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Purpose: To develop and validate a saturation-delay-inversion recovery preparation, 
slice tracking and multi-slice based sequence for measuring whole-heart native T1.
Method: The proposed free-breathing sequence performs T1 mapping of multiple left-
ventricular slices by slice-interleaved acquisition to collect 10 electrocardiogram- 
triggered single-shot slice-selective images for each slice. A saturation-delay- 
inversion recovery pulse is used for T1 preparation. Prospective slice tracking by 
the diaphragm navigator and retrospective registration are used to reduce through-
plane and in-plane motion, respectively. The proposed sequence was validated in 
both phantom and human subjects (12 healthy subjects and 15 patients who were 
referred for a clinical cardiac MR exam) and compared with saturation recovery 
single-shot acquisition (SASHA) and modified Look-Locker inversion recovery 
(MOLLI).
Results: Phantom T1 measured by the proposed sequence had excellent agreement 
(R2 = 0.99) with the ground-truth T1 and was insensitive to heart rate. In both healthy 
subjects and patients, the proposed sequence yielded nine left-ventricular T1 maps 
per volume in less than 2 minutes (healthy volunteers: 1.8 ± 0.4 minutes; patients: 
1.9 ± 0.2 minutes). The average T1 of whole left ventricle for all healthy subjects and 
patients were 1560 ± 61 and 1535 ± 49 ms by SASHA, 1208 ± 42 and 1233 ± 56 ms 
by MOLLI5(3)3, and 1397 ± 34 and 1433 ± 56 ms by the proposed sequence, re-
spectively. The corresponding coefficient of variation of T1 were 6.2 ± 1.4% and 
5.8 ± 1.6%, 5.3 ± 1.1% and 5.1 ± 0.8%, and 4.9 ± 0.8% and 4.5 ± 0.8%, respectively.
Conclusion: The proposed sequence enables quantification of whole heart T1 with 
good accuracy and precision in less than 2 minutes during free breathing.
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1 |  INTRODUCTION

In cardiovascular magnetic resonance (CMR), longitudinal 
relaxation time (T1) is sensitive to alterations in myocar-
dium tissue composition.1,2 Deviations of the myocardial 
T1 from the normal value could be used to non-invasively 
detect diseased myocardium, including excessive fibrosis, 
edema, amyloidosis, and lipid and iron depositions, which 
have been demonstrated in various cardiac diseases.3-7 
Combined with contrast agent administration, myocardial 
T1 enables noninvasive assessment of extracellular vol-
ume (ECV) for detection of diffuse cardiomyopathies.8-10 
Myocardial T1 mapping allows for quantitative characteri-
zation and spatial visualization of changes in myocardium 
composition, which has the potential to detect early stages 
of heart disease and, therefore, improve prognosis, as com-
pared with qualitative assessments used in CMR.1,2,8,11

The altered myocardium varies focally and globally, de-
pending on the type of cardiomyopathy. The T1 from a single 
region-of-interest (ROI) can detect changes in the myocar-
dium when the whole-heart tissue is heterogeneous,1 such 
as in diffuse heart diseases (eg, non-ischemic dilated cardio-
myopathy). However, in cardiomyopathies involving focal 
heterogeneity such as focal edema caused by acute myo-
cardial injury,12 localized wall modeling from hypertrophic 
cardiomyopathy, or regional iron overload from hemorrhagic 
myocardial infarction,13 it is necessary to analyze regional 
characteristics of the myocardial tissue for insight into un-
derlying pathogeneses. Thus, there is a clinical need for T1 
mapping with whole-heart coverage to characterize complex 
regional distribution patterns of disease.1

T1 of the whole left ventricle can be measured by per-
forming either multiple two-dimensional (2D) or three- 
dimensional (3D) T1 mapping. Currently, 2D myocardial T1 
mapping sequences, such as modified Look-Locker inversion 
recovery (MOLLI),14,15 shortened MOLLI (ShMOLLI),16 
saturation recovery single-shot acquisition (SASHA),17 and 
saturation pulse prepared heart-rate-independent inversion 
recovery (SAPPHIRE),18 all adopt breath-holding to compen-
sate for respiratory motion during acquisition. T1 mapping of 
different slices, therefore, requires numerous breath-holds for 
complete left-ventricular (LV) coverage, adding a significant 
burden to patients during an exam that is already long.19,20 
This practice also reduces scan efficiency due to the rest pe-
riod (eg, >10 seconds) between breath-holds. Alternatively, 
a few studies have proposed 3D T1 mapping with free breath-
ing.21-26 However, current 3D myocardial T1 mapping se-
quences cannot be performed within a clinically feasible scan 
time.23,24 Furthermore, T1 accuracy and image quality are im-
pacted by numerous factors, including heart rate variation,22 
B1 inhomogeneity,21 limited number of T1 weighted im-
ages,22 limited measurable dynamic ranges of T1 relaxation,21 
and signal preparation schemes.25,26 These limitations result 

in a lower 3D T1 map quality than 2D T1 mapping, hindering 
clinical utility. An alternative approach to 3D T1 mapping is 
multi-slice 2D T1 mapping for whole LV coverage. Although 
slice-interleaved T1 (STONE) mapping can simultaneously 
perform T1 mapping of five slices within 2 minutes at 1.5T,27 
the limited number of slices and large gaps between different 
slices limit full LV coverage.

In this study, we propose to build on two previously devel-
oped techniques, STONE27 and SAPPHIRE,18 to develop a 
free-breathing whole-heart T1 mapping sequence for T1 mea-
surement of the whole left ventricle within a clinically feasi-
ble time. The performance of this new sequence is compared 
with SASHA and MOLLI in phantom and human subject 
experiments at 3T. Like STONE, free-breathing whole-heart 
T1 performs T1 mapping of multiple LV slices by slice-inter-
leaved acquisition. Like SAPPHIRE, the proposed sequence 
adopts a joint SATuration-delay-Inversion Recovery (SATIR) 
pulse for T1 preparation. In combination, the proposed se-
quence achieves (a) whole LV T1 measurement, (b) high 
imaging efficiency, (c) better T1 fitting due to a relatively 
large dynamic T1 relaxation range for sampling different T1 
weighted images, and (d) insensitivity to heart rate variation.

2 |  METHODS

All MR imaging was performed on a 3T scanner 
(MAGNETOM Vida, Siemens Healthcare, Erlangen, 
Germany) with body and spine phased array coils. All in-
vivo experiments were HIPAA compliant and approved by 
our Institutional Review Board. Written informed consent 
was obtained from each subject prior to imaging. Calculation 
and analysis of T1 were performed on MATLAB 2018b 
(MathWorks, Natick, MA, USA). Acquisitions by free-
breathing whole-heart T1 and SASHA were performed 
with investigational prototype implementations. The rel-
evant acquisition parameters are summarized in Supporting 
Information Table S1, which is available online.

2.1 | Sequence design

Figure 1 shows the schematic diagram of the proposed Free-
breathing Whole-heart T1 mapping sequence for N LV slices. 
For each slice, 10 T1 weighted images are collected: 1 image 
without T1 magnetization preparation and 9 images prepared by 
SATIR pulse. In this study, the T1 preparation scheme and or-
dering of slices is designed for nine LV slices. Figure 1A shows 
the basic imaging blocks of one repeated acquisition. Nine  
single-shot electrocardiograph (ECG) -triggered images from 
nine slices are acquired during the diastolic phase over succes-
sive cardiac cycles. Single-shot images of each slice are acquired 
using slice-selective excitation to avoid disturbing adjacent 



   | 3GUO et al.

slices. Two nonselective SATIR preparation pulses (denoted a 
and b) are performed before the first and fifth images to pre-
pare for T1 weighting of the entire LV volume. The delay time 
between the saturation and inversion pulses is referred to as the 
saturation-recovery time (TSAT). The recovery time between the 
end of the inversion pulse and the start of the data acquisition is 
referred to as the inversion-recovery time (TINV).

For the second SATIR (b), two heartbeats are inserted 
before the inversion pulse to allow for a long TSAT for re-
covering more longitudinal magnetization (Mz) before the 
inversion pulse. The respiratory navigator is performed 
before the acquisition or inversion pulse (if any) to track 
respiratory motion. The interval between the end of the 
navigator and the start of the acquisition is equal to the 
duration of the SATIR inversion pulse across all images 
to ensure a positive signal before the readout of the nav-
igator and to minimize the interval between the navigator 
and data acquisition. The acquisition order of different 
slices is changed to increase the spatial distance between 

two consecutive readouts and minimize potential residual 
crosstalk influence.

Figure 1B depicts the proposed sequence for performing 
T1 mapping of nine slices. The first repeated acquisition is 
performed without SATIR to acquire an image at Mz equi-
librium. For the remaining nine repeated acquisitions, TSATa, 
TINVa, and TINVb remain fixed, while TSATb varies accord-
ing to the duration of the cardiac cycle. The slice order in 
each repeated acquisition is pre-defined to ensure that im-
ages of each slice have different T1 contrast and that at least 
two slices (eg, 1, 4, 7, …) are skipped between consecutive 
readouts (Figure 1B). The result is 10 T1-weighted images 
for each slice with TSAT values of ∞, TSATa, TSATa, TSATa, 
TSATa, TSATb, TSATb, TSATb, TSATb, TSATb, and TINV values of 0, 
TINVa, TINVa+RR (RR describes the duration of one cardiac  
cycle), TINVa+2RR, TINVa+3RR, TINVb, TINVb+RR, 
TINVb+2RR, TINVb+3RR, TINVb+4RR acquired over 110 
heartbeats. Figure 1C shows the normalized Mz before ac-
quisition of 10 images of one slice along the T1 (1550 ms) 

F I G U R E  1  Pulse sequence diagram of the proposed Free-breathing Whole-heart T1 mapping sequence. A, Imaging blocks in one repeated 
acquisition (RA) of the proposed sequence for nine slices. Each RA consists of nine ECG-triggered 2D single-shot image (IMG) acquired during 
diastole from different slices (S1-S9). Two nonselective SATIR pulses (a and b), which combine saturation (SAT), delay, and inversion (INV), 
are performed before the first and fifth images to prepare for T1 weighting of all images. For each image, the saturation-recovery time (TSAT) 
is the delay between saturation and inversion, and the inversion-recovery time (TINV) is the period between inversion and the beginning of data 
acquisition. For the second SATIR (b), two heartbeats are inserted before the inversion pulse. The navigator is performed at the same time point 
before data acquisition to track respiratory motion in real time. B, Sequence diagram. RA shown in A is performed 10 times with changing 
slice order to acquire 10 T1 weighted images for each slice. The first RA is performed without SATIR to sample an image corresponding to Mz 
equilibrium. C, Normalized Mz before the acquisition of T1-weighted images of one slice along the T1 relaxation curve (1550 ms) at heart rate of 
60 bpm with ideal SATIR preparation. The black circle represents the Mz before acquisition without magnetization preparation in the RA1. Green 
circles represent Mz before acquisition with TSATa = 600 ms and TINVa = 10 ms. Red circles represent the Mz before acquisition using SATIR with 
TSATb = 2600 ms and TINVb = 10 ms

(A)

(B) (C)
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relaxation curve at a heart rate of 60 bpm with ideal SATIR 
preparation. TSATa and TSATb are 600 and 2600 ms, respec-
tively. TINVa and TINVb are 10 ms, respectively. Using SATIR 
with a TSAT of two cardiac cycles and slice-interleaved ac-
quisition, the signals of T1 weighted images of each slice are 
nearly fully distributed along the inversion-recovery curve of 
T1 without perturbation by the previous readout.14

A cross-pair navigator consisting of slice-selective 90° 
and 180° pulses,28 positioned on the dome of the right 
hemidiaphragm, is used for slice tracking. The navigator 
prospectively shifts the image plane of the target slice in the 
superior-inferior direction to reduce through-plane motion. 
No respiratory gating is used, so the overall number of heart-
beats for the whole scan remains the same (ie, 100% scan 
efficiency). In-plane motion among T1 weighted images from 
the same slice is retrospectively corrected using a non-rigid 
image registration algorithm developed specifically for myo-
cardial T1 mapping.29

2.2 | T1 map reconstruction

T1 maps were pixel-wise fitted from the motion corrected im-
ages using the following signal model:

where A, B and T1 are three unknowns, Si is the signal cor-
responding to the TSATi and TINVi. A and B are constants de-
termined by sequence parameters (T1, T2, TR, flip angle, and 
the number of radiofrequency (RF) pulses to the center of 
k-space).17,30

2.3 | Phantom experiments

Phantom experiments were performed to assess T1 accuracy, 
precision, and sensitivity to heart rate variation of the pro-
posed Free-breathing Whole-heart T1 sequence. A prototype 
of T1MES phantom containing 12 vials with different T1 and 
T2 values for cardiac T1 mapping was used.31

2.3.1 | Accuracy/precision

The accuracy and precision of Free-breathing Whole-heart 
T1 were assessed using inversion-recovery spin echo (IR-SE) 
sequence as the reference standard. For IR-SE, 14 images 
(FOV = 200 × 200 mm2, voxel size = 0.8 × 0.8 × 8 mm3, 
TE = 8.0 ms, TR = 10 s) with inversion-recovery times rang-
ing from 100 to 3000 ms were collected. The total imaging 
time was 4.9 hours. Pixel-wise T1 values were then estimated 

using a three-parameter inversion-recovery signal model with 
a Levenberg-Marquardt optimizer. Carr-Purcell-Meiboom-
Gill spin-echo (CPMG-SE) sequence was used to measure 
the reference T2 by acquiring eight images with echo times 
ranging from 8.5 to 68  ms. All other parameters were the 
same as IR-SE, with the exception of TE. The reference T2 
was fitted using a two-parameter T2 relaxation model.

Free-breathing Whole-heart T1 mapping was performed 
with a simulated ECG at a heart rate of 60  bpm with the 
following parameters: single-shot balanced steady-state 
free precession (bSSFP) with five ramp-up RF pulses, 
FOV = 200 × 200 mm2, voxel size = 1.8 × 1.8 × 8 mm3, slice 
gap = 2 mm, flip angle = 35°, TR/TE = 3.9/1.95 ms, partial 
Fourier factor = 6/8, linear k-space ordering, GRAPPA accel-
eration with factor 2 and reference lines 24. SATIR consisted 
of B1-Insensitive Rotation 4 (BIR4) adiabatic saturation and 
adiabatic tan/tanh inversion pulse with a duration of 12.3 ms 
(RF pulse: 5.1 ms; crusher gradient: 6.3 ms) and 13.0 ms (RF 
pulse: 2.6 ms; crusher gradient: 9 ms), respectively. TSATa and 
TSATb were 600 and 2600 ms; TINVa and TINVb were 10 ms.

2.3.2 | Comparison with SASHA/MOLLI

SASHA and MOLLI were performed with a simulated ECG 
at a heart rate of 60 bpm using the same parameters as those of 
Free-breathing Whole-heart T1. SASHA acquired one image 
without saturation at the beginning, and nine saturation- 
prepared images with recovery times ranging from 150 to 
790 ms. MOLLI acquired five and three images in two inver-
sion-recovery experiments with initial recovery times of 108 
and 188 ms, respectively. There was a rest of three heartbeats 
between two inversion-recovery experiments. We notated 
this MOLLI acquisition scheme as MOLLI5(3)3 in this study. 
SASHA and MOLLI5(3)3, respectively, used BIR-4 adiaba-
tic saturation (RF pulse: 5.1  ms; crusher gradient: 6.3  ms) 
and adiabatic tan/tanh inversion (RF pulse: 2.6 ms; crusher 
gradient: 9 ms) as the T1 preparation pulse. Both SASHA and 
MOLLI performed T1 mapping of one slice, which aligned 
to the fifth slice of Free-breathing Whole-heart T1. T1 maps 
of SASHA and MOLLI5(3)3 were fitted online using three-
parameter saturation-recovery and inversion-recovery signal 
models, respectively.14,17 MOLLI5(3)3 T1 was additionally 
corrected by a Look-Locker factor.14

2.3.3 | Heart-rate sensitivity

Free-breathing Whole-heart T1 was performed with simu-
lated heart rates ranging from 40  bpm to 120  bpm at in-
crements of 10 bpm. Imaging parameters were similar to 
those used in part A. TSATa was shortened from 1200 to 
240 ms when HR increased from 40 to 120 bpm. TSATb was 

Si=A×

(

1−

(

2−exp

(

−
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T1
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×exp
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changed from 1200 to 240 ms plus two RR intervals with 
increasing simulated HR. TINVa and TINVb were 10 ms for 
all measurements.

2.4 | In-vivo experiments

Twelve healthy subjects (2 males, age 28  ±  11  years) and 
15 patients (12 males, age 50  ±  19  years) were recruited. 
Patients were referred for a clinical CMR exam with differ-
ent indications including athlete’s heart (N = 1), atrial septal 
defect (N = 1), cardiac sarcoidosis (N = 2), hypertrophic car-
diomyopathy (N = 4), mitral valve prolapse (N = 1), amyloid 
cardiomyopathy (N = 1), bicuspid aortic valve (N = 2), and 
suspected cardiac disease (N = 3). Each subject was scanned 
by SASHA, MOLLI5(3)3, and Free-breathing Whole-heart 
T1 in the short-axis (SAX) view without gadolinium contrast 
administration.

SASHA and MOLLI5(3)3 each performed T1 mapping of 
three SAX slices in three single breath-holds. A rest period of 
10 s was set between breath-holds. The parameters commonly 
used among the three sequences were: single-shot bSSFP 
with five ramp-up excitations, FOV  =  360  ×  320  mm2, 
voxel size = 1.7 × 1.7 × 8 mm3, TR/TE = 2.5/1.03 ms, flip 
angle = 35°, linear phase-encoding ordering, partial Fourier 
factor = 7/8, GRAPPA acceleration factor of 2 with 24 refer-
ence lines, and an acquisition window ~218 ms during dias-
tole. Slice gap was 2 mm for Free-breathing Whole-heart T1 
mapping and 12 mm for both SASHA and MOLLI5(3)3, re-
spectively. The saturation-recovery time for SASHA ranged 
from 180 to 640  ms, and the two inversion-recovery times 
set in MOLLI5(3)3 were 108 and 188 ms, respectively. For 
Free-breathing Whole-heart T1 mapping, TSATa was between 
300 and 600 ms. TSATb ranged from 300 to 600 ms plus two 
RR intervals. TINVa and TINVb were 10 ms. The diaphragm 
navigator shifted the target slice in real-time with a con-
stant tracking factor of 0.6. Before online reconstruction of 
SASHA and MOLLI5(3)3 T1 maps, the in-plane motion was 
corrected using a model based method.32

2.5 | Statistical analysis

For phantom experiments, we excluded one vial because its 
T1 value was very similar with another. A circular ROI was 
drawn on each vial on the T1 map, starting from the center 
of the vial and containing ~120 pixels. The average and SD 
of T1 of pixels within each ROI were calculated. The coef-
ficient of variation (CV) of each ROI was calculated as per-
centage of SD divided by the average. The T1 accuracy is 
defined as the percentage difference relative to the T1 value 
from the IR-SE sequence. The T1 precision is assessed using 
SD and CV. Results of the fifth slice from the Free-breathing 

Whole-heart T1 mapping was used to compare with those 
from IR-SE, SASHA, and MOLLI5(3)3 sequences. The 
correlation between the T1 values from three sequences and 
IR-SE sequence was calculated by linear regression. Bland-
Altman analysis was also performed to characterize the 
agreement of T1 values measured by IR-SE and those meas-
ured by each of the three sequences.

For in-vivo T1 maps analysis, we excluded slices that were 
positioned outside the LV anatomy. The boundaries of sep-
tum, endocardium, and epicardium were manually identified 
on each LV slice. For each sequence, the segmented left ven-
tricle of each subject was divided into 16 segments following 
the American Heart Association (AHA) myocardial segment 
model.33 The average, SD, and CV of T1 values within the 
septum, LV myocardium, LV AHA segments, and whole left 
ventricle were calculated. Blood T1 was measured with a cir-
cular ROI in the LV cavity. The average, SD, and CV of T1 
were statistically compared using paired Student’s t-test with 
a significance level of .05.

3 |  Results

3.1 | Phantom experiments

Reference T1 and T2 of phantom vials ranged from 300 to 
1700 ms and from 40 to 250 ms, respectively. Figure 2A-C 
depict the results of regression analysis between the refer-
ence T1 values and those measured by SASHA (Figure 2A), 
MOLLI5(3)3 (Figure 2B), and Free-breathing Whole-heart T1 
(Figure 2C), respectively. T1 values from the three sequences 
had excellent correlation (all R2  =  0.99) to the reference 
values. Figure 2D-F show the Bland-Altman plots corre-
sponding to each of the previous regression plots. SASHA 
and Free-breathing Whole-heart T1 had smaller T1 relative 
errors (0.6 ± 0.8% and 0.1 ± 0.7%) with no statistically sig-
nificant difference (P = .08 and P = .40 for paired t-test with  
IR-SE), while MOLLI5(3)3 had −9.4 ± 5.3% underestima-
tion for all phantoms. The SD of T1 values measured by the 
three sequences was 11 ± 6, 7 ± 5, and 8 ± 4 ms, respec-
tively. Figure 2G-I show the CV of T1 of each vial from 
the three sequences. The average CV of all phantom vials  
measured by the three sequences was 1.4 ± 0.5%, 1.3 ± 1.6%, 
and 1.3 ± 0.9%, respectively.

Figure 3A shows the T1 of all phantom vials measured by 
Free-breathing Whole-heart T1 from the same slice when the 
simulated heart rate varied from 40 to 120 bpm. Figure 3B 
shows the T1 of all phantom vials from nine slices measured 
by Free-breathing Whole-heart T1 at a heart rate of 60 bpm. 
In both figures, the T1 was nearly constant at different heart 
rates or across different slices with the low T1 relative error 
(−0.1  ±  0.2% and 0.2  ±  0.2%) and CV (1.1  ±  0.4% and 
1.2 ± 1.0%).
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F I G U R E  2  Regression (A-C) and Bland-Altman (D-F) analysis plots between reference T1 values from inversion recovery spin-echo (IR-SE) 
sequence versus phantom T1 values from SASHA (A and D), MOLLI (B and E), and Free-breathing Whole-heart T1 (C and F) at a heart rate of 
60 bpm. In D-F, the dotted line shows the 95% confidence interval on the limits of agreement. G-I, Corresponding coefficient of variation of T1 of 
each phantom vial. Reference T1 and T2 values of each vial measured by IR-SE and Carr-Purcell-Meiboom-Gill spin-echo (CPMG), respectively, 
are also depicted

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

F I G U R E  3  Phantom results of Free-breathing Whole-heart T1 examining T1 variation at different simulated heart rates and at different slices. 
A, T1 of all vials from the fifth slice measured under different simulated heart rates. B, T1 of all vials from each slice measured at a simulated heart 
rate of 60 bpm. Phantom vials are color-coded consistently in A and B

(A) (B)
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3.2 | In-vivo experiments

SASHA, MOLLI5(3)3, and Free-breathing Whole-heart T1 
were successfully completed on all subjects. The average 
heart rate of healthy subjects and patients was 68 ± 15 and 
59 ± 9 bpm, respectively. The average imaging time of the 
three sequences was: 1.1 ± 0.1, 1.2 ± 0.1, and 1.8 ± 0.4 min-
utes in healthy subject experiments, and 1.2 ± 0.1, 1.2 ± 0.1, 
and 1.9 ± 0.2 minutes in patient scans, respectively. Imaging 
time of SASHA and MOLLI5(3)3 included a rest period be-
tween breath-holds.

Figure 4A shows representative T1 maps of one healthy 
subject acquired using Free-breathing Whole-heart T1. 
Figure 4B,C depict the bull’s-eye plot and histograms of 
whole LV T1 (1396 ± 55 ms) from all nine slices shown in 
Figure 4A. Figure 5 provides T1 maps from the basal, mid-
dle, and apical slabs of two healthy subjects acquired by the 
three sequences.

Figure 6 shows the bull’s-eye and box plots of whole 
LV T1 from all healthy subjects according to the AHA  
16-segment model. The SD of T1 across different segments 
in the bull’s-eye plot was 26 and 27  ms by MOLLI5(3)3 
(Figure 6B) and Free-breathing Whole-heart T1 (Figure 6C), 
which are both lower than that from SASHA (52 ms). For all 
three sequences, T1 decreased from the apical slab (SASHA: 
1618 ms; MOLLI5(3)3: 1234 ms; Free-breathing Whole-heart 
T1 mapping: 1411 ms) to the basal slab (SASHA: 1516 ms; 

MOLLI5(3)3: 1205 ms; Free-breathing Whole-heart T1 map-
ping: 1373 ms). In Figure 6D-F, the apical slab had a larger 
SD (SASHA: 115 ms; MOLLI5(3)3: 75 ms; Free-breathing 
Whole-heart T1: 52 ms) compared with the other two slabs 
(Middle: 68  ms from SASHA, 47  ms from MOLLI5(3)3, 
and 49 from Free-breathing Whole-heart T1 mapping; Base: 
57 ms from SASHA, 40 ms from MOLLI5(3)3, and 48 ms 
from Free-breathing Whole-heart T1). T1 values were lower 
in the inferolateral segment compared with other segments 
for all three sequences.

Figure 7 shows T1 and corresponding CV values of the 
LV myocardium and septum of each slice across all healthy 
subjects. The mean, SD, and CV of T1 from the apical, mid-
dle, and basal slabs of the left ventricle and septum calculated 
over all healthy subjects are shown in Supporting Information 
Figure S1. In Table 1, for all healthy subjects, the mean and 
SD of LV T1 measured by SASHA (mean: 1560 ± 61 ms; SD: 
97  ±  26  ms) were higher than those from MOLLI (mean: 
1208 ± 42 ms; SD: 65 ± 14 ms) and Free-breathing Whole-
heart T1 (mean: 1397 ± 34 ms; SD: 68 ± 11 ms). There was 
no difference in SD of LV T1 between MOLLI5(3)3 and 
Free-breathing Whole-heart T1 (P = .40). The variation of T1 
across slices was 29 ± 20 ms by MOLLI5(3)3, which is lower 
than that from SASHA (51  ±  34  ms) and Free-breathing 
Whole-heart T1 mapping (58 ± 22 ms, P = .48 vs. SASHA). 
The average septal T1 measured by Free-breathing Whole-
heart T1 mapping (1412  ±  40  ms) was lower than that of 

F I G U R E  4  A, Representative left-ventricular T1 maps of nine slices from apex to base of one healthy volunteer. Bull’s-eye plot (B) and 
histogram (C) of all pixels of myocardial T1 over the whole left ventricle. The mean (μ) and SD (σ) of T1 values across the whole left ventricle are 
shown on the graph

(A) (B)

(C)
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F I G U R E  5  Representative T1 maps from two healthy subjects (A and B). For each subject, three slices from the apex, middle, and base were 
obtained by SASHA, MOLLI5(3)3, and Free-breathing Whole-heart T1 mapping, respectively

(A) (B)

F I G U R E  6  Bull’s-eye plot of T1 of whole left ventricle averaged from all healthy volunteers obtained by SASHA (A), MOLLI5(3)3 (B), 
and Free-breathing Whole-heart T1 mapping (C). Segmentation was performed according to the AHA 16-segment model in three short-axis slabs 
(A = apex, M = middle, B = base). The average across all segments is shown in the center of the bull’s-eye plot and the average of each slab can 
be found accordingly. D-F, Corresponding box and whisker plots for T1 of each segment shown with median, 25 and 75 percentiles, and range. 
A, anterior; AS, anteroseptal; IS, inferoseptal; I, inferior; IL, inferolateral; AL, anterolateral; S, septal; L, lateral. Free-breathing Whole-heart T1 
mapping shows lower T1 than SASHA, but higher T1 than MOLLI5(3)3. Both MOLLI5(3)3 and Free-breathing whole-heart T1 mapping show 
smaller T1 variation compared with SASHA. In all three sequences, T1 is reduced from the apex to the base, and the apical T1 has larger variation 
compared with the other two slabs

(A) (D)

(B) (E)

(C) (F)
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SASHA (1567 ± 47 ms), but higher than that of MOLLI5(3)3 
(1216 ± 37 ms). The average SD of the septal T1 measured by 
MOLLI5(3)3 and Free-breathing Whole-heart T1 mapping 
(48 ± 11 ms and 43 ± 9 ms, P =  .15) was lower than that 
by SASHA (54 ± 9 ms). SASHA and Free-breathing Whole-
heart T1 mapping had similar variation in septal T1 across 
slices (61 ± 46 ms vs. 59 ± 24 ms, P = .89), which are both 
higher than that from MOLLI5(3)3 (25 ± 14 ms). The aver-
age CV of LV and septal T1 was 6.2 ± 1.4% and 3.4 ± 0.5% 
by SASHA, 5.3  ±  1.1% and 3.9  ±  0.8% by MOLLI5(3)3, 

and 4.9 ± 0.8% and 3.2 ± 0.7% by Free-breathing Whole-
heart T1, respectively. There was no difference between Free-
breathing Whole-heart T1 and MOLLI5(3)3 in terms of LV 
CV (P = .19), and SASHA in terms of septal CV (P = .11).

Figure 8 shows T1 maps from two patients measured by the 
three sequences to demonstrate feasibility in clinical patients. 
Figure 9 indicates T1 and CV values of the LV myocardium 
and septum of each slice accross all patients. The bull’s-eye 
and box plots showing the distribution of whole LV T1 from 
all patients are shown in Supporting Information Figure S2. 

F I G U R E  7  A, B, Mean and coefficient 
of variation of T1 for each left-ventricular 
slice in all healthy subjects (N = 12) as 
measured by SASHA, MOLLI5(3)3, and 
Free-breathing Whole-heart T1 mapping. C 
and D, Corresponding mean and coefficient 
of variation of septal T1 of each slice. Box 
and whisker plot shows median, 25 and 75 
percentiles, and range

(A) (B)

(C) (D)

T A B L E  1  Myocardial and blood T1 of healthy subjects and patients measured by SASHA, MOLLI5(3)3, and free-breathing whole-heart T1 
mapping at 3T

SASHA MOLLI5(3)3
Free-breathing 
whole-heart T1

Healthy subjects 
(N = 12)

Left ventricle Mean (ms) 1560 ± 61 1208 ± 42 1397 ± 34

SD (ms) 97 ± 26 65 ± 14 68 ± 11

CV (%) (ms) 6.2 ± 1.4 5.3 ± 1.1 4.9 ± 0.8

Septum Mean (ms) 1567 ± 47 1216 ± 37 1412 ± 40

SD 54 ± 9 48 ± 11 43 ± 9

CV (%) 3.4 ± 0.5 3.9 ± 0.8 3.2 ± 0.7

Blood Mean (ms) 2187 ± 79 1974 ± 79 1763 ± 95

Patients (N = 15) Left ventricle T1 (ms) 1535 ± 49 1233 ± 56 1433 ± 56

SD (ms) 90 ± 26 63 ± 11 65 ± 11

CV (%) 5.8 ± 1.6 5.1 ± 0.8 4.5 ± 0.8

Septum T1 (ms) (ms) 1541 ± 59 1259 ± 54 1449 ± 64

SD (ms) 62 ± 14 55 ± 17 49 ± 8

CV (%) 4.0 ± 0.8 4.4 ± 1.3 3.3 ± 0.5

Blood T1 (ms) 2025 ± 99 1891 ± 74 1760 ± 74

Abbreviations: CV, coefficient of variation; SD, standard deviation.
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Supporting Information Figure S3 shows the mean, SD, and 
CV of T1 from the apical, middle, and basal slabs of the left 
ventricle and septum across all patients. Table 1 also lists the 
mean, SD and CV of T1 from the whole left ventricle and 
septum averaged across all patients. Similar to the result in 
healthy volunteers, the average T1 of left ventricle and septum 
measured by SASHA (left ventricle: 1535 ± 49 ms; septum: 
1541 ± 59 ms) were higher than those from MOLLI5(3)3 (left 
ventricle: 1233 ± 56 ms; septum: 1259 ± 54 ms) and Free-
breathing Whole-heart T1 (left ventricle: 1433 ± 56 ms; sep-
tum: 1449  ±  64  ms). The SD of the LV and septal T1 was 
90  ±  26  ms and 62  ±  14  ms by SASHA, 63  ±  11  ms and 
55 ± 17 ms by MOLLI5(3)3, and 65 ± 11 ms and 49 ± 8 ms 

by Free-breathing Whole-heart T1, respectively. Both LV 
and septal T1 from Free-breathing Whole-heart T1 mapping 
had a lower average CV (left ventricle: 4.5 ± 0.8%; septum: 
3.3 ± 0.5%) than those from SASHA (left ventricle: 5.8 ± 1.6; 
septum: 4.0  ±  0.8%) and MOLLI5(3)3 (left ventricle: 
5.1 ± 0.8%; septum: 4.4 ± 1.3%).

4 |  DISCUSSION

In this study, a free-breathing whole-heart myocardial T1 
mapping sequence was proposed and validated in phan-
toms and human subjects at 3T. The proposed sequence 

F I G U R E  8  A, B, T1 maps from two patients with hypertrophic cardiomyopathy. For each patient, three slices from the apex, middle, and base 
were obtained by SASHA, MOLLI5(3)3, and Free-breathing Whole-heart T1 mapping, respectively

(A) (B)

F I G U R E  9  A, B, Mean and coefficient 
of variation of T1 for each left-ventricular 
slice in all patients (N = 15) as measured 
by SASHA, MOLLI5(3)3, and Free-
breathing Whole-heart T1 mapping. C, D, 
Corresponding mean and coefficient of 
variation of septal T1 of each slice. Box 
and whisker plot shows median, 25 and 75 
percentiles, and range

(A) (B)

(C) (D)
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uses a SATIR composite pulse for T1 weighting prepa-
ration, prospective slice tracking for respiratory motion 
compensation, and slice-interleaved acquisition to perform 
T1 mapping of the entire left ventricle during free breath-
ing. Validation on both phantom and in-vivo experiments 
showed that the T1 of nine slices as measured by Free-
breathing Whole-heart T1 had good accuracy, precision, 
was insensitive to heart rate variation, and could be com-
pleted in 2 minutes.

In this study, the T1 preparation scheme of Free-breathing 
Whole-heart T1 is designed to measure native myocardial T1 
(~1500 ms) at 3T.34 For the second SATIR in each repeated 
acquisition, two heartbeats are inserted before the inversion 
pulse to increase the dynamic range of T1 relaxation. The re-
covered Mz before the inversion pulse depends on the heart 
rate, which may affect the precision of T1 measurement. 
However, T1 accuracy is not heart-rate dependent, because 
the recovery time is already accounted for in the fitting 
model.35 To reduce heart-rate dependency on T1 precision, 
one potential solution is to increase the number of recovering 
heartbeats to achieve an almost fixed recovery period without 
increasing the imaging time significantly. For measuring T1 
after contrast administration or at a lower magnetic field (eg, 
1.5T), a denser sampling of short inversion-recovery times is 
required to improve accuracy and precision.14,17,18 The cur-
rent T1 preparation of Free-breathing Whole-heart T1 should 
be modified by reducing the number of idling heartbeats of 
the second SATIR and increasing the number of SATIR with 
short delay times in each repeated acquisition.

The cross-pair navigator saturates the longitudinal magne-
tization of the selectively excited cross region of the liver,28 
making the navigator signal of each sampling point inde-
pendent. For cardiac cycles with inversion of SATIR in the 
Free-breathing Whole-heart T1, inversion is performed imme-
diately after the navigator to avoid inverting the longitudinal 
magnetization of the navigator. Therefore, although the navi-
gator is performed at different delay times after nonselective 
saturation and inversion pulses, the recovered magnetization 
of the navigator is always positive without zero-crossing risk. 
In each repeated acquisition, magnetization of the navigator 
on the first and fifth cardiac cycles has a short recovery time 
compared with the one RR interval during rest cardiac cycles, 
resulting in little variation across navigator signals. However, 
the high flip angle of the cross-pair navigator and its mini-
mal recovery time of >200 ms, which can be achieved even 
at heart rate as high as 120 bpm, ensure that the navigator 
images acquired at these two cardiac cycles have good signal-
to-noise ratio and good contrast for diaphragm detection.23,24

Similar to other multi-slice cardiac imaging ap-
proaches,27,36,37 residual disturbance from the readout of 
adjacent slices due to an imperfect slice-profile, cardiac or re-
spiratory motion, or inaccurate slice tracking by the diaphragm 
navigator leads to T1 underestimation and degrades image 

quality, especially using a small slice gap. For Free-breathing 
Whole-heart T1, slice ordering in each repeated acquisition 
was carefully designed to maximize the spatial distance be-
tween slices imaged on consecutive heartbeats to minimize 
potential disturbance from the readouts of adjacent slices 
with imperfect slice profiles. With such slice ordering, SATIR 
helps further reduce the effect of residual disturbance since 
the magnetization history is reset by the saturation pulse. Slice 
tracking by the diaphragm navigator using a constant tracking 
factor will fail when the correlation of displacement between 
the heart and liver varies during imaging, since the correla-
tion of displacement is highly subject- and location-specific 
and difficult to measure in real-time.38 One possible solution 
is to use an online self-navigator to accurately track respira-
tory motion of the heart. For Free-breathing Whole-heart T1, 
start-up pulses of bSSFP readout could be used to measure the 
signal of the self-navigator without increasing the acquisition 
window and disturbing the longitudinal magnetization; this 
warrants future investigation.39

In phantom experiments, Free-breathing Whole-heart 
T1 mapping underestimated the T1 of vials with smaller T2 
times (eg, <100  ms), which may be due to T2 relaxation 
during SATIR preparation.40 In healthy subjects, the septal 
T1 from SASHA and MOLLI5(3)3 was consistent with re-
ported healthy myocardial T1 at 3T.34,41,42 The septal T1 of 
healthy subjects from Free-breathing Whole-heart T1 was 
slightly lower than that from SASHA, which was not con-
sistent with the results of phantom experiments. Currently, 
there is no feasible method for measuring the reference T1 of 
the myocardium. Therefore, it is difficult to determine which 
sequence has higher in-vivo T1 accuracy. For Free-breathing 
Whole-heart T1 mapping, the inaccurate shift of readout 
will lead to Mz disturbance from the excitation of the adja-
cent slices, which will in turn cause T1 underestimation.14,35 
Furthermore, the efficiency of SATIR may be compromised, 
as the result of T2 decay during inversion, and inhomogene-
ity of the B1 and B0 field.43 Using dedicated saturation and 
inversion pulses for heart T1 mapping40,44 or accounting for 
SATIR efficiency during the fitting may help to improve in-
vivo T1 accuracy in the future.

The blood T1 measured by Free-breathing Whole-heart 
T1 is significantly lower than values obtained by SASHA 
and MOLLI5(3)3. These results are likely due to inflow sat-
uration and disturbance from the readout of adjacent slices. 
The accuracy of blood T1 may be improved by performing 
SATIR before each readout. In addition, if blood T1 is needed 
(eg, for calculation of ECV), a single scan using conventional  
single-slice breath-holding T1 mapping sequence (eg, SASHA 
or SAPPHIRE) may be sufficient.17,18 In this study, Free-
breathing Whole-heart T1 and SASHA use a three-parameter 
T1 calculation model. SASHA using a three-parameter model 
has high T1 accuracy, since the effects of saturation efficiency 
and bSSFP readout with linear phase ordering are eliminated 
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during fitting.17,35 Although a two-parameter model could also 
be used for Free-breathing Whole-heart T1 and SASHA to re-
duce random error and improve T1 precision relative to the 
three-parameter model,35 previous studies demonstrate that a 
two-parameter model could underestimate SASHA T1 by ap-
proximately 3-4%, even with ideal saturation efficiency.23,35 
There are numerous myocardial T1 mapping sequences with 
varying degrees of accuracy and precision. There is ongo-
ing debate in the field on the tradeoff between accuracy and 
precision.35,45 While some strongly argue for sequences that 
provide highly accurate T1 relaxation times, others prefer se-
quences with higher precision.2,35 An imaging sequence with 
higher precision may be more suitable for robust serial imag-
ing to detect serial changes,45 while an accurate T1 mapping 
sequence may provide better detection of abnormal tissue 
for improved differentiation between cardiomyopathies.8 We 
also note that accuracy and precision are not the only criteria 
that should be considered when evaluating a T1 mapping se-
quence. Robustness to other factors such as field inhomogene-
ities, heart rate, motion, etc., may be more clinically important 
in an “ideal” imaging sequence for myocardial T1 mapping.

We observed T1 variation among different segments and 
different LV slabs of healthy volunteers. T1 was higher in api-
cal slices in all the three sequences. This is consistent with 
previous studies using MOLLI14, SASHA17, SAPPHIRE,34 
and STONE.27 Further studies are warranted to investigate the 
T1 distribution behavior from the base to apex. Inferolateral 
segments had lower T1 compared with other segments (eg, 
septal segment), which is likely caused by signal loss from 
cardiac motion and susceptibility effects since all three se-
quences used bSSFP at 3T.46,47

4.1 | Limitations

There are several limitations in the current study. First, the 
majority of enrolled volunteers were young and female. 
There are known differences in T1 values between different 
genders and age spans.48 As a result, the reported T1 value 
in healthy subjects may be biased. Second, some parameters 
were not optimized, including the number of SATIR pulses 
in each repeated acquisition, the number of T1 weighed im-
ages for T1 measurement of one slice, the number of slices 
and slice thickness, and the location of the sampling points 
on the T1 recovery curve. Third, all images were collected 
using a single vendor at 3T.

5 |  CONCLUSIONS

The proposed free-breathing whole-heart multi-slice T1 map-
ping sequence can quantify T1 across different slices and seg-
ments in less than 2 minutes.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

FIGURE S1 Mean, standard deviation, and coefficient 
of variation of T1 from apical, middle and basal slab of left 



14 |   GUO et al.

ventricle (A-C) and septum (D-F) as measured by SASHA, 
MOLLI5(3)3 and Free-breathing Whole-heart T1 calculated 
across all healthy subjects (N = 12). For Free-breathing Whole-
heart T1, the result of each slab was calculated across slices 
categorized to this slab according to AHA segment model
FIGURE S2 Bull’s-eye plot of whole left-ventricular T1 av-
eraged across all patients (N=15) obtained by the SASHA 
(A), MOLLI5(3)3 (B), and Free-breathing Whole-heart T1 
mapping (C). Segmentation was performed according to the 
AHA 16-segment model in three short-axis slabs (A = apex, 
M = middle, B = base). The average across all segments is 
shown at the center of the bull’s-eye plot and the average of 
each slab can be found accordingly. D-F are the correspond-
ing box and whisker plots for T1 of each segment shown with 
median, 25 and 75 percentiles, and range. A, anterior; AL, 
anterolateral; AS, anteroseptal; I, inferior; IL, inferolateral; 
IS, inferoseptal; L, lateral; S, septal

FIGURE S3 Mean, standard deviation, and coefficient of 
variation of T1 from apical, middle and basal slab of left 
ventricle (A-C) and septum (D-F) as measured by SASHA, 
MOLLI5(3)3 and Free-breathing Whole-heart T1 in patients 
(N = 15). For Free-breathing Whole-heart T1, the result of 
each slab was calculated across slices categorized to this slab 
according to AHA segment model
TABLE S1 Imaging parameters for phantom and human sub-
ject studies
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