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Background: Modified Look-Locker imaging (MOLLI) T1 mapping sequences are acquired during breath-holding and
require ECG gating with consistent R-R intervals, which is problematic for patients with atrial fibrillation (AF). Conse-
quently, there is a need for a free-breathing and ungated framework for cardiac T1 mapping.
Purpose: To develop and evaluate a free-breathing ungated radial simultaneous multi-slice (SMS) cardiac T1 mapping
(FURST) framework.
Study Type: Retrospective, nonconsecutive cohort study.
Population: Twenty-four datasets from 17 canine and 7 human subjects (4 males, 51�22 years; 3 females, 56�19 years).
Canines were from studies involving AF induction and ablation treatment. The human population included separate sub-
jects with suspected microvascular disease, acute coronary syndrome with persistent AF, and transthyretin amyloidosis with
persistent AF. The remaining human subjects were healthy volunteers.
Field Strength/Sequence: Pre- and post-contrast T1 mapping with the free-breathing and ungated SMS inversion recov-
ery sequence with gradient echo readout and with conventional MOLLI sequences at 1.5 T and 3.0 T.
Assessment: MOLLI and FURST were acquired in all subjects, and American Heart Association (AHA) segmentation was used
for segment-wise analysis. Pre-contrast T1, post-contrast T1, and ECV were analyzed using correlation and Bland–Altman plots
in 13 canines and 7 human subjects. T1 difference box plots for repeated acquisitions in four canine subjects were used to
assess reproducibility. The PIQUE image quality metric was used to evaluate the perceptual quality of T1 maps.
Statistical Tests: Paired t-tests were used for all comparisons between FURST and MOLLI, with P <0:05 indicating statisti-
cal significance.
Results: There were no significant differences between FURST and MOLLI pre-contrast T1 reproducibility (25�18 and
19�16msec, P¼0:19), FURST and MOLLI ECV (29%�11% and 28%�11%, P¼ 0:05), or FURST and MOLLI PIQUE scores
(52�8 and 53�10, P¼0:18). The ECV mean difference was 0:48 with 95%CI : 6:0�10�4,0:96

� �
.

Conclusions: FURST had similar quality pre-contrast T1, post-contrast T1, and ECV maps and similar reproducibility com-
pared to MOLLI.
Level of Evidence: 3
Technical Efficacy: 1
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Using the spin–lattice relaxation time (T1) as a biomarker,
cardiac T1 mapping can be used to quantitatively charac-

terize the myocardium.1 It has shown promise in differentiating

various cardiomyopathies such as acute myocardial infarction,2

amyloidosis,3 and Anderson-Fabry disease.4 The modified
Look-Locker inversion recovery (MOLLI) sequences have
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become the widely used method for T1 mapping.1 The
MOLLI-5(3)3 and MOLLI-4(1)3(1)2 sequences5 used for pre-
contrast and post-contrast T1 mapping have reduced the
breath-hold duration to 11 heartbeats in comparison to
the original MOLLI-3(3)3(3)5 sequence.6 However, this is still
often difficult for sick patients to achieve, particularly during
exercise or pharmacologically induced stress. The breath-hold
requirement can result in poor quality T1 maps due to inter-
frame motion7 and potential loss of slice coverage due to repeat
acquisitions and longer rest period requirements required
between the slice acquisitions.

Shorter sequences, such as the shortened modified Lock-
Locker sequence (shMOLLI)3 and the saturation recovery
single-shot acquisition (SASHA) sequence,8 have been proposed.
However, these sequences have reduced reproducibility com-
pared to the standard MOLLI sequences.9,10 Furthermore, cur-
rent T1 mapping sequences require electrocardiogram (ECG)
gating with consistent R-R intervals to produce T1 maps of
diagnostic quality.

Other advanced T1 mapping sequences have been pro-
posed to address these limitations. Wang et al11 have developed
a fast breath-held and ECG-gated multi-slice T1 mapping
method using a single-shot inversion-recovery radial fast low
angle shot (FLASH) sequence with a regularized model-based
reconstruction for direct estimation of coil sensitivities and
parameter maps. Similarly, Gensler et al12 have developed a
breath-held and ECG-gated single-shot inversion recovery
sequence with an offline two-parameter T1-fitting algorithm.
Another breath-held and ECG-gated radial FLASH sequence
was developed by Marty et al,13 where T1 maps were estimated
using a dictionary fitting method. Although these methods
reduce the breath-hold burden compared to current clinical T1
mapping methods, they still rely on ECG gating. Irregularity in
the ECG signal can result in unusable cardiac T1 maps for
patients with atrial fibrillation. As such, there is a need for a T1
mapping framework without ECG gating or breath-holding.

MR fingerprinting and multi-tasking methods that do
not rely on ECG-gating and simultaneously estimate multiple
parameters have been proposed.14,15 Cao et al14 used a hybrid
T2/inversion recovery (IR) preparation with multi-echo read-
outs and a variable TR scheme for simultaneous T1, T2,
T2*, and fat fraction mapping. Mao et al15 have used a T2
prep-IR simultaneous multi-slice (SMS) fast low angle shot
(FLASH) sequence and a low-rank tensor imaging model to
perform T1 and T2 mapping. However, simultaneous estima-
tion of multiple parameter maps can result in longer acquisi-
tions and reduced accuracy and precision.14,15

Thus, the aims of this study were to 1) develop a T1
mapping framework that can generate near-systolic, near-
diastolic, and average phase T1 maps; and 2) demonstrate the
feasibility of this framework by comparing its reproducibility
to conventional MOLLI sequence and show its application in
normal, infarct, and amyloid hearts.

Materials and Methods
Data Acquisition and Methodology
Phantom studies were performed using the T1 Mapping and ECV
Standardization Program (T1MES).16 Animal studies were approved
by the Institutional Animal Care and Use Committee, and datasets
were collected from 17 canine subjects. All canine subjects were
from ongoing studies related to atrial fibrillation. Table S1 in the
Supplemental Material lists all canine subjects and their associated
study type. Human data were acquired in accordance with the poli-
cies of the local institutional review board (IRB), and written
informed consent was obtained. Seven human subjects (4 males,
51�22 years; 3 females, 56�19 years) were used in this work. The
human population included one subject with suspected microvascu-
lar disease, one subject with acute coronary syndrome and persistent
atrial fibrillation, and one subject with transthyretin amyloidosis and
persistent atrial fibrillation. The remaining human subjects were
healthy volunteers. All but two of the studies were performed on a
Prisma 3T MRI scanner (Siemens Healthcare, Erlangen, DE) using
Siemens chest and spine coil arrays (32 total channels). One human
study was performed on the Siemens 1.5 T Aera scanner, and one
human study was performed on the Siemens 3 T Skyra scanner.
Table S2 in the Supplemental Material lists all human subjects with
their health state and the scanner used for data acquisition. Human
subjects were instructed to perform shallow breathing during
FURST acquisitions. This work is a retrospective, nonconsecutive
cohort study.

In the proposed Free-breathing Ungated Radial SMS T1 map-
ping (FURST) framework, an adiabatic inversion pulse with an
inversion recovery time of IRT1 is followed by the acquisition of five
blocks of 150 gradient echo (GRE) rays for each block with a short
recovery time of RTs between each block. After a long recovery time
of RTL, another acquisition of five blocks of 150 rays for each block
is repeated for different inversion recovery times, IRT2 and IRT3, to
increase the sampling of the T1 recovery curve. Five blocks of
150 rays for each block are acquired every inversion, and the three
acquisitions with different inversion recovery times are repeated
without ECG gating for �60–90 seconds. Figure 1 demonstrates a
schematic of the proposed sequence. A retrospective study of reduc-
ing the acquisition duration was analyzed by performing the FURST
reconstruction with a varying number of inversions such that T1
maps were generated from 37%, 67%, and 100% of the acquired
data, corresponding to acquisition times of 34, 58, and 96 seconds,
respectively.

All FURST data used a tiny golden angle17 radial SMS proto-
col18 with a CAIPIRINHA19 phase modulation scheme for a single
set and a multiband factor of 3. The FURST acquisition parameters
were repetition time TRð Þ¼ 2:50msec, echo time TEð Þ¼ 1:29msec,
flip angle FAð Þ¼ 12�, matrix size¼ 288�448�288�448,
reconstructed voxel size¼ 1:4�2:1�1:4�2:1�7�8mm3, field of
view FOVð Þ¼ 260�360�260�360mm2, RTs ¼ 0msec,
RTL ¼ 2500msec, IRT1 ¼ 11msec, IRT2 ¼ 100msec, and
IRT3 ¼ 190msec. The MOLLI-5(3)3 and the MOLLI-4(1)3(1)2
sequences were used for pre-contrast and post-contrast T1 mapping
respectively. T1 estimation for the MOLLI sequences was per-
formed using the three-parameter model. The MOLLI-5(3)(3) and
MOLLI-4(1)3(1)2 sequences with 11-heartbeat breath-holds used
a steady-state free precession (SSFP) readout and the acquisition
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parameters were TR¼ 2:2msec, TE¼ 1:12msec, and FA¼ 35�,
matrix size¼ 160�448�136�384, reconstructed voxel size¼ 0:8
�1:8�0:8�1:8�7�8mm3, and FOV¼ 280�360�209�
360mm2. FURST post-contrast T1 mapping acquisitions used the
same acquisition parameters except with the following modifications:
four blocks of 150 rays for each block acquired every inversion and
RTL ¼ 1000msec. FURST acquisition parameters were selected
based on simulations and experimental acquisitions demonstrated in
Fig. S1 in the Supplemental Material. Post-contrast acquisitions were
performed 10–20minutes after contrast injection using Gadoteridol
(ProHance, Bracco Diagnostics, Monroe Township, USA) dose
� 0:06mmol=kg for canine subjects and Gadobutrol (Gadovist,
Bayer Healthcare Pharmaceuticals, Berlin, Germany) dose
� 0:075mmol=kg for human subjects.

T1MES phantom studies were used to analyze T1 estimation
between the FURST and MOLLI methods in a motion-free setting.
T1MES phantom experiments with varying recovery times were also
examined to assess the robustness of the dictionary pattern recogni-
tion algorithm to incomplete recovery of long T1.

T1MES phantom maps were manually segmented using a
small region of interest at the center of each vial. In-vivo T1 maps
were manually segmented based on the American Heart Association
(AHA) 16-segment model.20 All segmentations were performed by
J.V.L. Segmented cardiac masks were used to register pre-contrast
and post-contrast T1 maps using the Advanced Normalization
Tools21 to perform affine rigid registration followed by Demons
deformable registration with histogram matching. ECV maps were
calculated using the following Equation 1:

ECV¼ 1�HCTð Þ
1

T1myo,post
� 1

T1myo,pre

1
T1blood,post

� 1
T1blood,pre

ð1Þ

where HCT is the hematocrit measurement, T1myo,post and T1myo,pre

are the post-contrast and pre-contrast T1 values of the myocardium,
and T1blood,post and T1blood,pre are the post-contrast and pre-contrast
T1 values of the LV blood pool. Hematocrit measurements were
obtained from blood samples collected before MRI scans. Canine or
human subjects that did not have hematocrit measurements were
assigned a value of 45% for ECV calculations.

For coronary artery disease (CAD) assessment, pre-contrast T1
mapping can be performed during stress and rest, where the

increased myocardial blood volume during stress increases T1.22–24

This difference in stress and rest T1 values, known as the T1 reactiv-
ity, was previously tested as a potential biomarker in conjunction
with late gadolinium enhancement imaging for CAD assessment.22

In this study, we examined how the FURST method performs for
stress T1 mapping in a healthy human subject. FURST and MOLLI
stress T1 mapping datasets were acquired during infusing adenosine
(Adenoscan, Hospira Inc., Lake Forest, USA) with a dose of
0:14mg=kg=minute after the first 3minutes.

Some studies have also demonstrated T1 differences between
systole and diastole due to blood volume changes that could have
potential diagnostic values.25 The differences between the cardiac
phase averaged T1 maps using the all-data reconstruction and sys-
tolic and diastolic T1 maps using the binned reconstruction were
analyzed. MOLLI systolic T1 maps were acquired in a single subject
using a manually selected delay time from the R-wave trigger based
on cine imaging for quantitative comparisons with FURST systolic
T1 maps.

FURST Reconstruction Pipeline
The FURST method allows for flexibility in the reconstruction pipe-
line, where an all-data reconstruction can generate an average cardiac
phase T1 map or a binned reconstruction can generate systolic and
diastolic T1 maps. In this study, the reconstruction processes for
both methods are described.

PRELIMINARY RECONSTRUCTION. This reconstruction stage
aims to obtain preliminary images to perform motion estimation.
The images can also be used for self-gating if systolic and diastolic
T1 maps are desired. For the binned reconstruction, preliminary
images were obtained using a sliding window that bins the data to
have 30 rays per frame. A sliding width of 15 rays was used
to achieve a temporal resolution of 37:5msec and a temporal foot-
print of 75msec. For the all-data reconstruction, a higher temporal
resolution is not required to capture systole or diastole for self-
gating, so a sliding width of 30 rays and a temporal resolution of
75msec was used. Gradient delay errors were estimated using the
RING method26 adapted for SMS acquisitions. The gradient delay
errors were determined using the (0,0,0) phase modulated rays for a
multiband factor of 3 and applied to all the rays. Preliminary images
were reconstructed using a spatiotemporal constrained reconstruction
(STCR) algorithm18 described in Equation 2 below:

FIGURE 1: Illustration of the proposed FURST acquisition scheme. After the application of the first inversion pulse and a recovery
time of IRT1, five blocks of 150 rays for each block are acquired with a fixed short recovery time of RTs between each block. After a
fixed long recovery time of RTL, a second inversion pulse is applied with a recovery time of IRT2. After another fixed long recovery
time of RTL, a third inversion pulse is applied with a recovery time of IRT3. Five blocks of 150 rays for each block are acquired every
inversion, and the three acquisitions with different inversion recovery times are repeated without ECG gating for 60–90 seconds.
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argmin
m

1
2

Am�dk k
2

2
þλs
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q����
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1
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rtmð Þ2þϵ

q����
����
1

ð2Þ

The first term describes data consistency with the acquired
k-space data where d is the multi-coil cartesian k-space data after
gridding, and m represents the simultaneous multi-slice images to be
reconstructed. Initial estimates of m were generated from interpolat-
ing radial SMS data onto a cartesian grid using simultaneous multi-
slice GRAPPA operator gridding (SMS-GROG).27 A¼φDFS is the
forward encoding matrix which describes the physics of MRI recon-
struction. φ is the phase modulation matrix which modulates and
demodulates SMS slices. D is the under-sampling mask describing
the sampling trajectory. F is the Fourier transform and S are the coil
sensitivities. The second and third terms describe the spatial and
temporal total variation constraints, respectively. ε is a small positive
constant to avoid singularity. The cost function in Equation 2 was
minimized using an iterative method where the estimated images
were updated after each iteration using the Euler–Lagrange deriva-
tive. Fifty conjugate gradient iterations were used for this optimiza-
tion stage, and the regularization parameters of λs ¼ 0:00001,
λt ¼ 0:008 were chosen empirically.

MOTION ESTIMATION AND SELF-GATING. In this stage,
automatic motion compensation and self-gating were performed. First,
frames within an inversion were averaged to estimate preliminary rigid

translations between images from different inversion pulses. The esti-
mated rigid shifts from the averaged frames were applied to all frames
within their corresponding inversion. Estimates of the model-based
images were generated from the preliminary rigid registered recon-
structions using a dictionary pattern recognition algorithm13 and were
used for self-gating in the binned reconstruction. In the all-data recon-
struction, these model-based images were used in the final motion
compensation stage.

After estimating the initial model-based images, self-gating
was performed for the binned reconstruction. A standard deviation
map was calculated from the preliminary rigid registered images.
The standard deviation map was processed with Gaussian filtering
and multiplication by a 2D Gaussian function. Signal thresholding
was then performed to generate cardiac masks. The model-based
images were used to perform signal polarity corrections and were also
subtracted from the preliminary rigid registered reconstructions to

remove the signal due to inversion recovery. After multiplication
with the cardiac mask and summation, the cardiac signal was gener-
ated by bandpass filtering with the cardiac motion frequency 0.5–
2.2 Hz.28,29 Figure S2 in the Supplemental Material illustrates a
schematic of the self-gating procedure. The preliminary rigid regis-
tered reconstructions were then binned into systole and diastole to
generate systolic and diastolic model-based images. These systolic
and diastolic model-based images were used in the final motion
compensation stage for the binned reconstruction.

The preliminary reconstructions (without prior registration)
were then registered to their corresponding model-based images
described for binned reconstruction and all-data reconstruction using
a final two-step registration process, where rigid registration is per-
formed, followed by deformable registration. During this procedure,
the T1-weighted images were deformed to their corresponding one-
to-one model-based images generated from the motion-free dictio-
nary30,31 by maximizing the normalized cross-correlation metric.
The estimated rigid registration and deformable model-based regis-
tration were incorporated into a motion compensation operator for
the final reconstruction stage described next. Figure S3 in the Sup-
plemental Material illustrates a flowchart of the FURST reconstruc-
tion pipeline.

SUBSPACE-CONSTRAINED RECONSTRUCTION WITH
MODEL-BASED REGULARIZATION. T1-weighted images and
T1 maps were jointly reconstructed in a subspace-constrained recon-
struction with model-based regularization described in Equation 3
below.18,32

s:t :h¼M mð Þ and h¼ UkV kð ÞT

The first term in Equation 3 describes data consistency with
the acquired k-space data, where the initial estimate, m, now repre-
sents the preliminary images from the previous reconstruction stage.
The second term describes model-based regularization where B is
the forward operator that generates model-based images, bm, from the

estimated T1 maps (described in the next section). M and MT are
fixed motion compensation operators that deform m to h and reform
h to m for calculating the regularization and the data consistency
terms, respectively. Specifically, M contains deformation fields that
describe how to deform an image in m to its equivalent model-based
image in bm to generate the corresponding registered image in h. The

subspace constraint, h¼ UkV kð ÞT , restricts the T1-weighted images
to the subspace defined by Uk . Uk are the first k temporal basis

argmin
m

1
2

AMT hð Þ�d
�� ��2

2þ λm h�B hð Þk k22þ λs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rxRx hð Þð Þ2þ ryRy hð Þ� �2þ ε

q����
����
1

þλt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rtRt hð Þð Þ2þ ε

q����
����
1
þ λI

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rI hð Þ2þ ε

q����
����
1

ð3Þ
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functions and V k ¼ M mð ÞUkð ÞT are the corresponding image coef-
ficients found by projecting h¼M mð Þ onto Uk . These basis func-
tions were generated by taking the singular value decomposition of
the signal dictionary and selected based on the largest (k¼ 20) sin-
gular values. The third and fourth terms describe reordered spatial
and temporal total variation constraints. Rx , Ry, and Rt are fixed

operators that reorder the real and imaginary components of the
images independently. The preliminary images from the first recon-
struction stage were used as a prior for calculating reordering opera-
tors such that ordering the intensities makes the preliminary images
from the first reconstruction stage monotonic.33 This has been
shown to preserve non-smooth varying signals,33 which can be seen
here due to repeated applications of inversion recovery pulses
throughout the data acquisition. The last term describes an inversion
total variation constraint that minimizes the difference between
T1-weighted images acquired at the same inversion time. The cost
function in Equation 3 was minimized using an iterative method
where the estimated images were updated after each iteration using
the Euler–Lagrange derivative. Fifty conjugate gradient iterations
were used for the optimization stage and the regularization parame-
ters of λm ¼ 0:05, λs ¼ 0:00001, λt ¼ 0:008, and λI ¼ 0:004 were
empirically chosen to minimize error with the MOLLI sequences.

T1 ESTIMATION. T1 fitting was performed using a dictionary pat-
tern recognition algorithm.13 The dictionary for pattern recognition
models the physics involving SMS reconstruction and considers the
slice profile used during acquisition, similar to a previous study.29

The dictionary also models the inversion recovery magnetization
preparation and the radial GRE readout of the FURST method. The
dictionary is a function of T1, TR, IRT, RTs, RTL, and readout flip
angle with B1 0:6 : 0:1 : 1:2 to account for flip angle variations and
T1 ranging from 1 : 10 : 2000msec. Experiments modeling imperfect
inversions and T2 effects in the dictionary demonstrated little differ-
ence for T1 estimation and were excluded to reduce reconstruction
time and GPU memory requirements. FURST reconstructions
require approximately 2–4 hours using the previously specified
parameters and require approximately 24GB of GPU memory.

Statistical Analysis
To evaluate performance, we compared T1 maps generated using
the FURST method with T1 maps generated using the MOLLI-5
(3)3 and MOLLI-4(1)3(1)2 sequences for pre-contrast and post-
contrast datasets, respectively, using correlation and Bland–Altman
plots in 13 canine and 7 human subjects. To evaluate the reproduc-
ibility of FURST and MOLLI, we examined the segment-wise T1
differences of repeated data acquisitions using pre-contrast T1 differ-
ence box plots. Repeated acquisitions were from the same imaging
section using matching slice positions and acquisition parameters in
four canine subjects. The FURST and MOLLI coefficient of varia-
tion for these repeated acquisitions were also compared to examine
their relative variability. The perceptual quality of T1 maps was
assessed using the Perception-based Image Quality Evaluator
(PIQUE), a no-reference image quality metric.34 PIQUE scores
range from 0 to 100, where a lower score indicates higher perceptual
quality. PIQUE scores were calculated using a manually selected
region around the heart after 0–1 intensity normalization. Paired

t tests were used for all statistical comparisons between FURST and
MOLLI, with P < 0:05 indicating statistical significance.

Results
T1MES Phantom Experiments and Comparisons
Figure 2 demonstrates the performance of FURST compared
to MOLLI for T1 estimation in the T1MES phantom. The
FURST method shows an excellent correlation to MOLLI
sequences. Figure S1 in the Supplemental Material demon-
strates T1MES phantom experiments with varying recovery
times between inversion pulses. The FURST method demon-
strates good T1 estimation even for short recovery times
despite incomplete recovery for longer T1 vials due to the
dictionary pattern recognition algorithm used for T1 fitting.

In-Vivo Experiments and Bland Altman and
Correlation Plots
Further comparisons are shown in Fig. 3 between FURST and
MOLLI for a representative canine study. There was no signifi-
cant difference between the FURST and MOLLI segment-wise
pre-contrast myocardial T1 (1165�25 and 1179�43msec,
respectively, P ¼ 0:15). The FURST method demonstrated
significantly different pre-contrast blood T1 compared to
MOLLI (1716�30 and 1612�6msec). Figure S4 in the
Supplemental Material shows a movie of the preliminary
T1-weighted reconstructions, FURST T1-weighted recon-
structions, and the corresponding model-based T1-weighted
images for the canine subject shown in Fig. 3.

Figure 4 demonstrates segment-wise pre-contrast myocar-
dial T1, post-contrast myocardial T1, and ECV correlations and
Bland–Altman plots in 13 canine and 7 human subjects. The
FURST and MOLLI segment-wise pre-contrast myocardial T1
were significantly different (1212�128 and 1179�87msec).
The FURST and MOLLI segment-wise post-contrast myo-
cardial T1 were significantly different (509�97 and
516�92msec). There was no significant difference between
FURST and MOLLI myocardial ECV (29%�11% and
28%�11%, respectively, P ¼ 0:05). The myocardial ECV

mean difference was 0:48 with 95%CI : 6:0�10�4,0:96
� �

.
The image quality of FURST T1 maps was similar to
MOLLI T1 maps using the PIQUE image quality metric
(52�8 and 53�10, respectively, P ¼ 0:18).

T1 Difference Box Plots
Figure 5 demonstrates T1 difference box plots between
FURST and MOLLI segment-wise pre-contrast myocardial
T1 for repeated acquisitions in four canine subjects, where
repeated acquisitions are from the same imaging section using
matching slice positions and acquisition parameters. There
was no significant difference between FURST and MOLLI
reproducibility with T1 differences between repeat acquisi-
tions of 25�18 and 19�16msec, respectively (P ¼ 0:19).
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The FURST and MOLLI mean coefficients of variation were
3% and 2%, respectively.

Reconstruction Flexibility
Figure 6 demonstrates cardiac phase averaged T1 maps, sys-
tolic T1 maps, and diastolic T1 maps using FURST for a
normal healthy subject. The FURST averaged phase myocar-
dial T1 was 1260�31msec. There was no significant differ-
ence between FURST and MOLLI segment-wise systolic
myocardial T1 (1170�35 and 1205�46msec, respectively,
P ¼ 0:12). There were significant differences between FURST
and MOLLI segment-wise diastolic myocardial T1

(1322�61 and 1219�41msec, respectively). Figure 6 also
demonstrates flexibility with the FURST method, where sys-
tolic, diastolic, and cardiac phase-averaged T1 maps can be
generated as needed.

Figure S5 in the Supplemental Material shows T1
maps generated using all-data reconstruction for 37%, 67%,
and 100% of the acquired data. The FURST myocardial T1
generated using 37%, 67%, and 100% of the acquired data
were 1283�112, 1271�105, and 1285�98msec,
corresponding to acquisition times of 34, 58, and 96 seconds,
respectively. The PIQUE scores for the FURST myocardial
T1 maps were generated using 37%, 67%, and 100% of the

FIGURE 2: T1MES phantom results for (a) FURST, (b) MOLLI, and their corresponding (c) correlation plot. The FURST method
estimates similar T1 for each of the T1MES vials (N¼9) compared to the MOLLI sequence.

FIGURE 3: Pre-contrast T1 mapping results of (a) FURST compared to (b) MOLLI. There was no significant difference between the
FURST and MOLLI pre-contrast myocardial T1 (1165�25 and 1179�43msec, respectively, P ¼0:15). FURST demonstrates
significantly different pre-contrast blood T1 than the MOLLI sequence (1716�30 and 1612�6msec, respectively).
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acquired data were 59, 61, and 60, respectively. By incorpo-
rating all the data from each inversion into the T1 fitting pro-
cedure instead of systolic and diastolic binning, the

acquisition time of the FURST method can be reduced to 34
seconds without discernible reductions in image quality or T1
estimation.

FIGURE 4: (a) Correlation and (b) Bland–Altman plots for myocardial pre-contrast T1 mapping with FURST and MOLLI in 13 canine
subjects and 7 human subjects. The FURST and MOLLI pre-contrast myocardial T1 were significantly different (1212�128 and
1179�87msec, respectively). (c) Correlation and (d) Bland–Altman plots for myocardial post-contrast T1 mapping with FURST and
MOLLI. The FURST and MOLLI post-contrast myocardial T1 were significantly different (508�97 and 516�92msec, respectively). (e)
Correlation and (f) Bland–Altman plots for ECV mapping with FURST and MOLLI. There was no significant difference between FURST
and MOLLI myocardial ECV (29%�11% and 28%�11%, respectively, P ¼0:05). The ECV mean difference was 0:48, with
95%CI : 6:0�10�4,0:96

� �
. Each dot N¼296ð Þ represents an averaged T1 value for an AHA segment of the myocardium.
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Stress T1 Mapping and Four-Chamber Long-Axis T1
Mapping
Figure 7 demonstrates stress pre-contrast T1 mapping and
four-chamber pre-contrast T1 mapping results with FURST

for the same normal healthy subject shown in Figure 6. There
was no significant difference between FURST and MOLLI
segment-wise stress pre-contrast myocardial T1 (1303�32
and 1273�46msec, respectively, P ¼ 0:35). There was no
significant difference between FURST and MOLLI segment-
wise myocardial T1 reactivity (3:9%�2:8% and
4:3%�2:1%, respectively, P ¼ 0:79).

FURST demonstrates good quality T1 maps for a four-
chamber long-axis slice. There was no significant difference
between FURST and MOLLI segment-wise four-chamber
myocardial T1 (1233�35 and 1244�46msec, respec-
tively, P ¼ 0:63).

Human Subject with Suspected Microvascular
Disease
Figure 8 demonstrates pre-contrast T1, post-contrast T1, and
ECV mapping results for FURST and MOLLI in a human
subject with suspected microvascular disease. In this subject,
the FURST and MOLLI segment-wise pre-contrast myocar-
dial T1 values were significantly different (1349�63 and
1208�59msec, respectively), while there were no significant
differences in the segment-wise post-contrast myocardial T1
values (277�13 and 272�29msec, respectively, P ¼ 0:33)

FIGURE 5: T1 difference box plots for segment-wise pre-
contrast myocardial T1 between FURST and MOLLI for repeated
acquisitions in four canine subjects. There was no significant
difference between FURST and MOLLI reproducibility with T1
differences between repeat acquisitions of 25�18 and
19�16msec, respectively (P ¼0:19). The FURST and MOLLI
mean coefficients of variation were 3% and 2%, respectively.

FIGURE 6: Pre-contrast T1 mapping results of FURST using (a) an all-data reconstruction to produce a cardiac phase averaged T1 map, (b)
a systolic binning reconstruction to produce a systolic T1 map, and (c) a diastolic binning reconstruction to produce a diastolic T1 map. The
FURST averaged phase myocardial T1 was 1260�31msec. There was no significant difference between FURST and MOLLI segment-
wise systolic pre-contrast myocardial T1 (1170�35 and 1205�46msec, respectively, P ¼0:12). There were significant differences
between FURST and MOLLI segment-wise diastolic pre-contrast myocardial T1 (1322�61 and 1219�41msec, respectively).

2594 Volume 61, No. 6

Journal of Magnetic Resonance Imaging



or the segment-wise myocardial ECV (34%�2% and
32%�5%, respectively, P ¼ 0:39).

Canine Subject with Myocardial Infarction
Figure 9 demonstrates pre-contrast T1, post-contrast T1, and
ECV mapping results for FURST and MOLLI in a canine

with an infarcted inferior wall of the left ventricular myocar-
dium (as indicated by red arrows). Remote FURST myocar-
dial pre-contrast T1, post-contrast T1, and ECV were
1265�35msec, 605�33msec, and 24%�3%. Infarct
FURST myocardial pre-contrast T1, post-contrast T1, and
ECV were 1228�40msec, 292�6msec, and 72%�2%.

FIGURE 7: (a) Stress pre-contrast short-axis and (b) rest pre-contrast four-chamber long-axis T1 mapping results of FURST for the same normal
healthy subject demonstrated in Fig. 6. There was no significant difference between FURST and MOLLI segment-wise stress pre-contrast
myocardial T1 (1303�32 and 1273�46msec, respectively, P ¼0:35). There was no significant difference between FURST and MOLLI
segment-wise myocardial T1 reactivities (3:9%�2:8% and 4:3%�2:1%, respectively, P ¼0:79). There was no significant difference
between FURST and MOLLI segment-wise four-chamber myocardial T1 (1233�35 and 1244�46msec, respectively, P ¼0:63).

FIGURE 8: (a, d) Pre-contrast T1, (b, e) post-contrast T1, and (c, f) ECV mapping results of FURST (left) and MOLLI (right) in a human
subject with suspected microvascular disease. There were significant differences between FURST and MOLLI segment-wise pre-
contrast myocardial T1 (1349�63 and 1208�59msec, respectively). There was no significant difference between FURST and MOLLI
segment-wise post-contrast myocardial T1 (277�13 and 272�29msec, respectively, P ¼0:33). There was no significant difference
between FURST and MOLLI segment-wise myocardial ECV (34%�2% and 32%�5%, respectively, P ¼0:39).
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Remote MOLLI myocardial pre-contrast T1, post-contrast
T1, and ECV were 1226�31msec, 623�16msec, and
24%�2%. Infarct MOLLI myocardial pre-contrast T1, post-
contrast T1, and ECV were 1128�27msec, 307�27msec,
and 78%�7%.

Human Subject with Transthyretin Amyloidosis
(ATTR) and Atrial Fibrillation
Figure 10 demonstrates pre-contrast T1, post-contrast T1,
and ECV mapping results for FURST and MOLLI in a
patient with transthyretin amyloidosis and persistent atrial

FIGURE 9: (a, d) Pre-contrast T1, (b, e) post-contrast T1, and (c, f) ECV mapping results of FURST (left) and MOLLI (right) for a canine
with an infarcted inferior wall of the left ventricular myocardium (indicated by the red arrows). Remote FURST myocardial pre-
contrast T1, post-contrast T1, and ECV were 1265�35msec, 605�33msec, and 24%�3%. Infarct FURST myocardial pre-contrast
T1, post-contrast T1, and ECV were 1228�40msec, 292�6msec, and 72%�2%. Remote MOLLI myocardial pre-contrast T1, post-
contrast T1, and ECV were 1226�31msec, 623�16msec, and 24%�2%. Infarct MOLLI myocardial pre-contrast T1, post-contrast
T1, and ECV were 1128�27msec, 307�27msec, and 78%�7%, respectively.

FIGURE 10: (a, d) Pre-contrast T1, (b, e) post-contrast T1, and (c, f) ECV mapping results of FURST (left) and MOLLI (right) for a
patient with transthyretin amyloidosis and persistent atrial fibrillation causing varying R-R interval and poor ECG signal. There was no
significant difference between FURST and MOLLI segment-wise pre-contrast myocardial T1 (1483�105 and 1420�41msec,
respectively, P ¼0:09). There were significant differences between FURST and MOLLI segment-wise post-contrast myocardial T1
(381�22 and 406�23msec, respectively). There were significant differences between FURST and MOLLI segment-wise myocardial
ECV (68%�4% and 65%�5%, respectively). MOLLI post-contrast T1 maps demonstrate motion-related artifacts (as indicated by red
arrows) due to persistent atrial fibrillation. In contrast, FURST post-contrast T1 maps demonstrate good quality regardless of varying
R-R intervals and poor ECG signal.
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fibrillation, causing varying R-R interval and poor ECG sig-
nal. There was no significant difference between FURST and
MOLLI segment-wise pre-contrast myocardial T1
(1483�105 and 1420�41msec, respectively, P ¼ 0:09).
There was a significant difference between FURST and
MOLLI segment-wise post-contrast myocardial T1 (381�22
and 406�23msec, respectively) and segment-wise myocar-
dial ECV (68%�4% and 65%�5%, respectively).

Discussion
In this study, the FURST method tended to produce higher T1
values for longer T1 than MOLLI. Since the MOLLI sequences
are known to underestimate T1,35,36 the FURST overestimation
can be partially explained by the three-parameter model typically
used for T1 estimation with the MOLLI sequences. The
MOLLI SSFP readout drives recovery to reach a steady state
that is less than equilibrium magnetization, resulting in an
apparent recovery time of T1* which is less than the actual
T1. The Look-Locker correction factor is derived from a
FLASH readout that results in imperfect correction from T1*

to T1.37 Additionally, the linear cartesian phase encoding typ-
ically done with the SSFP sequences has been shown to bias
T1 in favor of reducing artifacts caused by transient condi-
tions inherent at the start of acquisitions.38,39

T1 estimation differences between the FURST
dictionary-based approach and the MOLLI three-parameter
model fitting may also explain the elevated left ventricular
blood T1 of the FURST method. The dictionary pattern rec-
ognition algorithm used to estimate T1 for the FURST
method models the entire sequence acquisition, including the
flip angle, longitudinal magnetization, recovery time, acquisi-
tion readout, ray number of acquisition, and B1 inhomogene-
ity. As a result, MOLLI is likely to be more sensitive to
incomplete recovery of longer T1 than FURST. This may
cause MOLLI to underestimate longer pre-contrast T1 at
higher heart rates.35 Similar to FURST, a recent study has
also demonstrated elevated T1 compared to MOLLI using a
cartesian dictionary-based approach.40

We have shown that FURST T1 maps demonstrate
PIQUE image quality scores similar to MOLLI T1 maps.
However, FURST T1 maps tend to demonstrate mildly
increased blurriness compared to MOLLI T1 maps under sta-
ble breath-holding and ECG. This is due to imperfect motion
compensation, resulting in residual respiratory and cardiac
motion. However, obtaining a suitable ECG signal and
breath-hold conditions can be difficult for sick patients, par-
ticularly those with atrial fibrillation. Under these circum-
stances, unresolved cardiac motion due to poor ECG-gating
results in motion-corrupted MOLLI T1 maps despite built-in
scanner motion compensation. In the current study, FURST
T1 maps have demonstrated good quality despite poor ECG
and breath-hold conditions.

Although the FURST method affords reconstruction
flexibility by allowing for an all-data reconstruction to gener-
ate cardiac phase averaged T1 maps or a binned reconstruc-
tion to generate systolic and diastolic T1 maps, some
limitations with the binned reconstruction exist. Because the
cardiac phase averaged reconstruction utilizes all the data
acquired during an acquisition, these T1 maps tend to have
higher reproducibility compared to systolic and diastolic T1
maps, which only use near-systolic or near-diastolic data as
determined by the self-gating pipeline. Data binning also
reduces the effectiveness of the inversion total variation con-
straint described in Equation 3, which can reduce image qual-
ity compared to the all-data reconstruction. Furthermore, the
ungated acquisition of the FURST method also means that
binning near-systolic and near-diastolic data could lead to
insufficient sampling of the inversion recovery curve
depending on the heart rate. However, in this study, the 60–
90 second acquisition time of the FURST method was found
to provide enough near-systolic and near-diastolic data to suf-
ficiently sample the inversion recovery curve to produce
good-quality T1 maps. It has also been demonstrated that the
acquisition time of the FURST method could be reduced to
34 seconds using the all-data reconstruction without
compromising image quality or T1 estimation. With these
considerations, the all-data reconstruction may be more
attractive than the binned reconstruction. The FURST
method could be modified to improve the binned reconstruc-
tion. Randomizing the ordering of IRT1, IRT2, and IRT3

after the inversion pulses can increase the likelihood that sys-
tole and diastole occur at varying locations on the T1 recov-
ery curve. Varying the recovery time between inversion pulses
can also improve T1 recovery curve sampling without nega-
tively affecting T1 estimation because T1 estimation with the
FURST method is robust to insufficient recovery of long T1.
The motion compensation operator could deform the entire
image set to near-systole or near-diastole, allowing all the data
to be used in estimating near-systolic or near-diastolic T1
maps. However, this would eliminate the possibility of
detecting T1 differences due to blood volume changes
between the two phases because the non-systolic/non-diastolic
frames deformed to systolic/diastolic would not contain the
proper differences in blood volume.

Although some significant differences were demon-
strated between FURST and MOLLI T1 estimation, the
FURST method demonstrated similar patterns to MOLLI,
where the expected general trends for pre-contrast T1, post-
contrast T1, and ECV for focal diseases such as myocardial
infarction and diffuse diseases such as transthyretin amyloid-
osis were similar. Infarcted myocardium demonstrates ele-
vated ECV as expected due to tissue remodeling, causing
edema and fibrosis. The FURST method preserves infarcted
myocardium and contrasts infarcted and remote myocardium
well. As with myocardial infarction, transthyretin amyloidosis

June 2025 2597

Le et al.: Free-Breathing and Ungated Cardiac T1 Mapping



is expected to elevate pre-contrast T1 and ECV due to the
deposition of misfolded transthyretin proteins in myocardial
tissue. Significant differences between FURST and MOLLI
post-contrast T1 and ECV maps for this subject can be
explained by unresolved cardiac motion due to poor ECG-
gating, resulting in motion-corrupted MOLLI T1 maps
despite built-in scanner motion compensation. In addition,
T1 reactivities found with the FURST method are similar to
the reported literature T1 reactivities of 4:8%�3:1%24 and
4:0%�4:8%23 at 3 T. This suggests that the FURST
method can potentially demonstrate similar diagnostic value
as MOLLI despite the difference in T1 estimation. As previ-
ously stated, these differences may be explained by MOLLI
underestimation bias due to imperfect assumptions in three-
parameter modeling fitting, linear cartesian phase encoding,
and elevated T1 estimation found with dictionary-based T1
estimation approaches.40

The continuous free-breathing and ungated acquisition
of the FURST method also opens the possibility of develop-
ing a cine T1 mapping pipeline. During data acquisition,
heart rate changes or arrhythmia cause varying cardiac phases
in different cardiac cycles. As a result, generating T1 maps at
each cardiac phase to produce a beating cine T1 map cannot
be easily done. However, this issue can be resolved by fixing
the number of cardiac phases for each cardiac cycle using a
data sorting approach similar to the method used in a previ-
ous study.29 With a fixed number of cardiac phases for each
cardiac cycle, T1 maps can be generated at each cardiac phase
to produce a beating T1 map. However, such a task is
beyond the scope of this paper.

Limitations
Although FURST demonstrates high-quality reconstructions
using model-based regularization, this constraint can have sub-
stantial memory requirements and long reconstruction times
depending on the complexity of the dictionary. FURST recon-
structions require approximately 2–4 hours. Deep learning for
MRI reconstruction41–43 has shown the potential to recon-
struct high-quality images at a fraction of the time required for
iterative reconstructions, and it could also be used to accelerate
reconstruction times of the FURST method.

This study acquired a single set of three simultaneously
excited slices for all datasets. However, the FURST frame-
work can acquire multiple sets of multiband slices, allowing
for whole heart coverage similar to other studies.44–46

Another limitation of this work is related to the free-
breathing acquisition. Traditional T1 mapping techniques
assume the excited tissue is within the excitation volume for
each slice-selective radiofrequency pulse. Free-breathing
acquisitions violate this assumption, which can lead to T1
estimation errors. However, for short-axis slices, respiration
motion is mostly in-plane motion, and this work uses a recov-
ery period of 2.5 seconds between each inversion. This

recovery period allows the signal to recover near the same
point before each inversion for tissues of interest. With these
two considerations, in conjunction with deformable motion
compensation to suppress motion, the effect due to free-
breathing is greatly reduced. For these reasons, we used a sim-
ilar dictionary pattern recognition algorithm for T1 estima-
tion as discussed in Marty et al despite the free-breathing and
ungated acquisition, and we have demonstrated that this dic-
tionary pattern recognition T1 estimation approach can pro-
duce comparable results to the breath-hold, ECG-gated
MOLLI T1 estimation.

This work also used a limited number of subjects, pre-
dominantly composed of canines, and included several disease
states with single subject examples for each condition. Since
the main purpose of this work was to test the feasibility of
the FURST framework, we believe this range of subjects was
sufficient. Future work will focus on a more rigorous analysis
of the FURST framework for transthyretin amyloidosis with
a larger sample size.

Conclusions
Using FURST, high-quality pre-contrast T1 maps, post-contrast
T1 maps, and ECV maps have been demonstrated for clinical
conditions varying from normal healthy subjects to disease
states, including myocardial infarction and transthyretin amy-
loidosis. FURST T1 reproducibility was not significantly differ-
ent from MOLLI T1 reproducibility. The FURST method was
also demonstrated for stress T1 mapping in a single subject,
where T1 reactivities were similar to those in previously publi-
shed studies. The current study shows the potential clinical
implications for a dedicated free-breathing and ungated simulta-
neous multi-slice cardiac T1 mapping sequence that may miti-
gate some of the limitations of standard T1 mapping protocols.
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