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Free-Breathing Combined Three-Dimensional Phase
Sensitive Late Gadolinium Enhancement and
T1 Mapping for Myocardial Tissue Characterization

Sebastian Weing€artner,1,2 Mehmet Akçakaya,1 S�ebastien Roujol,1 Tamer Basha,1

Cory Tschabrunn,1 Sophie Berg,1 Elad Anter,1 and Reza Nezafat1*

Purpose: To develop a novel MR sequence for combined three-

dimensional (3D) phase-sensitive (PS) late gadolinium enhance-
ment (LGE) and T1 mapping to allow for simultaneous assess-

ment of focal and diffuse myocardial fibrosis.
Methods: In the proposed sequence, four 3D imaging vol-
umes are acquired with different T1 weightings using a com-

bined saturation and inversion preparation, after administration
of a gadolinium contrast agent. One image is acquired fully

sampled with the inversion time selected to null the healthy
myocardial signal (the LGE image). The other three images are
three-fold under-sampled and reconstructed using com-

pressed sensing. An acquisition scheme with two interleaved
imaging cycles and joint navigator-gating of those cycles
ensures spatial registration of the imaging volumes. T1 maps

are generated using all four imaging volumes. The signal-
polarity in the LGE image is restored using supplementary

information from the T1 fit to generate PS-LGE images. The
accuracy of the proposed method was assessed with respect
to a inversion-recovery spin-echo sequence. In vivo T1 maps

and LGE images were acquired with the proposed sequence
and quantitatively compared with 2D multislice Modified Look-

Locker inversion recovery (MOLLI) T1 maps. Exemplary images
in a patient with focal scar were compared with conventional
LGE imaging.

Results: The deviation of the proposed method and the spin-
echo reference was<11 ms in phantom for T1 times between

250 and 600 ms, regardless of the inversion time selected in
the LGE image. There was no significant difference in the in
vivo T1 times of the proposed sequence and the 2D MOLLI

technique (myocardium: 292 6 75 ms versus 310 6 49 ms,
blood-pools: 191 6 75 ms versus 182.0 6 33). The LGE images

showed proper nulling of the healthy myocardium in all sub-
jects and clear depiction of scar in the patient.
Conclusion: The proposed sequence enables simultaneous

acquisition of 3D PS-LGE images and spatially registered 3D
T1 maps in a single scan. Magn Reson Med 000:000–000,
2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Late gadolinium enhancement (LGE) MRI using an
inversion recovery based sequence is clinically estab-
lished for depiction of left ventricular (LV) scar (1,2).
In this sequence, the k-space data are acquired after
an inversion pulse. The inversion time delay (TI) is
chosen to null signal from healthy myocardium,
thereby creating contrast between healthy myocardium,
blood, and scarred myocardium (3). The optimal TI is
commonly selected by performing a Look-Locker
sequence before the LGE scan (4). The phase-sensitive
inversion recovery sequence (PSIR) was introduced
over a decade ago to reduce the sensitivity of LGE
imaging to an incorrect choice of TI (5). With PSIR,
the LGE image acquisition is interleaved with the
acquisition of a phase map, which enables polarity
restoration in the magnitude data, albeit with an
increased scan time.

Clinically, LGE images are visually assessed for the
presence and pattern/location focal or diffuse hyper-
enhancement (6). Different myocardial diseases result in
different patterns of hyper-enhancement. Patients with
myocardial infarction usually exhibit subendocardial
enhancement (3,7,8). Nonischemic cardiomyopathy
patients usually have a mid-myocardial or epicardial
hyper-enhancement (9,10). Patients with hypertrophic
cardiomyopathy show hyperenhancement in the inser-
tion areas of the right ventricle with “patchy” signal
enhancement (11–13). The extent of the scar can be
quantified, which adds additional prognostic value
beyond qualitative assessment (14–18). Beyond assess-
ment of the scar extent, the prognostic value of the area
of the infarct border zone, i.e., region with intermediate
signal intensity, for adverse cardiac events has been
widely investigated (19–21). While LGE can detect focal
fibrosis, it is not able to provide information about the
presence and amount of the diffuse fibrosis in the
myocardium.

Postcontrast myocardial T1 mapping sequences have
been recently used for evaluation of diffuse myocardial
fibrosis (22,23). In this technique, the T1 relaxation time
is measured quantitatively after injection of an extracel-
lular contrast-agent. In patients with focal myocardial
fibrosis such as patients with prior myocardial infarc-
tion, there is an accumulation of the exogenous contrast
agent in the area of focal fibrosis, which results in
reduced T1 values (24). Furthermore, in regions with evi-
dence of diffuse myocardial fibrosis, postcontrast T1

relaxation time is reduced as well (23).
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To assess for both focal and diffuse fibrosis, LGE and
T1 mapping data are usually acquired in two separate
scans with multiple separate breath-holds. For complete
coverage of LV, LGE scans are usually performed with
10–12 short-axis views. However, T1 mapping is com-
monly acquired in one to three slices. This limits our
ability to simultaneously assess for both focal and diffuse
fibrosis. Although, additional scans can be performed to
provide full LV coverage for T1 maps, it will significantly
increase the number of breath-holds and may result in
mis-registration of datasets acquired in separate breath-
holds. Therefore, a combined LGE/T1 mapping sequence
with full LV coverage may improve our ability to more
fully characterize myocardial tissue composition.

In this study, we propose a novel combined LGE and
T1 mapping sequence with volumetric LV coverage,
which also enables phase sensitive (PS) LGE imaging.
This combined sequence allows for the simultaneous
assessment of both focal and diffuse fibrosis during free-
breathing. Phantom and in vivo experiments were per-
formed to evaluate the proposed sequence.

METHODS

Sequence

Figure 1 shows the proposed sequence that combines a
three-dimensional (3D) phase sensitive LGE scan with
3D T1 mapping (PS-LGE/T1). Four 3D saturation pulse
prepared inversion recovery imaging volumes with dif-
ferent inversion times Tnull

inv , T1
inv , T2

inv , and T3
inv are

acquired. Out of four inversion times, one (Tnull
inv ) is cho-

sen to null the healthy myocardium, analogous to a con-
ventional LGE sequence. We refer to this volume as the
LGE volume. The other three inversion times (T1

inv , T2
inv ,

and T3
inv ) are linearly distributed between the minimal

and maximal applicable inversion time range and we
refer to these 3 images as supplementary imaging vol-
umes. A saturation pulse is applied immediately after
the R-wave of the ECG to erase the magnetization history
and remove susceptibilities to incomplete longitudinal
magnetization recovery, as previously shown in SAtura-
tion Pulse Prepared Heart-rate independent Inversion
REcovery (SAPPHIRE) sequence (25).

We performed the acquisition of the four imaging vol-
umes in two interleaved acquisition cycles (referred to as
interleaves). The first interleaf is always used to collect
LGE imaging data. The data acquisition in the second
interleaf cycles through the three different inversion times
of the supplementary imaging volumes. The order of the
supplementary inversion times is randomly permutated.
The proposed scheme leads to full sampling of the LGE
data while the supplementary images are acquired with
an undersampling factor of three. An exemplary sampling
pattern of the proposed sequences is shown in Figure 3.

The k-space lines are acquired in a pseudo-radial view
order, i.e., the Cartesian k-space lines acquired per heart-
cycle form a pseudo radial spoke in the ky-kz plane (26).
Acquiring a random subset of these spokes results in a
pseudo-random undersampling pattern. To allow full sam-
pling of the central k-space for all three supplementary T1-
weighted images and the LGE image, the central k-space
segments are acquired separately and noninterleaved for
each imaging volume at the beginning of the scan. This
scheme results in a fully sampled LGE image and three
undersampled supplementary images with pseudo-random
undersampling in the outer k-space and a fully sampled
k-space center. Hence, the supplementary images are
suited for reconstruction using a compressed sensing algo-
rithm (27,28). The size of the k-space center that allows
robust reconstructions is chosen relative to the k-space
matrix size, as explained in the imaging parameters below.

Respiratory Motion

To enable voxel-wise estimation of the T1 values, all four
volumes need to be spatially aligned. Respiratory-
induced motion can severely impact this alignment, as
well as the effective resolution and accuracy of the T1

maps (29,30). Hence, for the area outside the fully
sampled k-space center (“outer k-space”), which is nec-
essary for a robust compressed sensing reconstruction,
we used a joint navigator (NAV)-gating to minimize
intervolume mis-registration (31,32). In the proposed
scheme, data are only accepted if the NAV-signal of two
consecutive interleaves (starting either with an LGE
interleaf or with a supplementary interleaf) is within the
predefined gating window.

FIG. 1. 3D sequence for combined phase-sensitive LGE imaging and T1 mapping. Four sets of 3D imaging volumes are acquired using
hybrid saturation and inversion prepulses with different inversion times (Tnull

inv , T1
inv, T2

inv, and T3
inv). Imaging data acquired with Tnull

inv will be
used for reconstruction of the 3D LGE image therefore the Tnull

inv time is selected to null the healthy myocardium. T1�3
inv times are spread

across the RR-interval and the data acquired with these inversion times in addition to the Tnull
inv will be used for calculation of 3D T1

maps. To obtain fully sampled LGE data, we propose to acquire data with Tnull
inv in every other heart-beat and acquiring the T1�3

inv data in
between. This will result in fully sampled LGE data and 3� undersampling of the supplementary images used for T1 mapping. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The proposed sequence was implemented using a
spiral-beam navigator, positioned at the dome of the
right hemidiaphragm for in vivo measurements. Spatially
selective re-inversion was performed right after the
inversion-pulse of the magnetization preparation. The
gating window for the joint gating scheme was set to
7 mm. Furthermore, prospective slice-tracking with a
fixed tracking factor of 0.6 was used.

Reconstruction

Figure 2 illustrates the reconstruction scheme, which is
used to generate the 3D LGE image and the 3D T1 map
from the four imaging volumes. The LGE volume is
reconstructed from the fully sampled data using 3D Fast
Fourier Transform. The three undersampled supplemen-
tary T1-weighted volumes are reconstructed using Low-
dimensional-structure self-learning and thresholding
(LOST) (33,34). T1 maps are generated by performing a
voxel-wise curve fitting to the image intensities of all
four T1-weighted imaging volumes. The following model
was derived from the Bloch equations, for the case of the
combined saturation and inversion recovery under the
assumption of perfect inversion efficiency

S M0; T1ð Þ ¼ M0 1� 2� e� Tsat� Tinvð Þ=T1

� �
e�Tinv=T1

� �
; [1]

where M0 is the spin density and T1 the longitudinal
relaxation time. The timing variables Tsat and Tinv are
defined as shown in Figure 1.

The signal-polarity for the T1 fit is restored as
described in (22): The images are sorted based on the
inversion time in ascending order. A first curve-fit is per-
formed on the data, where all intensities are assumed to
be positive. A second curve-fit is performed with data,
where a negative sign is assigned only to the image with
the shortest inversion time and so on. The curve-fit that
results in the least residual is assumed to generate the
right polarity restoration.

In the fit process the signal-polarity is restored for all
imaging volumes, including the LGE image. As proposed
in the PSIR technique (5), a polarity-restored LGE image
provides increased robustness to inaccurate TI. There-
fore, we propose to use the information obtained in the
T1 fit process to obtain a polarity-restored LGE image

with increased contrast between healthy normal myocar-
dium and scar. For this purpose, we apply the signal-
polarity of the T1 fit voxel-wise to the magnitude LGE
image. If, for any given voxel, the data point with the
inversion time Tnull

inv was assigned with a negative sign in
the fit with the least residual, then the image intensity in
this voxel of the polarity-restored LGE image is the nega-
tive of the intensity in the magnitude LGE image. In all
the other voxels, the polarity-restored LGE image and the
magnitude LGE image are identical.

Phantom Imaging

All phantom studies were performed on a 1.5 Tesla (T)
Philips Achieva (Philips, Best, The Netherlands) system
using a 32-channel cardiac coil array. The phantom con-
sisted of 4 vials containing NiCl2 doped agarose-gel with
varying concentrations, resulting in T1 times between
250 and 600 ms.

The phantom was imaged using the proposed PS-LGE/
T1 sequence and an inversion recovery spin-echo
sequence as reference. The PS-LGE/T1 sequence was per-
formed multiple times, with the inversion time of the

FIG. 2. LGE and T1 map reconstruction. 3D LGE image is reconstructed by performing a 3D Fast Fourier Transform on the data

acquired using the inversion time Tnull
inv . The three remaining datasets corresponding to T1�3

inv are first reconstructed using compressed
sensing reconstruction. Subsequently, these data and the fully sampled LGE dataset are used for estimating T1 maps. Finally, the polar-
ity of the LGE data is restored using the T1 recovery curve information. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

FIG. 3. Sampling patterns of the fully-sampled LGE image, and
the three 3-fold undersampled supplementary images. A k-space

shot that is jointly acquired in the first supplementary image and
the LGE image is highlighted in green. Similarly k-space shots are
highlighted for the second (red) and third (yellow) supplementary

image. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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LGE image volume adjusted to null different vials. The
proposed sequence was performed with a spoiled gradi-
ent echo imaging readout (field of view [FOV]¼320 �
320 � 100 mm3, resolution¼ 1.5 � 1.5 � 10 mm3, repeti-
tion time/echo time [TR/TE]¼5.2 ms/2.6 ms, flip
angle¼ 25�, readout band-width¼ 289 Hz per pixel, 5
startup pulses). Ten repetitions were performed for each
LGE/T1 sequence to assess the reproducibility in phan-
tom. All scans were performed using a simulated electro-
cardiogram (ECG) with a heart rate of 60 bpm.

For reference, a 2D inversion-recovery spin-echo
sequence was performed using the following parameters:
TR/TE¼ 15 s/10 ms, flip angle¼ 90�, resolution¼ 1.3 �
1.3 mm2, slice-thickness¼5 mm, 17 inversion times
logarithmically spaced between 50 and 3000 ms, scan
time¼ 6 h. The slice position of the spin-echo sequence
was spatially aligned with the central slice of the
PS-LGE/T1 acquisition.

The accuracy of the studied sequences was assessed as
the absolute deviation between the spin-echo reference
and the average T1 times in a manually drawn region of
interest (ROI), averaged over all repetitions.

In Vivo Imaging

The study was approved by the institutional review
board and written informed consent was acquired before
each examination. All in vivo imaging was performed on
a 1.5T Philips Achieva (Philips, Best, The Netherlands)
system using a 32 channel cardiac coil array. Ten
healthy adult subjects (four male, 34 6 16 years), and one
patient (male, 54 years old) with hypertrophic cardiomy-
opathy (HCM) were imaged. All subjects were imaged
after intravenous administration of 0.2 mmol/kg
gadobenate dimeglumine (MultiHance, Bracco SpA,
Milano, Italy).

All healthy subjects were imaged with the proposed
PS-LGE/T1 sequence and multislice 2D MOLLI for com-
parison of the acquired T1 maps. The acquisition time
after contrast 17 6 9 min (8–31 min) for the PS-LGE/T1

sequence and 18 6 10 min (7–38 min) for MOLLI. The
HCM patient was imaged using the proposed PS-LGE/T1

sequence 13 min after contrast injection and with con-
ventional LGE imaging 25 min after contrast injection.
The patient was in sinus-rhythm with scattered prema-
ture beats, during the MRI scan.

To further demonstrate the feasibility of PS-LGE/T1
sequence in imaging scar, we added our imaging
sequence to an imaging protocol of swine models with
prior myocardial infarctions. A closed-chest myocardial
infarction was performed in the Beth Israel Deaconess
Medical Center experimental electrophysiology labora-
tory and conformed to the position of the American
Heart Association on Research Animal Use as well as
the Declaration of Helsinki. The protocol was approved
by the institutional animal care and use committee.
Three male Yorkshire swine weighing 33–35 kg were
premedicated for 3–5 days with oral amiodarone
(800 mg BID), preanesthetized with telazol (5.7 mg/kg
IM), and then anesthetized with inhaled isoflurane dur-
ing the procedure. The animals were intubated and ven-
tilation was maintained between 10 and 16 breaths/min

with tidal volumes between 300 and 500 mL. Percutane-
ous balloon occlusion of the mid-left anterior descending
coronary artery (LAD) immediately distal to the second
diagonal branch was performed for 180 min using a 2.5 �
12 mm angioplasty balloon by means of a retrograde aortic
approach. The imaging was performed 4–5 weeks after
the procedure. Imaging was performed with the proposed
sequence approximately 30 min after contrast injection
of 0.2 mmol/kg gadobenate dimeglumine. The animals
had a heart-rate of 95 bpm during the imaging.

The proposed PS-LGE/T1 sequence was performed with
a spoiled gradient echo imaging readout and the following
sequence parameters: FOV¼ 320 � 320 � 100 mm3, TR/
TE¼ 5.2 ms/2.6 ms, flip angle¼25�, band-width¼ 289
Hz/Px, five startup pulses. The resolution was 1.5 � 1.5 �
4 mm3 for 4 subjects, 1.5 � 1.5 � 7 mm3 for one subject,
and 1.5 � 1.5 � 10 mm3 for 3 subjects and the animal
study. A subject-specific acquisition window length was
chosen to fit in the end-diastolic quiescent period, as
obtained from a cine scout image at the beginning of the
scan. The center size was chosen to cover 15% along the
ky and 25% along kz for all undersampled k-space matri-
ces. Conventional LGE imaging was performed using
inversion recovery prepared spoiled-gradient echo imag-
ing with the same imaging parameters as the proposed
LGE/T1 sequence. The inversion times for nulling of the
healthy normal myocardial signal in the proposed LGE/T1

and the conventional LGE sequence were determined
using Look-Locker scouts. MOLLI T1 mapping was per-
formed with FOV¼ 320�320 mm2, in-plane reso-
lution¼1.7 � 2.1 mm2, slice-thickness¼10 mm, TR/
TE¼ 2.6 ms/1.0 ms, flip angle¼ 40�, SENSE rate¼2, 3–10
slices. The nominal scan time was 5:20 min for the pro-
posed PS-LGE/T1 (20 s k-space center / 5:00 min outer
k-space), 2:40 min for conventional LGE imaging and
2:40 min for MOLLI (with 10 slices) assuming 100%
gating efficiency at 60 beats per minute and no rest peri-
ods between the breath holds.

The mean and standard deviation of the T1 values in
the myocardium, and the left and right ventricular blood
pools were measured by manually drawing regions of
interest. The ROI for the myocardium was drawn to
cover the entire LV. The T1 times were compared
between the proposed sequence and MOLLI using the
paired student’s t-test. A P-value of <0.05 was consid-
ered to be significant. Additionally, T1 times in the
healthy myocardium, the core scar region and the sur-
rounding heterogeneous tissue were assessed in the
HCM patient using manually drawn ROIs in the T1 maps
generated with the proposed sequence.

RESULTS

Phantom Imaging

Table 1 shows the results of T1 measurements with the
proposed PS-LGE/T1 sequence compared with the spin-
echo reference in the phantom. The proposed sequence
is in close agreement with the spin-echo reference for T1

times in the postcontrast range. The deviations from the
spin-echo sequence were less than 11 ms (< 2%). No
systematic impairment of the accuracy was observed for
varying inversion times in the LGE image.
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In Vivo Imaging

Figure 4 shows representative slices of 3D LGE images
and 3D T1 maps acquired with the proposed sequence in
a healthy adult subject. The LGE images provide good
contrast between the myocardium and the ventricular
blood-pools, and show robust nulling of the healthy
myocardial tissue. The T1 maps are compared with maps
acquired with a 2D multislice MOLLI sequence. Figure 5
depicts the T1 times estimated with the proposed
sequence and 2D MOLLI in the LV and the LV and RV
blood pools, on a subject-by-subject basis, as well as
Bland-Altman plots comparing the two sequences. The
quantitative analysis of the T1 times showed no signifi-
cant difference of the average T1 times in the myocar-
dium or the blood pools between MOLLI and the
proposed technique (Myocardium: 292 6 75 ms LGE/T1,
310 6 49 ms MOLLI, P> 0.3; blood-pools: 191 6 76 ms
LGE/ T1, 182 6 33 ms MOLLI, P> 0.3). In terms of preci-
sion, as measured by the signal homogeneity, the pro-
posed technique is less precise than MOLLI in the
myocardium, although the difference is not significant
(106 6 72 ms versus 63 6 14 ms for the proposed tech-
nique and MOLLI respectively, P¼0.16). The proposed
technique provides a significant improvement in terms
of the homogeneity in the blood pool (12 6 7 ms versus
25 6 8 ms for the proposed technique and MOLLI res-
pectively, P<0.01). Bland-Altman analysis shows no
systematic variations, although more pronounced differ-
ences are observed for lower T1 values. The average scan
time of the proposed sequence was 14:46 min with a gat-
ing efficiency of 43% 6 16% (range: 23–74%).

Figure 6 shows a representative example illustrating
the polarity restoration with the proposed sequence. The
top row depicts four inversion recovery imaging volumes
after reconstruction. The magnitude intensity for a single
voxel is shown in the second row. Successively assign-
ing negative signs, to the data points, results in five data
sets, which are fitted to the relaxation model. Only the
one with the least residual is assumed to restore the
polarity correctly. The signs from the corresponding
least-residual fit are multiplied voxel-wise with the mag-
nitude of the original imaging volumes, resulting in the
signed imaging volumes, as shown in the bottom row.

Figure 7 shows example slices of a LGE image with an
imperfect inversion time choice acquired with the pro-
posed sequence and reconstructed without signal polarity
restoration in a healthy subject, which results in residual
signal and incomplete nulling of the myocardium is
observed. Nulling of the healthy myocardium can be read-
ily seen in the images after polarity restoration.

Figure 8 shows LGE images and T1 maps acquired
with a conventional 3D LGE sequence and the proposed
PS-LGE/T1 sequence in the HCM patient. As indicated
by the arrows, clear depiction of scar at the RV insertion
is achieved with both sequences. Clear depiction of the
scar is also observed in the 3D T1 maps as shown in the
lowest row of Figure 8. The quantitatively assessed post-
contrast T1 time was 317 6 37 ms in a ROI in the healthy
myocardium as measured in a remote area of the lateral
wall, 126 6 7 ms in the core area of the scar and 171 6 5
ms in the scar border zone. Figure 9 shows the results
from the animal study. Large left ventricular scar is
clearly depicted in the LGE images (arrows). Further-
more, the scar areas show substantially decreased T1

times in the T1 maps acquired with the proposed
sequence.

DISCUSSION

In this study we demonstrated a novel pulse sequence
for the simultaneous acquisition of 3D PS-LGE and T1

maps by acquiring four inversion recovery images, in
which one is acquired with an inversion time that nulls
the healthy myocardium. The LGE image is recon-
structed from the fully sampled dataset using simple
Fourier transform. The T1 map is generated using voxel-
wise curve fitting of the four imaging datasets acquired
with different inversion times. To improve image quality
of LGE, the LGE data was acquired fully sampled, but

Table 1
T1 Accuracy Measured in a Phantom Experiment Using the

Proposed LGE/T1 Sequence, Defined as the Absolute Difference
of the Mean T1 Time in Each Vial and the Spin-Echo Reference,
Averaged over 10 Repetitionsa

Accuracy

LGE/T1

Vial

#1(271 ms)

Vial #2

(327 ms)

Vial

#3(420 ms)

Vial

#4(583 ms)

nulling: Vial #1 2.7 5.6 2.8 9.4

nulling: Vial #2 2.6 5.9 3.1 9.2
nulling: Vial #3 1.6 5.3 4.0 9.1
nulling: Vial #4 2.9 6.3 4.2 10.4

aThe proposed sequence was performed with different inversion-
times in the LGE image, resulting in nulling of the different vials.

Each sequence was repeated 10 times. The reference T1 times,
assessed with an inversion recovery spin-echo sequence are

given in parentheses.

FIG. 4. Combined 3D PS-LGE/T1 images acquired in a healthy
adult subject in comparison to 2D MOLLI T1. The first and the

second row show LGE and T1 maps reconstructed from the 3D
PS-LGE/T1 sequence. The third row shows corresponding T1

maps acquired using a 2D multislice Modified Look-Locker Inver-

sion Recovery (MOLLI) sequence. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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the other three datasets were acquired with an under-
sampling factor of 3 with fully sampled center of k-space
and undersampled outer k-space. These undersampled
datasets are reconstructed using compressed-sensing
before curve fitting for estimating T1 values. A joint
navigator-gating scheme was used to improve alignment
of the four datasets. Furthermore, the information from
the recovery curve of T1 is used to generate polarity-
restored LGE images similar to the PSIR sequence.

The proposed 3D PS-LGE/T1 method is different than
the conventional PSIR LGE and MOLLI T1 mapping in
several respects. Conventional PSIR LGE acquires two
imaging volumes in alternating heartbeats to enable
polarity restoration. The proposed method, on the other
hand, uses the acquisition during the alternating heart-
beat to cycle through three additional undersampled
images, which are used both for polarity restoration and
T1 mapping, without increasing the scan time when

compared with PSIR LGE. When compared with multi-
slice 2D MOLLI T1 mapping, the proposed method
offers volumetric coverage, robustness to slice mis-
registration, higher baseline signal-to-noise ratio (SNR),
which was used for improved spatial resolution, as well
as a shorter segmented acquisition window which may
reduce the effects of cardiac motion. Furthermore, the
magnetization preparation used in the proposed tech-
nique allows heart-rate independence and arrhythmia
robustness (25) for both LGE imaging and T1 mapping.
This is achieved by applying a saturation pulse immedi-
ately after each R-wave, erasing the magnetization his-
tory, as previously proposed for LGE imaging in
patients with arrhythmia (25).

The proposed acquisition scheme in two interleaved
acquisition cycles with a fully sampled LGE image
requires a trade-off between the number of supplemen-
tary images and the undersampling factor. For the

FIG. 5. a–d: In vivo T1 times assessed in the left ventricular (LV) myocardium (left) and the LV and right ventricular (RV) blood pools

(right) in eight healthy subjects with the proposed PS-LGE/T1 sequence and 2D MOLLI. The identity line is indicated in green. The
sequences were performed in randomized order. The correlation coefficients were r¼0.80 (P¼0.019) for the myocardium, and r¼0.87

(P¼0.005) for the blood. Bland-Altman analysis shows no systematic variations, although more pronounced differences are observed
for lower T1 values in the myocardium. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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applied matrix-size and k-space center size in this study,
a three-fold acceleration resulted in robust reconstruc-
tions with the LOST reconstruction, based on subjective
visual assessment. However, if the sequence is applied
with smaller matrix-sizes, lower undersampling factors
might be necessary, allowing only a reduced number of
supplementary images.

A random undersampling pattern is required to enable
the use of compressed-sensing reconstructions of the
supplementary data. For this purpose, a pseudo radial k-
space ordering (the k-space lines acquired per heart-
cycle resemble a pseudo radial spoke in the ky-kz plane)
is used and the order of the supplementary inversion
times is randomly permutated during the scan. A ran-
dom subset of the spokes resulted in random undersam-
pling of the k-space and enabled artifact-free compressed
sensing reconstructions.

The precision in a T1 map, assessed as the standard
deviation in a homogenous area, is typically used as a
surrogate for the noise-resilience and the fit-conditioning
of a T1 mapping method. However, compressed sensing
reconstructions, involve spatial regularization and
smoothing of the image intensities. This can lead to fil-
tering effects that artificially increase the precision and
limit the use of this metric for the assessment of noise-
resilience in the T1 maps. However, the standard devia-
tion in an area with homogenous T1 also reflects the
presence of motion artifacts, outlying T1 times due to
failed curve-fitting and partial voluming. The low stand-
ard deviation reported with the proposed method indi-
cates robustness to these factors, which potentially
facilitates the clinical assessment of myocardial T1 times.

T1 maps generated with the proposed 3D PS-LGE/T1
sequence have increased T1 values in the inferior/lateral

FIG. 6. Scheme for polarity restoration within the T1 fit process. The upper-most row shows the four acquired imaging volumes after
reconstruction. The T1 fit and the polarity restoration is performed voxel-wise, and illustrated for a sample voxel in this image. The sec-
ond row shows the intensity magnitude of this voxel in the imaging volume sorted by the inversion time. To restore the signal polarity of

the image magnitude the curve-fit to the recovery model is repeated five times, as shown in the third row. The first fit is performed on
data where all intensities are assumed to have a positive sign. The second fit is performed under the assumption that only the data

point with the shortest inversion time has a negative sign, and so on. The fitted curve that results in the least residual fit error is
assumed to work on the image intensities with corrected polarity. Subsequently, the sign as determined in this multifit approach is
voxel-wise multiplied with the original intensity magnitude to obtain a polarity-restored LGE imaging volume. The four imaging volumes

after polarity restoration are shown in the bottom row. The LGE image after polarity restoration is highlighted by a yellow frame. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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wall. We hypothesize that this inhomogeneity may be
related to the choice of the phase encoding direction,
which was in the foot-head direction for these acquisi-
tions. Thus, any residual aliasing artifacts or motion arti-
facts would be apparent in this direction. While, these
were not readily visualized in the individual recon-
structed images, their effect may be significant enough to
affect the fitting process and causing inhomogeneities in
the T1 maps. We note that a similar inhomogeneity is
apparent in the MOLLI maps in the anterior–posterior
direction, which was used as the phase encoding direc-
tion for these 2D images. For the lower myocardial T1

values, there is a more pronounced variability between
the two T1 mapping methods. As these differences were
not observed in phantom imaging, these may be due to
changes in the contrast wash-out in between the acquisi-
tion of the two sequences.

The proposed sequence was implemented with a joint
navigator gating of two acquisition cycles, resulting in an
average gating efficiency of 43%. However, the navigator
efficiency of the proposed scheme was highly subject-
dependent. Specifically, it depends on the ratio of the
heart-rate to the respiratory cycle length. Long respira-
tory cycle lengths or high heart-rates lead to small reduc-
tions in the navigator efficiency of the joint navigator
gating compared with conventional navigator, while very

FIG. 8. LGE images and T1 maps acquired in an HCM patient.
Clear depiction of scar at the RV insertion point can be seen in

both LGE images and in the T1 maps (arrows).

FIG. 9. LGE images and T1 maps acquired in an animal subject

with the proposed sequence, depicting scar in the left ventricle.
Clear depiction of the scar and substantially decreased T1 times

in the T1 maps can be observed (arrows).

FIG. 7. LGE images acquired in a healthy subject with the proposed 3D PS-LGE/T1 sequence. Due to an inaccurate inversion-time, arti-

factual signal enhancement (arrows) can be observed in the LGE image with standard 3D FFT reconstruction. After polarity restoration,
the artifact in the myocardium is removed, resulting in complete nulling of the healthy myocardium.
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low heart-rates with a fast breathing pattern result in a
bad acceptance rate and long scan times.

Most recent T1 mapping methods use a bSSFP imaging
readout (35). However, to obtain conventional, T1

weighted contrast for the LGE image (6), a GRE imaging
readout was used in the proposed sequence. Repeated
GRE excitations can cause strong perturbations of the
longitudinal magnetization recovery curve, potentially
impairing the quantitative assessment of the T1 time.
However, in the proposed sequence a central k-space
ordering was used. Therefore, the longitudinal magnet-
ization is only perturbed by the startup pulses before the
central k-space is acquired, enabling T1 mapping with
high-accuracy in the postcontrast regime with the pro-
posed method, despite the use of GRE.

As in previously reported methods for 3D T1 mapping
(36,37), the number of sample points along the T1 recov-
ery curve is lower than in conventional 2D methods. The
acquired T1 maps are still of high precision, as the indi-
vidual T1 weighted images have improved SNR com-
pared with 2D acquisitions. However, fewer sampling
points increase the susceptibility of the accuracy of the
T1 mapping method to the choice of the inversion times.
In the current study, we did not perform any optimiza-
tion for the inversion times. An analysis of the optimal
sampling times to increase robustness and accuracy of
the proposed T1 estimation (38) is warranted. Also, due
to the low number of sampling points, a two-parameter
model, with the assumption of perfect inversion, was
used. Especially in the presence of major field inhomo-
geneities or susceptibility artifacts, this can lead to
decreased accuracy of the T1 estimation in vivo.

Only a single patient with scar in the myocardium was
imaged in the present study. However, several detrimen-
tal factors, including irregular cardiac and respiratory
motion, is known to lead to inferior image quality in
patients compared with healthy subjects with commonly
used T1 mapping techniques. The proposed method uses
the SAPPHIRE magnetization preparation. This was pre-
viously shown to provide robust T1 weighted image con-
trast regardless of the cardiac rhythm, eliminating the
susceptibility of the imaging contrast to heart rate regu-
larity. Furthermore, unlike in single-shot myocardial T1

mapping methods, the acquisition window was adapted
to the individual duration of the diastolic quiescent peri-
ods to minimize imaging artifacts caused by cardiac
motion. In the presence of substantial arrhythmias, a
joint rejection of the two interleaves based on arrhythmia
detection can be used to further reduce the influence of
cardiac motion, albeit for an increased scan time. More
irregular or fast breathing pattern in patients might lead
to longer scan times than in healthy subjects. Increased
gating window sizes in combination with retrospective
image registrations, as recently developed for cardiac T1

mapping applications could be used for mitigating this
problem. Further studies in patients with focal or diffuse
fibrosis in the presence of irregular cardiac or respiratory
motion are needed to clinically validate the imaging
sequence.

Our study has several limitations. We did not system-
atically study different undersampling rates but arbitrary
chose an acceleration rate of 3 for T1 mapping datasets.

Although there are several alternative T1 imaging
sequences such as SASHA (39), ShMOLLI (40), SAP-
PHIRE (25), or SAP-T1 (41) we only compared T1 values
with those acquired with MOLLI sequence. Further stud-
ies are warranted to study the reproducibility of the pro-
posed technique in vivo.

CONCLUSIONS

We present a novel pulse sequence for simultaneous
free-breathing 3D LGE and T1 mapping that enables
assessment of focal and diffuse fibrosis in a single scan.
This sequence provides T1 measurements similar to the
conventional 2D T1 maps of MOLLI, and LGE images
with restored polarity.
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