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Purpose: To develop a free-breathing sequence, that is, Multislice Joint T1-T2, for 
simultaneous measurement of myocardial T1 and T2 for multiple slices to achieve 
whole left-ventricular coverage.
Methods: Multislice Joint T1-T2 adopts slice-interleaved acquisition to collect 10 
single-shot electrocardiogram-triggered images for each slice prepared by saturation 
and T2 preparation to simultaneously estimate myocardial T1 and T2 and achieve 
whole left-ventricular coverage. Prospective slice-tracking using a respiratory navi-
gator and retrospective image registration are used to reduce through-plane and 
in-plane motion, respectively. Multislice Joint T1-T2 was validated through numeri-
cal simulations and phantom and in vivo experiments, and compared with satura-
tion-recovery single-shot acquisition and T2-prepared balanced Steady-State Free 
Precession (T2-prep SSFP) sequences.
Results: Phantom T1 and T2 from Multislice Joint T1-T2 had good accuracy and 
precision, and were insensitive to heart rate. Multislice Joint T1-T2 yielded T1 and T2 
maps of nine left-ventricular slices in 1.4 minutes. The mean left-ventricular T1 dif-
ference between saturation-recovery single-shot acquisition and Multislice Joint T1-
T2 across healthy subjects and patients was 191 ms (1564 ± 60 ms versus 1373 ± 50 
ms; P < .05) and 111 ms (1535 ± 49 ms vs 1423 ± 49 ms; P < .05), respectively. The 
mean difference in left-ventricular T2 between T2-prep SSFP and Multislice Joint 
T1-T2 across healthy subjects and patients was −6.3 ms (42.4 ± 1.4 ms vs 48.7 ± 2.5;  
P < .05) and −5.7 ms (41.6 ± 2.5 ms vs 47.3 ± 2.7; P < .05), respectively.
Conclusion: Multislice Joint T1-T2 enables quantification of whole left-ventricular 
T1 and T2 during free breathing within a clinically feasible scan time of less than 2 
minutes.
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1 |  INTRODUCTION

Over the past decade, there have been tremendous advances 
in quantitative myocardial tissue characterization using car-
diovascular MR parametric mapping.1 Cardiac T1 and T2 
mapping based on quantitative changes in myocardial T1 and 
T2 offers the potential to examine specific disease pathways 
that affect myocardial tissue composition (eg, fibrosis, iron, 
edema, fat) and identify a wide range of heart diseases.2 In 
clinical practice, myocardial T1 and T2 are measured in two 
separate breath-holding scans using 2D sequences.3-9 To 
achieve full left-ventricular (LV) coverage, 8-10 LV slices 
from base to apex would be required, requiring about 20 
breath-holds or more if postcontrast acquisitions are used for 
measurement of extracellular volume fraction.1 Because pa-
tients rest between breath-holds, an additional 10-15 minutes 
must be added to an already lengthy cardiovascular MR exam. 
Therefore, only one to three slices are collected in clinical 
practice. Although this may be sufficient for detecting global 
myocardial pathologies,10 many heart diseases affect regional 
areas.11-13 Edema after myocardial infarction, for example, 
may only affect few LV segments.12 Similarly, patients with 
hypertrophic cardiomyopathy have fibrosis in thickened re-
gions.14,15 Therefore, there is an unmet clinical need for rapid 
whole-heart myocardial T1 and T2 measurement.

We and others have developed 3D approaches for whole-
heart myocardial tissue characterization.16-25 Currently, long 
scan time18,19,22-25 and suboptimal image quality16,17 present 
barriers to clinical adoption of such methods. To address 
these issues, slice-interleaved T1 and T2 mapping sequences 
have been proposed.26-29 These techniques adopt interleaving 
data acquisition of different slices during the recovery time of 
adjacent slices to reduce scan time while maintaining LV cov-
erage. To improve data-acquisition efficiency, we and others 
have developed approaches that combine T1 and T2 mapping 
into a single sequence.30-34 More recently, approaches based 
on MR fingerprinting or multitasking have been proposed to 
simultaneously estimate T1, T2, and quantification of other 
MR properties.31,35 However, these approaches are still lim-
ited to a single slice. Additionally, quantitative maps cannot 
be calculated rapidly (eg, <10-15 minutes), because rela-
tively complex and time-consuming processing is required to 
incorporate scan-specific heart-rate variations after each scan 
or to reconstruct images acquired with specified undersam-
pling patterns.35,36

In this study, we sought to develop a free-breathing 
Multislice Joint T1-T2 mapping sequence with complete LV 
coverage using saturation and T2 preparation, slice tracking, 
and interleaved acquisition of different slices. Multislice 
Joint T1 and T2 was validated by numerical simulations, 
phantoms, and human subject experiments (13 healthy sub-
jects and 15 patients) at 3 T. Saturation-recovery single-shot 
acquisition (SASHA) and T2-prepared balanced Steady-State 

Free Precession(T2-prepSSFP) sequences were used for com-
parison of T1 and T2 mapping, respectively.

2 |  METHODS

All MR imaging was performed on a 3T scanner (MAGNETOM 
Vida; Siemens Healthcare, Erlangen, Germany) equipped with 
an 18-channel body and a 32-channel spine coil. All in vivo ex-
periments were Health Insurance Portability and Accountability 
Act compliant and approved by the Beth Israel Deaconess 
Medical Center Institutional Review Board. Written informed 
consent was obtained from each subject before imaging. 
Acquisitions by Multislice Joint T1-T2 and SASHA methods 
were performed with investigational prototype implementations. 
Numerical simulation, T1 and T2 fitting, and data analysis were 
performed on MATLAB 2018b (The MathWorks, Natick, MA).

2.1 | Sequence design

Multislice Joint T1-T2 achieves simultaneous T1 and T2 map-
ping of nine LV slices (ie, S1 to S9) by performing 10 re-
peated acquisitions (ie, RA1 to RA10) in an interleaved slice 
order (Figure 1). Each RA acquires nine electrocardiogram-
triggered 2D single-shot selective-excitation images from all 
LV slices over nine consecutive cardiac cycles. The RAs dif-
fer in magnetization preparation and slice acquisition order. 
Image acquisition during RA1 requires no magnetization 
preparation to sample the equilibrium magnetization signal. 
In each remain RA (RA2 to RA10), nonselective saturation is 
performed with increasing saturation-recovery time (TSATa, 
TSATb, and TSATc) before acquisition during the first, fourth, 
and seventh cardiac cycles. In addition, T2-prep is applied 
with increasing echo times (TEPREPa, TEPREPb, and TEPREPc) 
before acquisition during the third, sixth, and ninth cardiac 
cycles. Longitudinal magnetization has a recovery time of 
two heartbeats between saturation and T2-prep, to improve 
the SNR. Slices in the RA1 are acquired in the order of S1, S4, 
S7, S2, S5, S8, S3, S6, and S9. The slice order in each subse-
quent RA changes by one cyclic shift index based on the ini-
tial slice order (Figure 1). Such slice order ensures a spatial 
distance of at least two slices between slices of two consecu-
tive heartbeats, and therefore reduces the cross-talk from the 
readout of neighboring slices. Ultimately, 10 combined T1-T2 
weighted images are acquired for each slice with TSAT values 
of ∞, TSATa, TSATa + RR (RR describes the duration of one 
heartbeat), TSATa + 2RR-TEPREPa, TSATb, TSATb + RR, TSATb 
+ 2RR-TEPREPb, TSATc, TSATc + RR, TSATc + 2RR-TEPREPc, 
and TEPREP values of 0, 0, 0, TEPREPa, 0, 0, TEPREPb, 0, 0, and 
TEPREPc.

Image acquisition is performed during free breathing, and 
a cross-pair diaphragm navigator is performed before data 
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acquisition or T2-prep (if any).37 The interval between the 
end of the navigator and the start of acquisition is equal to 
the duration of T2-prep with maximum TEPREP for all images. 
The navigator shifts the target slice in the foot–head direction 
to reduce through-plane motion.38 This approach allows the 
proposed sequence to use all images and thus complete acqui-
sition over a fixed number of heartbeats (ie, 90 heartbeats for 
the scheme shown in Figure 1).38 In addition to slice tracking, 
nonrigid image registration is used to correct in-plane motion 
among the images of each slice.39

2.2 | T1 and T2 calculation

Pixel-wise T1 and T2 maps were calculated using the follow-
ing four-parameter signal model:

where Si, TSATi, and TEPREPi are the signal intensity, the satu-
ration-recovery time, and the echo time of T2-prep of the ith 
image, respectively; and A and B are constants that are indepen-
dent of TSATi and TEPREPi.

6,40 The TEPREP of images acquired 
without using T2-prep is 0 ms.

2.3 | Numerical simulations

The full sequence was simulated using Bloch equations in 
MATLAB with the actual acquisition and timing parameters 
to study the influence of recovery heartbeats between the 
saturation and T2-prep, number of combined T1-T2 weighted 
images for one slice, and longitudinal magnetization distur-
bance before acquisition of equilibrium signal on T1 and T2 
quantification. Simulation descriptions are detailed in the 
Supporting Information.

2.4 | Phantom experiments

Phantom experiments consisted of 12 phantom vials with 
different T1 and T2 values.41 The accuracy, precision, and 
heart-rate dependency of Multislice Joint T1-T2 on T1 and T2 
measurements were studied. The SASHA and T2-prep SSFP 
were also performed for comparison with Multislice Joint 
T1-T2.

Reference T1 and T2 times of each vial were measured 
by inversion-recovery spin-echo (IR-SE) and Carr-Purcell-
Meiboom-Gill spin-echo (CPMG-SE) sequences, respectively, 
with the following parameters: FOV = 200 × 200 mm2, voxel 
size = 0.8 × 0.8 mm2, thickness = 8 mm, flip angle = 90º, 

(1)S
i
=A∗

(

1−e

−TSATi

T1

)

∗ e

−TEPREPi

T2 +B,

F I G U R E  1  Pulse sequence diagram of the proposed Multislice Joint T1-T2 for simultaneous T1 and T2 mapping of nine different left-
ventricular (LV) slices over 90 heartbeats. The proposed sequence performs 10 repeated acquisitions (ie, RA1 to RA10). Each RA acquires nine 
2D single-shot slice-selective electrocardiogram-triggered images from all slices (ie, S1 to S9) over nine cardiac cycles. RA1 is performed without 
magnetization preparation to sample the equilibrium magnetization signal. In each remaining RA (RA2 to RA10), nonselective saturation pulses are 
performed with increasing delay times (TSATa, TSATb, and TSATc) before acquisition on the first, fourth, and seventh cardiac cycles, respectively. 
In addition to saturation, nonselective T2 preparation (T2-prep) with different TEs (TEprepa, TEPREPb, and TEPREPc) adds T2 weighting to images 
acquired on the third, sixth, and ninth cardiac cycles, respectively. Longitudinal magnetization has a recovery time of two heartbeats between 
saturation and T2-prep. The slice order for RA1 is specified. The slice order of each subsequent RA changes by one cyclic shift index per RA. The 
diaphragm navigator pulse is performed before acquisition or T2-prep (if any) for tracking of respiratory motion during free-breathing imaging
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and TR = 10 seconds. The IR-SE sequence acquired 14 images 
with a TE of 8 ms and inversion-recovery times varying from 
100 ms to 3000 ms. The CPMG-SE sequence acquired 8 im-
ages with TEs ranging from 8.5 ms to 68 ms. For CPMG-SE, 
the first echo was discarded to reduce estimation error from the 
stimulated echo.42 Reference T1 and T2 values were fitted using 
three-parameter inversion-recovery T1 and two-parameter T2 
relaxation models, respectively.

2.4.1 | Accuracy and precision

At a simulated heart rate of 60 bpm, SASHA,6 T2-prep SSFP,43 
and Multislice Joint T1-T2 performed T1 or T2 mapping at one, 
one, and nine slices, respectively. Two-dimensional slice-selec-
tive acquisition for three sequences was performed using the 
following parameters: balanced SSFP readout with five ramp-
up RF pulses, FOV = 200 × 200 mm2, in-plane resolution = 
1.8 × 1.8 mm2, slice thickness = 8 mm, TR/TE/flip angle = 3.9 
ms/1.95 ms/35°, linear k-space ordering, GRAPPA accelera-
tion factor = 2 with 24 reference lines, partial Fourier factor 
= 6/8, and bandwidth = 558 Hz/px. Adiabatic saturation and 
T2-prep pulses were used.44 Multislice Joint T1-T2 followed the 
schematic in Figure 1. In each repeated acquisition of Multislice 
Joint T1-T2, the values of TSAT between the saturation pulse and 
acquisition during the first, fourth, and seventh cardiac cycles 
were 200 ms, 350 ms, and 500 ms, respectively. Echo times for 
the three TEPREP times were 25 ms, 45 ms, and 55 ms, respec-
tively. The SASHA sequence first acquired one nonsaturated 
image to sample the fully recovered longitudinal magnetiza-
tion, and subsequently acquired nine images with TSAT times 
ranging from 150 to 790 ms. T2-prep SSFP sequence acquired 
three T2-weighted images with TEPREP times of 0 ms, 25 ms, 
and 55 ms, respectively. There was a rest period of three heart-
beats following every two images. The T1 by SASHA and T2 
by T2-prep SSFP were fitted by the scanner using three-param-
eter saturation-recovery T1 and two-parameter T2 relaxation 
models, respectively.6,8

2.4.2 | Heart-rate dependency

Multislice Joint T1-T2 was performed with simulated heart 
rates ranging from 40 bpm to 120 bpm. Imaging parameters 
were similar to those assessing the accuracy and precision 
detailed previously. The value of TSAT in each repeated ac-
quisition was decreased as the simulated heart rate increased.

2.5 | In vivo experiments

Thirteen healthy subjects and 15 patients were recruited. 
Patients were referred for a clinical cardiovascular MR exam 

with varying indications including amyloid cardiomyopa-
thy (N = 1), athlete’s heart (N = 1), atrial septal defect (N 
= 1), bicuspid aortic valve (N = 2), cardiac sarcoidosis (N 
= 2), hypertrophic cardiomyopathy (N = 4), mitral valve 
prolapse (N = 1), and suspected cardiovascular disease (N 
= 3). Supporting Information Tables S1 and S2 summarize 
the characteristics of all healthy subjects and patients, respec-
tively. Each subject was imaged by SASHA, T2-prep SSFP, 
and Multislice Joint T1-T2.

All sequences had the following imaging parameters 
for single-shot acquisition: single-shot balanced SSFP with 
five ramp-up excitations, FOV = 360 × 325 mm2, in-plane 
resolution = 1.7 × 1.7 mm2, thickness = 8 mm, TR/TE/flip 
angle = 2.5 ms/1.03 ms/35°, bandwidth = 1093 Hz/px, lin-
ear phase-encoding ordering, partial Fourier factor = 7/8, 
GRAPPA acceleration factor = 2 with 24 reference lines, 
phase resolution = 80%, lines of k-space = 87, and an ac-
quisition window of about 218 ms during diastole. SASHA 
and T2-prep SSFP sequences were performed in three sepa-
rate breath-holds on three LV short-axis slices from the apex, 
middle, and base with a slice gap of 12 mm. The TSAT times 
for SASHA ranged from 180 ms to 640 ms. T2-prep SSFP 
sequence acquired three T2-weighted images with TEPREP 
times of 0 ms, 25 ms, and 55 ms, respectively. Subjects had 
a rest period of 10 seconds between breath-holding scans. 
Multislice Joint T1-T2 imaged nine short-axis slices with a 
slice gap of 2 mm using prospective slice tracking by the di-
aphragm navigator with a tracking factor of 0.6. The third, 
fifth, and seventh slices of Multislice Joint T1-T2 were aligned 
to three short-axis slices from SASHA or T2-prep SSFP. In 
each repeated acquisition of Multislice Joint T1-T2, the value 
of TSAT ranged from 100 ms to 500 ms. Echo times for the 
three TEPREPs were 25 ms, 45 ms, and 55 ms, respectively. 
The SASHA T1 and T2-prep SSFP T2 maps were directly gen-
erated on the scanner with built-in motion correction.45

2.6 | T1 and T2 analysis

For each T1-mapping or T2-mapping phantom vial, a circular 
region of interest was delineated for calculating the mean and 
SD. In addition, the coefficient of variation (percentage of 
SD divided by the mean) and relative error for each vial were 
calculated. Accuracy was defined as the difference between 
the measured T1 or T2 and the corresponding reference stand-
ard. Precision was defined as the SD and coefficient of vari-
ation. Any phantom vial with a T2 time greater than 100 ms 
was excluded from T2 analysis. The T1 and T2 values from 
the fifth slice obtained by Multislice Joint T1-T2 were com-
pared with T1 values obtained by IR-SE and SASHA, and 
T2 values obtained by CPMG-SE and T2-prep SSFP, respec-
tively. Linear regression analysis explored the relationship 
between Multislice joint T1-T2 and the reference sequences. 
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The correlation between the estimated T1 or T2 relative error 
and the simulated heart rate was studied by linear regression. 
The paired two-tailed Student’s t-test was used to assess the 
statistical significance, and a p-value of .05 was considered 
significant.

We excluded slices located outside the LV anatomy. 
The epicardial and endocardial contours of the LV were 
manually segmented slice by slice. For Multislice Joint 
T1-T2, epicardial and endocardial boundaries were initially 
delineated on T2 maps, and subsequently mapped onto the 
T1 maps for T1 analysis. The papillary muscle and blood 
were carefully excluded during segmentation to avoid par-
tial volume averaging. For each slice, the mean and SD of 
T1 or T2 were calculated. The mean and SD of T1 or T2 of 
the whole LV was averaged across all slices. Bland-Altman 
and linear regression analyses compared the Multislice 
Joint T1-T2 to SASHA and T2-prep SSFP in terms of LV 
T1 and T2 measurement. We also measured the mean and 
SD of regional T1 or T2 values for each subject using the 
American Heart Association 16-segment model.46 A paired 
two-tailed Student’s t-test was used to assess the statisti-
cal significance, and a p-value of .05 was considered 
significant.

3 |  RESULTS

3.1 | Numerical simulation

Simulation results (Supporting Information) show that in-
creasing recovery heartbeats between saturation and T2-
prep for the combined T1-T2 weighted signal could reduce 
T2 estimation error and improve T2 precision by removing 
the influence of heart rate and large T1 values. The robust-
ness of T2 fitting improved when at low SNR (ie, 15 and 
20). When there were more than two recovery heartbeats, 
improvement in T2 precision was not significant. The num-
ber of recovery heartbeats did not influence T1 accuracy 
and precision. Although collecting more combined T1-T2 
weighted images for each slice could improve accuracy 
and precision at low SNR (ie, 15 and 20), there is little 
improvement in precision when SNR is high (ie, 60) or the 
number of images is greater than nine. Of note, scan time 
was prolonged when increasing the number of recovery 
heartbeats, samplings, or both. Multislice Joint T1-T2 in 
this study therefore adopted two heartbeats between satu-
ration and T2-prep pulses for recovering combined T1 and 
T2-weighted signal and 10 combined T1-T2 weighted im-
ages for each slice in both phantom and in vivo experi-
ments (Figure 1). The disturbed longitudinal magnetization 
before the acquisition of equilibrium magnetization signal 
led to underestimation of T1 and overestimation of T2.

3.2 | Phantom experiments

Phantom T1 and T2 values from Multislice Joint T1-T2 had 
very strong correlation (R2 ≥ 0.99) with reference values 
(Figure 2A,B). There was no statistical difference between 
Multislice Joint T1-T2 and IR-SE on T1 measurement (P = 
.11). However, Multislice Joint T1-T2 overestimated T2 by an 
average of 4.6% ± 0.6%. Figure 2C,D, respectively, shows 
the T1 and T2 of each phantom vial measured by Multislice 
Joint T1-T2 under different simulated heart rates. The average 
T1 and T2 relative error was −0.1% ± 0.3% and 5.3% ± 1.0%, 
respectively. The coefficient of correlation between T1 or T2 
relative error and increased simulated heart rate was 0.85 or 
0.22, respectively.

Accuracy, precision, and coefficients of variation of each 
phantom vial are compared among Multislice Joint T1-T2, 
SASHA, and T2-prep SSFP sequences (Figure 3). SASHA and 
Multislice Joint T1-T2 sequences had similar T1 accuracy (dif-
ference with reference T1: 2.4 ± 7.3 ms and 3.9 ± 7.9 ms; P = 
.54), T1 relative error (0.2% ± 1.0% and 0.5% ± 0.6%; P = .47), 
precision (6.3 ± 3.3 ms and 7.8 ± 2.5 ms; P < .05), and coef-
ficients of variation (0.9% ± 0.3% and 1.2 ± 0.5; P < .05). T2-
prep SSFP and Multislice Joint T1-T2 sequences overestimated 
T2 by 19.8% ± 16.9% and 4.6% ± 0.6%, respectively, compared 
with CPMG-SE T2 (7.7 ± 6.6 ms and 1.8 ± 0.3 ms [P < .05], 
respectively). Both sequences had similar T2 precision (0.5 ± 
0.1 ms and 0.5 ± 0.2 ms; P = .28) and coefficients of variation 
(1.2% ± 0.3% and 1.3% ± 0.4%; P = .31).

3.3 | In vivo experiments

SASHA (three slices), T2-prep SSFP (three slices), and 
Multislice Joint T1-T2 (nine slices) were successfully per-
formed in the healthy subjects and patients. Healthy subjects 
underwent average acquisition times of 1.1 ± 0.1 minutes, 
1.1 ± 0.1 minutes, and 1.4 ± 0.3 minutes; patients under-
went average acquisition times of 1.2 ± 0.1 minutes, 1.1 ± 
0.1 minutes, and 1.4 ± 0.2 minutes. Heart rates were 67 ± 
15 bpm and 51 ± 20 bpm in healthy subjects and patients, 
respectively. The average time for fitting T1 and T2 maps of 
one slice obtained by mMultislice Joint T1-T2 was 2.3 ± 0.19 
minutes using MATLAB 2018b on a standard PC (Intel Core 
Xeon-4110 CPU, 2.10 GHz, 32 GB memory). The average 
number of slices covering the whole LV was 7.3 ± 0.7 in 
healthy volunteers and 7.6 ± 0.6 in patients, respectively. 
Heart rates, scan time of three sequences, and the number of 
slices covering the whole LV obtained by Multislice Joint T1-
T2 of each subject are summarized in Supporting Information 
Tables S1 and S2.

Figures 4 shows the combined T1-T2 weighted images 
from the fifth slice of 2 subjects, showing the SNR at the 
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septum. Representative co-registered T1 and T2 maps from 
1 healthy subject and 1 patient with hypertrophic cardio-
myopathy obtained by Multislice Joint T1-T2 are shown in 
Figures 5 and 6, respectively. From apex to base, the LV 
myocardium has a homogenous signal in both T1 and T2 
maps. Figure 7 shows the T1 and T2 maps from 4 additional 
subjects (2 healthy volunteers and 2 patients) acquired by 
the three sequences.

The T1 and T2 values (Figure 8A-D) and SDs (Figure 
8E-H) were measured over 16 American Heart Association 
segments averaged across all healthy subjects. The values 
of T1 and T2 decreased from the apical slab (T1: 1616 ± 33 
ms by SASHA and 1404 ± 14 ms by Multislice Joint T1-T2; 
T2: 43.3 ± 1.0 ms by T2-prep SSFP and 51.5 ± 3.0 ms by 
Multislice Joint T1-T2) to the basal slab (T1: 1521 ± 17 ms by 
SASHA and 1358 ± 26 ms by Multislice Joint T1-T2; T2: 41.4 
± 0.4 ms by T2-prep SSFP and 45.9 ± 0.8 ms by Multislice 
Joint T1-T2). Correspondingly, the T1 and T2 values in the 
apical slab had large SDs compared with those in the other 
two slabs. The mean difference in LV T1 between SASHA 

and Multislice Joint T1-T2 across healthy subjects was 191 
ms (1564 ± 60 ms vs 1373 ± 50 ms; P < .05), and the mean 
difference in LV T2 between T2-prep SSFP and Multislice 
Joint T1-T2 across healthy subjects was −6.3 ms (42.4 ± 1.4 
ms vs 48.7 ± 2.5; P < .05) (Figure 8I,J).

In patient studies, the middle LV had smaller T1 values 
(1523 ± 22 ms by SASHA and 1402 ± 32 ms by Multislice 
Joint T1-T2) compared with the apex (1533 ± 29 ms by SASHA 
and 1444 ± 16 ms by Multislice Joint T1-T2) and base (1540 
± 19 ms by SASHA and 1424 ± 16 ms by Multislice Joint 
T1-T2) (Figure 9A-D). As in healthy subjects, T2 decreased 
from the apex (T2-prep SSFP: 42.7 ± 0.7 ms; Multislice Joint 
T1-T2: 48.9 ± 0.9 ms) to the base (T2-prep SSFP: 41.0 ± 0.7 
ms; Multislice Joint T1-T2: 46.0 ± 0.9 ms). The T2 values of 
the middle slab were 40.8 ± 1.6 ms by T2-prep SSFP and 
46.2 ± 1.0 ms by Multislice Joint T1-T2. The T1 and T2 values 
in the basal slab had large SDs compared with those from 
the other two slabs (Figure 9E-G). In Figure 9I,J, the mean 
difference in LV T1 between SASHA and Multislice Joint T1-
T2 was 111 ms (1535 ± 49 ms vs 1423 ± 49 ms; P < .05), 

F I G U R E  2  Phantom T1 and T2 results for Multislice Joint T1-T2 and reference spin-echo sequences. Heart-rate dependency of Multislice 
Joint T1-T2 is also shown. Inversion-recovery spin-echo (IR-SE) and Carr-Purcell-Meiboom-Gill spin-echo (CPMG-SE) sequences were used for 
reference T1 and T2, respectively. A,B, Linear regression analysis comparing phantom T1 and T2 times measured by Multislice Joint T1-T2 at a heart 
rate of 60 bpm versus the reference values. C,D, The T1 and T2 of each vial measured by Multislice Joint T1-T2 at different simulated heart rates. 
Phantom vials are color-coded consistently

(B)

(C)(A)

(D)
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approximately 80 ms less than the difference between both 
sequences in healthy subjects. The mean difference in LV 
T2 between T2-prep SSFP and Multislice jJoint T1-T2 across 
patients was −5.7 ms (41.6 ± 2.5 ms vs 47.3 ± 2.7 ms; P < 
.05), approximately equal to the value of −6.3 ms in healthy 
volunteers.

There was no difference in the average SD (ie, precision) 
of LV T1 between SASHA and Multislice jJoint T1-T2 in both 
healthy subjects (95 ± 26 ms vs 88 ± 12 ms; P = .15) and 
patients (90 ± 26 ms vs 100 ± 17 ms; P = .07) (Table 1). The 
average SD of LV T2 by Multislice Joint T1-T2 was larger than 
that measured by T2-prep SSFP in both healthy subjects (5.6 

F I G U R E  3  Comparison of T1 (A-C) and T2 (D-F) accuracy, precision, and coefficients of variation among Multislice Joint T1-T2, saturation-
recovery single-shot acquisition (SASHA), and T2-prep balanced SSFP (bSSFP) sequences for each phantom vial. Reference T1 and T2 values 
from IR-SE and CPMG-SE are shown. Accuracy was defined as the difference between the measured value and the corresponding reference 
time. Precision was defined as the SD. Multislice Joint T1-T2 and SASHA have similar T1 accuracy, precision, and coefficients of variation. For 
phantom vials with smaller T2 times (< 100 ms), T2-prep SSFP and multislice joint T1-T2 overestimated T2 by 19.8% ± 16.9% and 4.6% ± 0.6%, 
respectively. The T2-prep SSFP sequence largely overestimated T2 in vials with short T1. The T2-prep SSFP and Multislice Joint T1-T2 had similar 
T2 precision and coefficient of variation values

(A) (D)

(B) (E)

(C) (F)
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F I G U R E  4  Combined T1-T2 weighed images from midventricular slices in 2 healthy subjects. The saturation recovery time (TSAT, ms), TE of 
T2 preparation (TEPREP, ms), and septal SNR are indicated for each image. The SNR was calculated as the mean divided by the SD of pixels within 
the region of interest (yellow). The same intensity display range is used for all images

F I G U R E  5  Co-registered T1 and T2 maps from a healthy subject covering the whole heart from base to apex obtained by Multislice Joint T1-
T2 in 1.54 minutes

F I G U R E  6  Co-registered T1 and T2 maps from a patient with hypertrophic cardiomyopathy obtained by Multislice Joint T1-T2 in 1.65 minutes
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± 1.5 ms vs 4.4 ± 1.6 ms; P < .05) and patients (4.3 ± 1.1 ms 
vs 3.7 ± 0.7 ms; P < .05).

4 |  DISCUSSION

In this study, we proposed and validated a fast free-breath-
ing sequence for rapid whole LV myocardial T1 and T2 
quantification using conventional image reconstruction 
and curve fitting. Phantom results demonstrate that the 
proposed sequence achieves T1 and T2 values with good 
accuracy, good precision, and insensitivity to heart rate. In 

vivo data in healthy subjects and pilot studies in patients 
demonstrate the feasibility of the proposed sequence to re-
duce the total T1 and T2 mapping scan time while maintain-
ing full LV coverage.

Saturation and T2-prep are used jointly for magnetization 
preparation. Saturation preparation can remove the heart-rate 
dependency of T1 and T2 and eliminate the need for resting 
heartbeats before the second saturation pulse.26 Although the 
SNR of 2D combined T1-T2 weighted signal can be improved 
by a long recovery time between saturation and T2-prep, it 
is at the expense of scan efficiency. Numerical simulation 
showed that a recovery time of two heartbeats as adopted in 

F I G U R E  7  Representative T1 and T2 maps of 4 subjects obtained by SASHA, T2-prep SSFP, and Multislice Joint T1-T2. Two patients 
were referred for a cardiovascular MR for assessment of cardiac sarcoidosis (patent #1) and hypertrophic cardiomyopathy (patient #2). Visually, 
co-registered T1 and T2 maps obtained by Multislice Joint T1-T2 in 1.4 minutes have comparable image quality as those from single-slice breath-
holding T1 and T2 mapping sequences
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this study could improve the T2 precision at high heart rate 
and robust estimation of T2 at low SNR; however, it is a trade-
off between acquisition time and quantitative performance of 
Multislice Joint T1-T2. Saturation resets the history of longitu-
dinal magnetization for the whole heart every three readouts. 
Combined with slice-interleaved acquisition, which ensures a 
gap of at least 22 mm between slices imaged on consecutive 
cardiac cycles, saturation minimizes the residual disturbance 
of longitudinal magnetization induced by excitation of adja-
cent slices with an imperfect slice-selective profile and slight 
overlap between slices.

We evaluated one scheme of the proposed sequence for nine 
LV slices (Figure 1). The 8-mm slice thickness and 2-mm slice 
gap enabled sufficient coverage of the LV from base to apex, 
similar to conventional cine functional imaging, but may lead 
to cross-talk between adjacent slices. The 8-mm thickness is 
similar to that of most proposed 2D cardiac T1 and T2 mapping 
techniques.3,6,26 Increasing thickness could improve the SNR of 
2D combined T1-T2 images but decrease the resolution in the 
slice direction and increase partial-voluming effects.47 Further 

in vivo studies optimizing the number of slices and slice gaps 
are needed to investigate the trade-off among imaging time, cov-
erage, resolution, and precision for Multislice Joint T1-T2.

Respiratory tracking by the diaphragm navigator in 
Multislice Joint T1-T2 may fail when the correlation of dis-
placement between the heart and liver is changed,48 resulting 
in overlap between slices. Additionally, T2-prep delay between 
the navigator and acquisition may lead to slice-tracking error. 
As discussed previously, saturation and a specified slice acqui-
sition order in each repeated acquisition is helpful to alleviate 
the influences on adjacent slices. Further studies using self-gat-
ing respiratory motion compensation may overcome the chal-
lenges of slice tracking and warrant further investigation.49

Multislice Joint T1-T2 acquires an image for each slice 
without magnetization preparation to sample the equilibrium 
magnetization signal. Previous studies have demonstrated 
this equilibrium signal to serve as an important anchor point 
for saturation-recovery T1 curve fitting.50,51 However, the 
2-mm slice gap in this study makes the longitudinal mag-
netization of this image vulnerable to disturbances from the 

F I G U R E  8  Bull’s-eye plots showing mean LV T1 (A,B) and T2 values (C,D) and SDs (E,H) across healthy volunteers. The average result of 
each slab (A, apex; M, middle; B, base) of each subfigure is shown. I-J, Bland-Altman analysis comparing Multislice Joint T1-T2 to SASHA on LV 
T1 measurement (R2 = 0.008), and T2-prep SSFP (R2 = 0.001) on LV T2 measurement, respectively. The dashed lines indicate the mean and 95% 
confidence intervals on the limits of agreement and mean
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readout of neighboring slices with an imperfect slice-selec-
tive profile, severe cardiac motion, or through-plane motion. 
The disturbed longitudinal magnetization leads to T1 under-
estimation and T2 overestimation, which cannot be removed 
during fitting. Adding a fixed recovery period before acquisi-
tion of the equilibrium image or increasing the slice gap are 
potential options for overcoming this limitation.

In phantom experiments, SASHA and Multislice Joint 
T1-T2 had high T1 accuracy compared with the spin-echo 

reference sequence, as saturation recovery–based T1 map-
ping is influenced less by heart rate, linear bSSFP readout, 
and saturation efficiency.3,6,52 The T2-prep SSFP sequence 
suffered from overestimation, because disturbance from the 
RF excitation before the center of the k-space was not taken 
into account during T2 calculation, particularly in phantom 
vials with small T1 values.40 Although Multislice joint T1-
T2 and T2-prep SSFP enable measurement of high T2 values, 
myocardial T2 values greater than 100 ms are not expected. 

F I G U R E  9  Bull’s-eye plots showing mean LV T1 (A,B) and T2 values (C,D) and SDs (E,H) across patients. The average result of each slab 
(A, apex; M, middle; B, base) of each subfigure is shown. I,J, Bland-Altman analysis comparing LV T1 between Multislice Joint T1-T2 and SASHA 
(R2 = 0.74), and LV T2 between Multislice Joint T1-T2 and T2-prep SSFP (R2 = 0.48). The dashed lines indicate the mean and 95% confidence 
intervals on the limits of agreement and mean

T1 T2

SASHA
Multislice 
Joint T1-T2

T2-prep 
SSFP

Multislice 
Joint T1-T2

Healthy 
subjects 
(N = 13)

Mean (ms) 1564 ± 60 1373 ± 50 42.4 ± 1.4 48.7 ± 2.5

SD (ms) 95 ± 26 88 ± 12 4.4 ± 1.6 5.6 ± 1.5

Patients  
(N = 15)

Mean (ms) 1535 ± 49 1423 ± 49 41.6 ± 2.5 47.3 ± 2.7

SD (ms) 90 ± 26 100 ± 17 3.7 ± 0.7 4.3 ± 1.1

T A B L E  1  Left-Ventricle T1 and T2 
from healthy subjects and patients at 3 T
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Therefore, phantom vials with T2 greater than 100 ms were 
excluded from T2 analysis.

In vivo studies in healthy subjects and patients showed 
that Multislice Joint T1-T2 underestimated T1 values by nearly 
200 ms and 100 ms, respectively, compared with SASHA T1 
values, and Multislice Joint T1-T2 overestimated T2 values 
by an average of 6 ms in both healthy subjects and patients 
compared with T2-prep SSFP, which was inconsistent with 
phantom results. Currently, there is no feasible method for 
measuring reference T1 and T2 values of in vivo myocar-
dium; therefore, it is difficult to know the actual difference 
between T1 and T2 values from Multislice Joint T1-T2 and the 
ground-truth values. Considering that imaging parameters in 
in vivo experiments were similar to those in phantom stud-
ies, this inconsistency could be associated with free-breath-
ing slice-interleaved acquisition. Residual disturbances from 
slice-selective excitation of adjacent slices due to imperfect 
slice profiles, inaccurate tracking respiratory motion, or se-
vere through-plane motion potentially resulted in both T1 and 
T2 estimation error, particularly of images acquired to sample 
the equilibrium magnetization signal as previously discussed. 
Importantly, we observed that under an average 1.5-minute 
free-breathing scan, Multislice Joint T1-T2 enables measure-
ment of the whole LV T1 and T2 with no significant differ-
ences with respect to breath-holding SASHA or T2-prep 
SSFP; therefore, the current sequences would be used in clin-
ical practice for fast myocardium tissue characterization.

Multislice Joint T1-T2 can also be used to quantify 
post-contrast T1 measurement. For post-contrast imaging, fast 
T1 relaxation results in a 2D image with higher SNR. Hence, 
the recovery heartbeats between saturation and T2-prep could 
be reduced to allow denser sampling of short-saturation times 
to improve post-contrast myocardial T1 precision.7 For ex-
tracellular volume measurement, pre-contrast blood T1 could 
be fitted specifically using images less influenced by in-flow 
effects (ie, image with signal corresponding to equilibrium 
magnetization or saturation-recovery times shorter than one 
RR interval), to improve accuracy.52

In vivo T1 and T2 maps calculated from the Multislice Joint 
T1-T2 sequence had lower precision compared with SASHA and 
T2-prep SSFP. First, the T1 and T2 fitting algorithm in Multislice 
Joint T1-T2 requires estimation of four parameters, increasing its 
susceptibility to noise compared with the three-parameter and 
two-parameter models used in SASHA and T2-prep SSFP.52 
Second, combined T1-T2 weighted images prepared by satura-
tion and T2-prep had lower SNR than the T2-weighted images 
of T2-prep SSFP. Furthermore, heavy respiratory motion during 
a relatively long acquisition window (~218 ms) in free-breath-
ing Multislice Joint T1-T2 would lead to increased blurring in 
images compared with breath-holding SASHA and T2-prep 
SSFP.26 Finally, images from basal and apical slabs often have 
more partial-voluming artifacts. Further studies to improve pre-
cision of measurements are warranted.

Our study was validated in a small number of patients. 
Larger patient studies with abnormal T1 and T2 times and his-
tological validation are needed to truly assess the diagnostic 
accuracy; however, that is beyond the scope of this project. 
Our patients had mostly normal T2 values. Our center does not 
routinely image acute patients who have suffered a recent myo-
cardial infarction. Therefore, we could not include patients with 
acute myocardial infarction or edema. Our pilot patient cohort 
was very heterogeneous and intended as a proof-of-concept 
study to demonstrate clinical feasibility. Healthy subjects were 
mostly female and young, which may bias the reported T1 and 
T2 of the healthy myocardium at 3 T.53 CPMG-SE was used for 
measuring reference T2 values of phantom vials. The T2 esti-
mation error of CMMG-SE related to the stimulated echo may 
not be totally eliminated by discarding the signal of the first 
echo during the calculation.42,54 Post-contrast T1 and extracel-
lular volume estimation by the proposed sequence were not val-
idated in this study. Imaging parameters, including flip angle, 
thickness, slice gap, saturation-recovery time and TEPREP, were 
not optimized for the proposed sequence.

5 |  CONCLUSIONS

The proposed sequence enables quantification of myocardial 
T1 and T2 across the whole LV during free breathing within 
a clinically feasible scan time. This approach can be read-
ily clinically adopted as part of a comprehensive cardiac MR 
protocol for myocardial tissue characterization.
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FIGURE S1 Normalized signals before T2-prep for com-
bined T1-T2-weighted images recovered across different 
heartbeats under different simulated heart rates (A) and T1 
values (B)
FIGURE S2 Relative estimation error and SD of T1 (A, B, 
E, F, I, and J) and T2 (C, D, G, H, K, and L) for simulations 
of T1-T2-weighted images performed under different recov-
ery heartbeats and heart rates. Simulations were performed at 
three SNR levels (15, 20, and 60)
FIGURE S3 Relative estimation error and SD of T1 (A, B, E, 
F, I, and J) and T2 (C, D, G, H, K, and L) for simulations of 
combined T1-T2-weighted images performed under different 
recovery heartbeats and simulated T1 times. Three noise lev-
els (SNR = 15, 20, and 60) were added to the signals
FIGURE S4 Relative estimation error and SD of T1 (A, B, E, 
F, I, and J) and T2 (C, D, G, H, K, and L) fitted from various 
sampling points. Three noise levels (SNR = 15, 20, and 60) 
were added to the simulated signal
FIGURE S5 Simulation results showing the impact of lon-
gitudinal magnetization disturbance before image acquisition 
to sample the equilibrium magnetization signal. A,B, The T1 
relative error and corresponding difference. C,D, The T2 rel-
ative error and corresponding difference
TABLE S1 Healthy volunteer characteristics and acquisition 
times for each mapping sequence
TABLE S2 Patient characteristics and acquisition times for 
each mapping sequence
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