to generate the 
dictionary signal evolution. The size of the central region was 
empirically selected considering the variable density nature of 
the undersampled trajectory.36,37 Longitudinal magnetization 
was used to determine the polarity of the simulated signal. 
The dictionary was simulated, including variable T1 and T2 
values in the range [minimum value : step size : maximum 
value] of T1 = [60:10:2000] ms and T2 = [4:2:100, 105:5:200, 
210:10:450] ms.44 Unrealistic T1 and T2 pairs, such as those 
with T2 > T1, were excluded from the dictionary. The simu-
lated T1 and T2 values were selected by considering a wide 
range of tissues at 1.5 tesla, including healthy myocardium 
T1/T2 = 1090/48 ms45; diseased myocardium, that is, fibro-
sis T1 = 1300 ms5,45 and edema T2 = 60 ms46; and blood  
T1/T2 = 1490/240 ms.45 Matched quantitative T1 and T2 maps 
were generated by minimizing the least square error between 
the acquired signal evolution and a specific dictionary entry, 
corresponding to a specific T1 and T2 pair, on a voxel-by-
voxel basis.

After water/fat separation the signal polarity is lost. 
To recover the signal polarity before matching, 3 phase- 
sensitive IR reconstructions47 were performed between the 
out-of-phase echoes of 1) IR-prepared and T2-prepared data-
sets, and the 2) first and 3) second nonprepared dataset and 
T2-prepared dataset, respectively. The 4 motion-corrected 
water volumes with restored magnetization polarity were 
then normalized in time by dividing each voxel by the RMS 
of the corresponding voxel in the 4 volumes.

2.3 | Experiments

The proposed joint T1/T2 sequence was tested in EPG simula-
tions, in a T1/T2 phantom, and on 10 healthy subjects (4 males, 
mean age: 31 years, range: 24-37 years). Acquisitions were 
performed on a 1.5T MR scanner (Magnetom Aera, Siemens 
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Healthcare, Erlangen, Germany) with an 18-channel chest coil 
and a 32-channel spine coil. Written informed consent was ob-
tained from all participants before undergoing the MR scans, 
and the study was approved by the institutional review board.

2.3.1 | EPG Simulations

Extended phase graph simulations were used to evaluate the 
design of the joint T1/T2 mapping sequence. EPG dictionar-
ies were generated for 3 different sequence configurations 
with a reduced number of interleaved volumes (3 to 4) to 
reduce scan time. The first sequence design included the 
acquisition of 3 interleaved datasets with (TI = 120 ms), 
no-prep, T2-prep (T2-prep length = 50 ms) preparations, re-
spectively, and a bSSFP readout with flip angle (FA) = 35 
degrees. The second configuration utilized the same prepa-
ration pulses, but a GRE readout with FA = 15 degrees was 
used for imaging. The third sequence configuration included 
the acquisition of 4 interleaved GRE datasets (IR with TI = 
120 ms, no-prep, no-prep, and T2-prep) with dual echo Dixon 
encoding (FA = 8 degrees). Landscape graphs48 comparing 
the least square error (LSE) between a fixed T1/T2 pair and 
all the other dictionary entries were generated to analyze 
the T1 and T2 encoding provided by the different configura-
tions. The LSE variation around the minimum for a selected  
T1/T2 pair was used as metric for T1 and T2 sensitivity of the 
analyzed sequences. T1 and T2 pairs of healthy myocardium 
(T1healthy-myoc = 1100 ms, T2heatlhy-myoc = 50 ms), diseased my-
ocardium (T1diseased-myoc = 1300 ms, T2diseased-myoc = 70 ms),  
and blood (T1blood = 1400 ms, T2blood = 250 ms) were 
investigated.

2.3.2 | Phantom

Data acquisition was performed in a standardized T1MES 
phantom45 to test the sequence accuracy and precision with 
respect to the phantom reference spin-echo values and con-
ventional 2D MOLLI T1 mapping and 2D T2-prepared 
bSSFP T2 mapping. The proposed 3D joint T1/T2 acqui-
sition parameters included transversal orientation, GRE 
readout with 2-point Dixon bipolar encoding and centric k-
space reordering, FOV = 280 × 280 × 20 mm3, resolution 
2 mm isotropic, TR/TEs = 6.41/2.38/4.76 ms, bandwidth =  
485 Hz/pixel, 14 echoes for iNAV acquisition, FA = 8  
degrees, TI = 120 ms, T2prep = 50 ms, 16 segments per heart 
beat corresponding to an acquisition window of 107 ms, 
simulated heart rate (HR) of 60 beats per minute (bpm), and 
acceleration factor of 4 for each acquired volume leading to 
a total acquisition time of ~2 min. The conventional MOLLI 
5(3)3 T1 mapping sequence was acquired with bSSFP read-
out, FA = 35 degrees, resolution = 1.6 × 1.6 mm2, slice 

thickness = 8 mm, TE/TR = 1.12/2.8 ms, and bandwidth = 
1085 Hz/pixel; and 8 single-shot images were acquired with 
increasing inversion time and 3 recovery heartbeats. The con-
ventional T2-prepared 2D T2 mapping imaging parameters in-
cluded bSSFP acquisition with FA = 70 degrees, resolution =  
1.8 × 1.8 mm2, slice thickness = 8 mm, TE/TR = 1.25/3.5 ms, 
T2prep preparations = [0, 28, 55]ms, 3 recovery heartbeats, 
and linear k-space ordering. Both 2D MOLLI and bSSFP T2 
maps were acquired with a simulated heartbeat = 60 bpm and 
trigger delay = 700 ms. Three slices were acquired in trans-
versal direction with acquisition time of 11 and 9 heartbeats 
per slice, respectively.

Additionally, phantom acquisitions with different HRs = 
[40:20:120] bpm and different acceleration factors (1-4) were 
performed to investigate the HR and acceleration impact on T1 
and T2 quantification of the proposed 3D joint T1/T2 mapping 
sequence. The effects of HR variation during a joint T1/T2 map-
ping scan were evaluated by simulating a variable HR ranging 
between 60 bpm and 100 bpm during an acquisition with a total 
scan time of 3 min 15 s. The acquired data were matched to a 
simulated EPG dictionary with fixed HR = 75 bpm.

Another phantom experiment was carried out to evalu-
ate the performance of the water/fat separation algorithm. 
A standardize T1MES phantom and a bottle of oil were ac-
quired with the same acquisition parameters as described 
above.

2.3.3 | Healthy subjects

Data were acquired with the proposed 3D joint T1/T2 
sequence; conventional 2D MOLLI and 2D bSSFP T2 
mapping; and 3D CMRA sequence with iNAV-based res-
piratory motion correction and 2-echo Dixon encoding38 
for comparison purposes in terms of T1/T2 accuracy, ana-
tomical visualization, and water/fat separation. Imaging 
parameters for the proposed 3D joint T1/T2 sequence in-
cluded coronal orientation, isotropic resolution = 2 mm, 
FOV = 320 × 320 × 96−128 mm3, TI = 120 ms, T2prep =  
50 ms, FA = 8 degrees, TR/TEs = 6.71/2.38/4.76 ms, 
bandwidth = 485 Hz/pixel, 14 echoes for iNAV acquisi-
tion, and acceleration factor of 4x for each volume leading 
to a total scan time 9 ± 1 min 48 seconds. The 3D CMRA 
dataset was acquired fully sampled with a single T2prep of 
40 ms and with remaining imaging parameters matching 
the joint T1/T2 acquisition, resulting in a total scan time 
16 ± 1 min 34 s. For both 2D MOLLI T1 mapping and 2D 
bSSFP T2 mapping, 3 short axis slices (base, mid, apex) 
were acquired in 11 and 9 heartbeats breath-holds per slice, 
respectively, and the imaging parameters matched the 
phantom acquisition parameters.

A subject-specific trigger delay was selected according to the 
mid-diastolic resting period for all healthy subject acquisitions. 

 15222594, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.28330 by Pontificia U

niversidad C
atolic, W

iley O
nline L

ibrary on [13/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3014 |   MILOTTA eT AL.

Trigger delay ranged between 562 to 854 ms, and acquisition 
window ranged between 94 to 120 ms, corresponding to 14 to 
18 segments. The acquisition parameters of the different utilized 
sequences are summarized in Supporting Information Table S1.

2.4 | Reconstruction

The 2D T1 and T2 maps were reconstructed directly on the 
scanner with inline software (Syngo MR VE11C, Siemens 
Healthcare, Erlangen, Germany). In-plane motion between 
the different T1 and T2 weighted images was compen-
sated via nonrigid motion correction, and an exponential 
pixel-wise fitting procedure was performed to obtain the 
T1 and T2 maps. The reconstruction of the 3D T2-prepared 
CMRA with Dixon encoding was also performed inline on 
the scanner. Translational motion correction and iterative 
SENSE reconstruction were performed for each echo, and 
water/fat separation was used to obtain the water CMRA 
and fat volumes.

Joint T1 and T2 datasets were reconstructed offline using 
MatLab R2017a (MathWorks, Natick, MA) on a dedicated 
workstation (16-core Dual Intel Xeon Processor, 2.3 GHz, 
256GB RAM). Translational motion correction to a com-
mon end-expiration position was performed for each of the 
8 echoes, and was subsequently performed with parameters 
optimized, as suggested in Ref. 41; in particular patch size  
N = 7 × 7 and lambda λ = 0.2 were selected. Finally, a water/
fat separation algorithm42 was used to obtain water and fat 
images from each dataset. The total reconstruction time to 
obtain the motion-corrected water and fat volumes was  
17 min 36 s. 3D T1 and T2 maps were obtained by matching 
the acquired signal evolution to an EPG-simulated dictionary 
generated using subject-specific electrocardiogram time-
stamps, as mentioned before. Total average time to generate 
a subject-specific dictionary was 6 min 42 s, whereas the av-
eraged matching time to generate T1 and T2 maps with a least 
square minimization was 3 m 28 s.

2.5 | Data-analysis

2.5.1 | Simulations

T2 sensitivity of a chosen T1/T2 pair was quantified as the 
variation of the LSE for a simulated T2 variation of ±15 ms 
from the chosen fixed T2 value. Similarly, T1 sensitivity was 
quantified as LSE variation for a simulated T1 variation of 
±100 ms from the chosen fixed T1/T2 value. Higher variation 
(stronger T1 or T2 gradient) indicates a narrower LSE mini-
mum and thus higher sensitivity to the detection of the exact 
T1 and T2 in the presence of noise, guaranteeing a higher ac-
curacy in T1 and T2 quantification.

2.5.2 | Phantom

The proposed 3D joint T1/T2 and 2D standard T1 and T2 map-
ping sequences were compared in terms of accuracy (bias) 
and precision (quantified as coefficient of variation [COV]) 
with respect to phantom reference values by selecting the 
same region of interest in each phantom vial. Additionally, a 
Bland Altman analysis was performed to quantify the biases 
obtained with the proposed approach with respect to conven-
tional 2D sequences. Comparison was also performed for the 
HR and acceleration factor dependency experiments. The 
efficacy of water/fat separation was evaluated by measuring 
the water and fat signal evolutions in each phantom vial and 
in the oil bottle.

2.5.3 | Healthy subjects

The efficacy of water/fat separation obtained with the pro-
posed approach was qualitatively compared against 3D 
water CMRA and fat images obtained from the standard 3D 
T2-prepared CMRA acquisition with dual-Dixon encoding. 
Quantitative analysis was performed for T1 and T2 values 
obtained with the proposed approach. Uniformity of T1 and 
T2 quantification was evaluated for 1 representative healthy 
subject by plotting the per-pixel histogram distribution of 
T1 and T2 quantification throughout the whole left ventricle. 
Quantitative comparison with standard 2D MOLLI T1 map-
ping and 2D bSSFP T2 mapping was performed by select-
ing a region of interest in the septum of the myocardium. 
Mean T1 and T2 values and spatial variability were com-
pared for all subjects. Additionally, a Bland Altman analy-
sis was performed to quantify the biases obtained with the 
proposed approach with respect to conventional techniques. 
The American Heart Association (AHA) model was used to 
compare mean T1 and T2 values and COV of the proposed 
3D joint T1/T2 approach and standard 2D T1 and T2 mapping 
techniques. Mean T1 and T2 and COV were measured for 16 
segments of the AHA model for each healthy subject. The 
17th segment was excluded from the analysis due to insuf-
ficient coverage of the 2D techniques to image the apical cap.

3 |  RESULTS

3.1 | Simulations

The results of the landscape simulations are shown 
in Supporting Information Figure S1 and Supporting 
Information Table S2. Similar T2 LSE variation is observed 
for all the sequence configurations (~5%, 3%, and 1% for 
healthy myocardium, diseased myocardium and blood, re-
spectively); thus, comparable accuracy in T2 quantification is 
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expected among the 3 configurations. On the other hand, the 
third configuration showed a higher T1 LSE variation (>2%) 
for each tissue analyzed compared to configurations 1 and 
2; thus, higher accuracy in T1 quantification and capability 
to discriminate between healthy and diseased myocardium 
is expected. The third configuration was therefore chosen 
as prototype sequence for the proposed method due to better 
capability of quantifying both T1 and T2 values with good 
accuracy.

3.2 | Phantom

High linear correlations of y = 1.1 × −11.68 (R2 = 0.98) 
and y = 0.85 × +5.7 (R2 = 0.99) were found between the 
quantified T1 and T2 obtained with the proposed 3D joint T1/
T2 sequence and spin-echo phantom reference values, respec-
tively, whereas linear correlation of y = 1.06 × −33.57 (R2 = 
0.98) and y = 0.75 × +17.62 (R2 = 0.92) were observed be-
tween 2D T1 MOLLI and 2D bSSFP T2 mapping and phantom 

reference values, respectively. T1 and T2 maps obtained with 
the proposed 3D technique and 2D conventional mapping ap-
proaches, and the measured T1 and T2 mean and COV for each 
phantom vial are shown in Supporting Information Figure S2. 
The proposed 3D joint T1/T2 sequence overestimated the long 
T1 = 1489 ms (vial corresponding to blood), whereas an un-
derestimation of long T2 vials corresponding to blood (T2s = 
189, 243 ms) was observed. This over- and underestimations 
against reference spin echo sequences led to T1 and T2 biases 
of T1 = 40.9 ms and T2 = −8.7 ms, respectively (Figures 
2B and 3B); however, a similar trend was observed with the 
conventional 2D T1 and T2 mapping techniques, as shown in 
Figures 2A and 3A. Biases of T1 = 31.74 ms and T2 = −2.4 
ms were observed between the proposed technique and the 
conventional 2D techniques. The variation observed between 
the proposed sequence and gold standard inversion spin echo 
and spin echo measurements, excluding the blood vials from 
analysis, was T1 = 17.2 ms and T2 = −2.6 ms. Higher COVs 
were observed with the proposed technique with respect to 
conventional 2D MOLLI T1 mapping for each phantom vial. 

F I G U R E  2  T1 phantom experiments results. (A) accuracy of the proposed technique in comparison to MOLLI and phantom reference IR spin 
echo values. High linear correlation was found between the proposed approach and the reference values. An overestimation of long T1 corresponding 
to blood is observed; similar behavior is obtained with 2D MOLLI acquisition. (B) Bland Altman plot of joint T1/T2 sequence and spin echo reference 
values. A T1 bias of 40.9 ms was measured. (C) Heart rate dependency of T1 quantification. A variability of up to 6% was observed for short T1 values 
(T1 < 803 ms), whereas T1 variability of ~11% was observed for long T1 values for heart rates ranging between 40 and 120 bpm. (D) T1 quantification 
dependency on acceleration factor. A variability of <3% was observed for each phantom vial. bpm, beats per minute; IRSE, inversion spin echo
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3016 |   MILOTTA eT AL.

Similar COV was observed for T2 with the proposed tech-
nique and conventional T2prepared bSSFP T2 mapping; how-
ever, lower precision was obtained with the proposed method 
for the vial corresponding to blood (Supporting Information 
Figure S2).

The effect of HR variability on T1 and T2 quantification 
are shown in Figures 2C and 3C, respectively. A variability of 
<6% was observed for short T1s (T1 range = 255-803 ms) for 
HR ranging between 40 to 120 bpm, whereas a higher vari-
ability of ~11% was obtained for long T1s between 1090 ms 
and 1489 ms. Similar results are obtained for T2 quantifica-
tion, with a variability of <4% being observed for short T2s 
corresponding to myocardium T2 values, whereas variabili-
ties between 6% and 9% were observed for long T2s corre-
sponding to blood. The effects of HR variability during a scan 
on T1 and T2 estimation are shown in Supporting Information 
Figure S3. A linear correlation of y = 0.90 × +62.4 (R2 = 
0.99) and a bias = −12.44 ms were found between the T1 
quantified with the proposed sequence and inversion spin 

echo measurements. Similarly, a linear correlation of  
y = 0.92 × +9.4 (R2 = 0.95) and bias = 1.5 ms were observed 
between the T2 quantified with the proposed sequence and the 
spin echo reference. In addition, acceleration factor variability 
was similar for all phantom vials, with T1 and T2 variations 
found to be ~3% for acceleration factors ranging between  
1 and 4 (Figures 2D and 3D). Finally, a consistent water/fat 
separation was observed for each acquired contrast, with a 
maximum fat signal measured in the water IR-prepared data-
set of 1.9 ± 0.4 e−07 (Supporting Information Figure S4).

3.3 | Healthy subjects

Coregistered bright-blood CMRA dataset, fat volume, and 
T1 and T2 maps reformatted in 2-chamber, 4-chamber, and 
short axis orientation are shown in Figure 4 for 1 representa-
tive healthy subject. Water/fat separation was achieved for 
the entire 3D volume with good delineation of anatomical 

F I G U R E  3  T2 phantom experiments results. (A) Accuracy of the proposed technique in comparison to T2-prepared bSSFP T2 maps 
and phantom reference spin echo values. High linear correlation was found between the proposed approach and the reference values. An 
underestimation of long T2 corresponding to blood is observed; similar results are obtained with the 2D bSSFP T2 mapping approach. (B) Bland 
Altman plots of joint T1/T2 sequence and spin echo reference values. A T2 bias of −8.7 ms was measured. (C) Heart rate dependency of T2 
quantification. A small variability (<4%) was observed for short T2 values; T2 variability of up to 9% was measured for T2 values corresponding to 
blood for heart rate ranges of 40 to 120 bpm. (D) T1 quantification dependency on acceleration factor. A variability of <2% was observed for each 
phantom vial. bSSFP, balanced steady-state free precession; SE, spin echo
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   | 3017MILOTTA eT AL.

structures, such as the right coronary artery and papillary mus-
cle, obtained in the water CMRA dataset. The coregistered T1 
and T2 maps showed good delineation of the left ventricle 
with uniform quantification of T1 and T2 values. Efficacy of 
the water/fat separation algorithm for each acquired 3D vol-
ume is shown in Figure 5 and compared with a T2-prepared 
(T2prep = 40 ms) 2-echo Dixon CMRA. Comparable water/
fat separation was observed for the second, third, and fourth 
dataset of the joint T1/T2 mapping sequence and the standard 
T2-prepared CMRA acquisition, with no observable water/fat 
swaps in the cardiac region for each reconstructed dataset. A 
fat underestimation was observed in the IR-prepared dataset 
acquired with the joint T1/T2 sequence due to a partial fat 
suppression effect generated by the nonselective short-TI in-
version recovery pulse.49 T1 and T2 maps reconstructed with 
and without fat/water separation are shown for 1 representa-
tive healthy subject in Supporting Information Figure S5.  

Pericardial fat is clearly visible in the T1 and T2 maps  
reconstructed without water/fat separation. T1 and T2 values 
measured in the myocardial septum of the volumes obtained 
without water/fat separation were T1no_W/F = 1138 ± 151 ms 
and T2no_W/F = 43 ± 7.2 ms, respectively, whereas a T1W/F = 
1076 ± 62 ms and T2W/F = 45 ± 2.6 ms were measured when 
using the complete proposed framework.

Uniformity of T1 and T2 quantification obtained with the 
proposed joint T1/T2 sequence was evaluated for 1 represen-
tative healthy subject (Figures 6 and 7). Sixteen coregistered 
short axis views are shown for both T1 and T2 maps, enabling 
complete coverage of the left ventricle. Mean T1 values of 
1073 ms with SD of 102 ms was measured throughout the 
whole left ventricle in the per pixel-histogram representation. 
The AHA 17-segment T1 bull’s eye plot showed uniform T1 
quantification, with slight underestimation in the lateroante-
rior region of the heart. T2 per-pixel histogram quantified a 

F I G U R E  4  Coregistered 3D bright-blood dataset (T2-prepared), fat volume, and T1 and T2 maps obtained with the proposed approach and 
reformatted in different orientations (coronal, 2-chamber, 4-chamber, and short-axis) for 1 representative healthy subject. Good depiction of cardiac 
structure such as right coronary artery and papillary muscles is achieved in the bright-blood dataset. Good water/fat separation is obtained across 
the whole 3D volume, and uniform T1 and T2 quantification are shown in the different orientations
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3018 |   MILOTTA eT AL.

F I G U R E  5  Comparison between the offline water/fat separation obtained with the proposed approach for each acquired volume and a 3D 
CMRA acquired with dual-echo Dixon encoding, iNAVs for motion correction, and inline reconstruction implemented on scanner software. Good 
water/fat separation is obtained across the whole 3D volume, with comparable results to standard 3D CMRA acquisition. A lower fat signal is 
obtained from the first volume because the IR preparation pulse acts as a short IR fat suppression pulse, thereby compromising the performance of 
Dixon water/fat separation. CMRA, coronary magnetic resonance angiography

F I G U R E  6  T1 map short-axis views from the apex to the base of the LV for 1 representative healthy subject. Whole LV coverage is obtained 
with the proposed approach. (A) Per-pixel histogram distribution of measured T1 values. A mean T1 value of 1073 ms was obtained with a spatial 
variability of 102 ms. (B) AHA 17-segment model of T1 distribution. A lower T1 was measured in the lateroanterior portion of the LV. AHA, 
American Heart Association; LV, left ventricle
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mean T2 value of 42.6 ms with SD of 7.3 ms; T2 bull’s eye 
plot showed uniform quantification throughout the 17 seg-
ments with T2 underestimation in the lateral area of the left 
ventricle.

The mean T1 and T2 distributions throughout the left 
ventricle averaged across all the acquired healthy subjects 
are shown in a bull’s eye plot representation in Supporting 
Information Figure S6A and B. Additionally, the box plots 
for all AHA segments are shown in Supporting Information 
Figure S6C and D for T1 and T2, respectively. A slightly higher 
T1 (not significant) and T2 (P < .05) values were observed at 
the apex of the left ventricle (mean T1apex = 1130 ± 43 ms, 
mean T2apex = 47.3 ± 0.9 ms) with respect to mid- and basal 
slices (mean T1mid = 1108 ± 44 ms, mean T2mid = 46.9 ±  
1.2 ms, mean T1base = 1116 ± 19 ms, mean T2base = 45.5 ± 
1.2 ms). Additionally, a statistically significant (P < .005) 
decrease in T1 was observed from the septal to the lateral re-
gion of the left ventricle (mean T1septal = 1152 ± 22 ms, mean 
T1lateral = 1084 ± 26 ms), whereas a slight, nonsignificant, 
T2 decrease from the septum T2septum = 46.7 ± 1.4 ms to the 
lateral wall T2lateral = 45.1 ± 1.1 ms was observed.

The proposed joint T1/T2 sequence was compared to stan-
dard T1 MOLLI and T2 bSSFP technique. A qualitative com-
parison between 2D MOLLI T1 maps, 2D bSSFP T2maps, and 

3D joint T1/T2 maps are shown in Figure 8 for 4 representa-
tive healthy subjects. Good agreement in depiction of the left 
ventricle was obtained between the proposed technique and the 
conventional 2D mapping techniques. A higher mean T1 value 
was obtained with the proposed approach compared to MOLLI, 
whereas comparable T2 values were observed with respect to 
T2-prepared bSSFP acquisition. Higher spatial variability was 
observed for both T1 and T2 maps acquired with the proposed 
approach; however, by reconstructing the 3D maps to the same 
slice thickness of the conventional 2D maps, an increased uni-
formity in T1 and T2 quantification is obtained. These quali-
tative results are confirmed by the quantitative results shown 
in Figure 9 for T1 and in Figure 10 for T2 for each acquired 
subject. Mean T1 values and SD in the septum obtained 
with the proposed approach and MOLLI were respectively  
T1jointT1/T2 = 1116 ± 31 ms and T1MOLLI = 1014 ± 32 ms. A T1 
overestimation in the septum with respect to the 2D MOLLI 
sequence was observed, with the proposed approach leading 
to a bias of T1 = 101.8 ms (Figure 9A,C). Good agreement in 
T2 quantification was found between the 3D joint T1/T2 map-
ping acquisition and 2D bSSFP T2 maps in the septum of the 
left ventricle (T1jointT1/T2 = 45.1 ± 2.4 ms and T1bSSFP = 45.9 ±  
2.2 ms), with a small bias of T2 = −0.77 ms (Figure 10A,C). A 
statistically significant higher spatial variability was obtained  

F I G U R E  7  T2 map short-axis views from the apex to the base of the LV for 1 representative healthy subject. Whole LV coverage is obtained 
with the proposed approach. T2 maps are coregistered with the T1 maps shown in Figure 6. (A) Per-pixel histogram distribution of measured T2 
values. A mean T2 value of 42.6 ms was obtained with a spatial variability of 7.3 ms. (B) AHA 17-segment model of T2 distribution. A lower T2 
was measure in the lateral portion of the LV
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3020 |   MILOTTA eT AL.

in the left ventricular septum with the proposed joint T1/T2 
mapping technique (resolution 2 mm isotropic) for both T1  
(P < .005) and T2 quantification (P < .05) (T1 jointT1/T2 variability =  
54.7 ± 5.5 ms and T2 jointT1/T2 variability = 3.9 ± 0.8 ms) with 
respect to MOLLI (resolution = 1.6 × 1.6 × 8 mm) and T2-
prepared bSSFP T2 mapping (resolution = 1.8 × 1.8 × 8 mm) 
that showed, respectively, a variability of T1MOLLI variability = 
41.3 ± 10.5 ms and T2bSSFP variability = 3.1 ± 0.9 ms.

Comparison with standard 2D mapping techniques was 
also carried out with respect to mean T1 and T2 and COV for 
each segment of the AHA segment model; results are shown 
in Supporting Information Figure S7. The proposed tech-
nique overestimated the T1 values in each segment of the left 
ventricle compared to MOLLI, whereas good agreement in 
T2 quantification was found between the T2-prepared bSSFP 
T2 mapping sequence and the proposed 3D joint T1/T2 map-
ping approach. Additionally, higher COVs for both T1 and T2 
maps were obtained with the proposed technique, although a 
reduction of COV was observed by reconstructing the maps 
to the same slice thickness as for the 2D acquisitions.

4 |  DISCUSSION

In this work, we proposed a free-breathing motion-compensated 
sequence for simultaneous acquisition of isotropic-resolution 
coregistered 3D T1 and T2 maps and complementary 3D CMRA 
and 3D fat volumes in a total scan time of ~9 min.

The proposed approach is based on the acquisition of four 
4x accelerated interleaved Dixon GRE datasets acquired with 
different preparation pulses. The proposed framework is sim-
ilar to the approach used in Ref. 23 for bSSFP T2 mapping 
and anatomical visualization; however, a modification of the 
sequence design and readout was necessary to guarantee suf-
ficient T1 and T2 encoding to provide accurate and precise 
joint T1 and T2 maps. EPG simulations were carried out to 
assess the capability of the proposed sequence to identify 
and differentiate T1 and T2 pairs corresponding to healthy 
myocardium, diseased myocardium, and blood. Landscape 
graph corresponding to the chosen sequence design showed 
a higher LSE variation around the selected T1/T2 pairs and 
thus a narrower minimum compared to other configurations  

F I G U R E  8  Qualitative comparison between T1 and T2 maps obtained with the proposed 3D joint T1/T2 sequence and standard 2D clinical 
acquisition for 4 healthy subjects. The acquired 3D T1 and T2 maps were reformatted to the same slice position as the 2D maps acquired in short 
axis. (A) T1 results: Good depiction of the LV is obtained with the proposed approach, with similar image quality with respect to 2D MOLLI 
acquisition. A higher T1 value and higher spatial variability is observed with the 3D joint T1/T2 sequence. Spatial variability appears reduced 
by reconstructing the T1 maps to same slice thickness as for the 2D acquisition. (B) T2 results: Image quality with the proposed approach is 
comparable to 2D bSSFP T2 mapping and results in similar T2 values. Spatial variability is reduced by averaging contiguous slices to same slice 
thickness as for the 2D acquisition
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(with similar scan time). These findings suggest that the pro-
posed sequence configuration should be able to accurately 
match the correct T1/T2 values for a particular signal evolu-
tion in the presence of noise. Furthermore, the Dixon encoded 
acquisition allowed separation of the fat signal that otherwise 
could generate motion-related aliasing artefacts in the water 
images and consequently in the T1 and T2 maps (Supporting 
Information Figure S5) and permitted to boost the SNR of 
the acquired water volumes. A possible extension of the pro-
posed technique could include a 3-point Dixon acquisition 
and a more sophisticated water/fat separation algorithm to 
enable fat quantification and partial volume correction as 
proposed in Ref. 50.

The proposed 3D joint T1/T2 sequence addresses some of 
the limitations of 2D clinical T1 and T2 maps, such as limited 
coverage and possible misalignment between different scans 

(T1 and T2 maps and anatomical images). The 3D acquisi-
tion enabled whole-heart coverage of the myocardium with 
good uniformity in T1 and T2 quantification (T1 = 1073 ± 
102 ms and T2 = 42.6 ± 7.3 ms for 1 representative subject), 
although a T1 underestimation in the lateral portion of the 
left ventricle was observed for the acquired healthy subjects. 
Similar underestimation has been reported in previous stud-
ies16,30 and may be caused by residual motion and/or field 
inhomogeneities.

The isotropic nature of the acquisition permitted reformat 
of the coregistered T1/T2 maps, bright-blood volume, and fat 
volume in different orientations such as short-axis or 2-cham-
ber or 4-chamber views, maintaining good image quality and 
clinically feasible scan time in comparison to other recently 
proposed 3D T1 and/or T2 mapping approaches in which a 
compromise between non-isotropic resolution16,17,19,29,30 

F I G U R E  9  Quantitative T1 results: Measurements were performed in a ROI in the septum of the LV. (A) Comparison of mean T1s measured 
for each acquired healthy subject. A T1 overestimation is observed in comparison to MOLLI acquisition. (B) A higher T1 spatial variability is 
obtained with the joint T1/T2 mapping sequence for each acquired subject in the septum. (C) Bland Altman analysis between the proposed approach 
and MOLLI acquisition shows a bias of T1 = 101.8 ms, although T1 values were within the confidence intervals. (D) Averaged spatial variability 
across all subjects. ROI, region of interest
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and long scan time24 had to be made. A recently proposed 
free-running simultaneous T1 and T2 mapping technique 
enabled the acquisition of coregistered isotropic T1 and T2 
maps in a clinically feasible scan time51; however, long re-
construction time may limit the clinical translation of this 
technique. In comparison to the latter approach, the method 
proposed here provides additional cardiac anatomy water and 
fat images.

The proposed technique showed good agreement with 
high linear correlation in T1 and T2 quantification compared 
to spin echo references on a standardized phantom. An overes-
timation and underestimation of long T1 and T2, respectively, 
corresponding to blood vials were observed; however, a sim-
ilar behavior was obtained with the 2D clinical MOLLI T1 
mapping and bSSFP T2 mapping techniques. Both T1 and T2 
over- and underestimation may be due to insufficient T1 and 
T2 encoding of long T1 and T2 values; indeed, only 4 points 
are sampled along the T1 recovery curve (without acquisition 

of a fully recovered magnetization image), whereas the lon-
gest T2-prep pulse used in the proposed approach was 50 ms 
and thus may be too short for encoding for the long T2 spe-
cies. T1 and T2 variability of <6% and <4% were observed for 
short T1/T2 pairs for HRs ranging between 40 and 120 bpm, 
whereas higher variability (~10%) were observed for long T1 
and T2 pairs. A high HR may not allow sufficient time for 
magnetization recovery in between 2 interleaved acquisitions 
(especially for long T1/T2 values) and could affect the preci-
sion of the acquired T1 and T2 maps. Although dependency 
on HR could introduce a bias in T1 and T2 quantification, the 
proposed sequence was able to differentiate between different 
T1/T2 phantom values. Phantom experiments were also per-
formed to evaluate the T1 and T2 quantification dependency 
on the acceleration factor. A small variability of ~3% was ob-
served for acceleration factors ranging between 1 and 4; thus, 
the chosen 4x accelerated acquisition should not have major 
effect on the T1 and T2 quantification accuracy.

F I G U R E  1 0  Quantitative T2 results: the measurements were performed in a ROI in the septum. (A) With the proposed approach similar T2 
quantification was obtained in comparison with 2D bSSFP T2 mapping. A small bias of T2 = −0.77 ms was observed (C). (B and D) Higher spatial 
variability was observed with the proposed approach
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The proposed approach was compared invivo to 2D clin-
ical T1 and T2 maps. A T1 overestimation (T1 bias = 101.8 
ms) was observed in the septum of the left ventricle with 
respect to MOLLI acquisition; however, T1 quantified with 
the proposed sequence was in good agreement with litera-
ture values (T1myoc = 1100 ms, mean T1jointT1/T2 = 1116 ±  
30.5 ms); thus, the known MOLLI T1 underestimation52 
may contribute to the bias observed. A small bias of T2 = 
−0.77 ms was observed with respect to bSSFP T2 mapping 
sequence. Higher spatial variability for both T1 and T2 in 
the septum of the left ventricle was found with the proposed 
approach. Similar findings were observed for the mean T1 
and T2 values in bull’s eye plots. A T1 overestimation was 
observed in each of the 16 segments compared to MOLLI 
(known to underestimate T1 values52), whereas similar T2 
values were obtained compared to standard 2D bSSFP T2 
mapping. The coefficient of variation for each segment 
was used as metric for spatial variability. Higher COVs for 
both T1 and T2 were obtained with the joint T1/T2 sequence. 
However, the higher spatial variability obtained with the 
proposed approach may be not only generated by the differ-
ent sequence but also due to different imaging parameters 
including spatial resolution. The effect of reconstructing the 
matched T1 and T2 maps to a lower spatial resolution (slice 
thickness 8 mm) was investigated in AHA 16-segments 
model. Averaging contiguous slices led to an increased SNR 
and thus to T1 and T2 maps with lower spatial variabilities, 
whereas no effect was observed on mean T1 and T2 values.

A potential limitation of the proposed work is sensitivity 
to arrhythmia, especially in patients with high or variable 
HRs. The expected steady-state signal would be affected by 
arrhythmic heart beats, leading to potential T1 and T2 under- 
or overestimations. A phantom experiment was carried out 
to assess the effect of a variable HR during the data ac-
quisition; and results are shown in Supporting Information 
Figure S3. The proposed approach was in good agreement 
with inversion spin echo and spin echo measurements for 
T1 values < 1200 ms and T2 values < 100 ms; however, a 
T2 elevation and T1 underestimation for long T1 values was 
observed, suggesting that highly irregular cardiac rhythms 
could impair T1 and T2 quantification for long T1 and T2 
values. Integration of arrhythmia rejection in the proposed 
framework could avoid T1 and T2 mismatching. However, 
the rejection of arrhythmic heartbeats could further increase 
the undersampling of the data, thus compromising image 
quality, or increase the total acquisition time. Investigation 
of retrospective or prospective arrhythmia rejection tech-
niques will be investigated in future studies.

Another limitation of the proposed approach is the assump-
tion of respiratory motion as pure translational superoinferior 
and left–right displacements. Anteroposterior translational 
motion and rotational and nonrigid motion of the heart are 
not considered in the motion correction framework; thus, 

residual motion could affect the T1 and T2 maps in terms of 
accuracy and spatial variability. More sophisticated nonrigid 
motion-correction techniques will be incorporated in the re-
construction in the future.53

The performance of the proposed approach will be eval-
uated in patients with both arrhythmic HR and complex 
respiratory motion in future studies. Furthermore, the suit-
ability of applying the proposed sequence in both pre- and 
postcontrast to obtain extra cellular volume maps will be 
investigated.

5 |  CONCLUSION

We propose a free-breathing accelerated and motion-cor-
rected 3D joint T1/T2 sequence that allows the acquisition of 
isotropic T1 and T2 maps and complementary coregistered 
bright-blood and fat volumes in a total scan time of ~9 min. 
The proposed technique showed promising results in terms 
of T1 and T2 quantification compared to standard 2D T1 and 
T2 mapping techniques in phantom acquisitions and in vivo 
on 10 healthy subjects. Future work will include the acquisi-
tion of patients to investigate the capability of the proposed 
approach to identify T1 and T2 elevation associated with car-
diovascular diseases.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

FIGURE S1 EPG simulations results obtained by plotting the 
landscape graph of three different sequence configurations 

for three different tissues (healthy myocardium, diseased 
myocardium and blood). T1 and T2 encoding capability are 
represented by the narrowness of the minimum identified by 
the LSE. Similar T2 encoding is obtained among the three 
different sequence designs. The GRE readout with FA = 15 
degrees adopted in the second configuration increased the T1 
encoding although it may be not sufficient to discriminate 
between healthy and diseased myocardium. In the third con-
figuration (IR / no-prep / no-prep / T2-prep) a fourth point 
was used to increase the T1 encoding, additionally the acqui-
sition flip angle (FA = 8 degrees) was reduced and a dual-
echo Dixon readout was in included. Higher T1 encoding in 
obtained with the third configuration
FIGURE S2 Comparison between T1 and T2 maps obtained 
with the proposed approach and conventional 2D MOLLI 
and T2-prepared bSSFP T2 mapping in phantom experiment. 
(A) Good agreement in T1 quantification was observed for 
each phantom vial. Higher standard deviation was observed 
with the proposed technique in comparison to MOLLI, par-
ticularly in the vials with high T1 values. (B) Good agreement 
and T2 quantification and similar standard deviation was ob-
served between the proposed technique and conventional 2D 
T2 mapping. A higher standard deviation was observed with 
the proposed approach in the vial corresponding to blood 
(vial B)
FIGURE S3 Variable heart rates simulated during phantom 
data acquisition. The heart rate ranged between 60 bpm and 
100 bpm with variation applied every ~30 sec. T1 underes-
timation of long T1 vial corresponding to blood is observed 
with the proposed approach in comparison to inversion spin 
echo (IRSE) acquisition. A slight T2 overestimation of short 
T2 values is observed with the proposed approach in compar-
ison to spin echo (SE) results
FIGURE S4 Measured signal evolution through the four con-
trast of each phantom vial and oil bottle in the water volume 
(top row) and fat volume (bottom row). Good fat/water sepa-
ration is observed in each acquired contrast. The fat signal is 
low in the water images consistently across the four acquired 
contrasts, similarly the water signal evolution through the four 
datasets of each phantom vial is close to zero in the fat images
FIGURE S5 T1 and T2 maps reconstructed with and without 
water/fat separation step for one representative healthy sub-
ject. Pericardial fat is clearly visible in the T1 and T2 maps re-
constructed without water/fat separation. Although no major 
differences were observed in the mean septal T1 and T2 values 
obtained with the two approaches (T1no_W/F = 1138 ± 151 ms, 
T2no_W/F = 43 ± 7.2 ms, T1W/F =1076 ± 62 ms and T2W/F =  
45 ± 2.6 ms) motion related aliasing artefacts from the fat 
signal may affect the spatial variability of the quantified T1 
and T2 values
FIGURE S6 Bull’s eye plot and box plot of mean T1 (A and C) 
and T2 (B and D) quantification obtained with the joint T1/T2 
sequence averaged across all subjects. A T1 underestimation 
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is observed in the lateral part of the left ventricle; a similar 
small, non-significant, T2 underestimation is observed
FIGURE S7 AHA 16-segment bull’s eye plot of mean T1 
and T2 values and coefficient of variation obtained with the 
proposed sequence and with standard MOLLI and bSSFP T2 
mapping sequences. A T1 overestimation is observed with the 
proposed acquisition for each segment, whereas good agree-
ment in mean T2 quantification is observed. Higher COVs 
are obtained for both T1 and T2 quantified with the proposed 
approach, although by reconstructing the maps to the same 
slice thickness as the 2D acquisition the COVs are reduced
TABLE S1 Acquisition parameters of 2D bSSFP T2 mapping 
and MOLLI techniques, 3D Dixon CMRA and the proposed 
joint T1/T2. Clinically used imaging parameters were used 
for the acquisition of the standard T1 and T2 maps, whereas 
matching imaging parameters were adopted for the 3D acqui-
sitions Acquisition parameters of 2D bSSFP T2 mapping and 
MOLLI techniques, 3D Dixon CMRA and the proposed joint 
T1/T2. Clinically used imaging parameters were used for the 
acquisition of the standard T1 and T2 maps, whereas match-
ing imaging parameters were adopted for the 3D acquisitions

TABLE S2 Quantification of the EPG simulations results. 
T1 and T2 LSE variation calculated for three sequence con-
figurations and three tissues (healthy myocardium, diseased 
myocardium and blood). T1 LSE variation was calculated as 
the LSE variation for a T1 ranging between ±100 ms from 
the selected T1 (minimum LSE). Similarly, T2 LSE varia-
tion was quantified for T2 ranging ±15 ms from the selected 
T2 value. LSE variations are reported as variation corre-
sponding to “negative T1 or T2 variation”—“positive T1 or 
T2 variation”. Strong T1 and T2 encoding are represented 
by high T1 and T2 LSE variations. The third sequence con-
figuration showed a good trade-off between high T1 and T2 
encoding
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