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Abstract

Purpose: To develop and validate a data acquisition scheme combined with a

motion-resolved reconstruction and dictionary-matching-based parameter estimation

to enable free-breathing isotropic resolution self-navigated whole-liver simultaneous

water-specific T1 (wT1) and T2 (wT2) mapping for the characterization of diffuse and

oncological liver diseases.

Methods: The proposed data acquisition consists of a magnetization preparation

pulse and a two-echo gradient echo readout with a radial stack-of-stars trajectory,

repeated with different preparations to achieve different T1 and T2 contrasts in a

fixed acquisition time of 6min. Regularized reconstruction was performed using self-

navigation to account for motion during the free-breathing acquisition, followed by

water–fat separation. Bloch simulations of the sequence were applied to optimize the

sequence timing for B1 insensitivity at 3 T, to correct for relaxation-induced blurring,

and to map T1 and T2 using a dictionary. The proposed method was validated on a

water–fat phantom with varying relaxation properties and in 10 volunteers against

Abbreviations: BIR, B1-insensitive rotation; F/H, feet–head; GRASE, gradient and spin echo; MOLLI, modified Look–Locker inversion recovery; MRF, MR fingerprinting; PCA, principal

component analysis; PDFF, proton density fat fraction; PRESS, point resolved spectroscopy; SHORTIE, short-TR multi-TI multi-TE STEAM;; STEAM, stimulated echo acquisition mode; TV, total

variation; VFA, variable flip angle; wT1, water-specific T1; wT2, water-specific T2.
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imaging and spectroscopy reference values. The performance and robustness of the

proposed method were evaluated in five patients with abdominal pathologies.

Results: Simulations demonstrate good B1 insensitivity of the proposed method in

measuring T1 and T2 values. The proposed method produces co-registered wT1 and

wT2 maps with a good agreement with reference methods (phantom:

wT1 ¼1:02wT1;ref�8:93ms,R2 ¼0:991; wT2 ¼1:03wT2;refþ0:73ms,R2 ¼0:995).

The proposed wT1 and wT2 mapping exhibits good repeatability and can be robustly

performed in patients with pathologies.

Conclusions: The proposed method allows whole-liver wT1 and wT2 quantification

with high accuracy at isotropic resolution in a fixed acquisition time during free-

breathing.
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1 | INTRODUCTION

The prevalence of chronic liver disease is increasing worldwide, with steatotic liver diseases (SLDs) being one of the primary causes, closely linked

to modern lifestyle patterns and unhealthy eating habits.1–3 Chronic liver disease is associated with various pathologies, including liver inflamma-

tion, cirrhosis, and hepatocellular carcinoma.4

Quantitative MRI has emerged as a promising non-invasive approach for assessing chronic liver diseases, mitigating the need for expensive

and potentially risky liver biopsies.5,6 Proton density fat fraction (PDFF) is a widely used biomarker for quantification of liver fat content,7,8 while

R ∗
2 is associated with the liver iron content,9,10 and MR elastography can measure liver stiffness and fibrosis.11 T1 mapping methods have also

gained interest because T1 relaxation has been shown to be associated with liver inflammation and fibrosis12–14 and might offer the advantage of

not requiring a complex setup compared with MR elastography.15 T2 mapping has been extensively studied and validated in various tissues, such

as myocardium16,17 and skeletal muscle.18 While studies13,14,19–23 have shown applications of T2 mapping in the liver, future studies with opti-

mized liver sequences are unavoidable to evaluate its whole potential.

Conventional T1 and T2 mapping methods (e.g., modified Look–Locker inversion recovery (MOLLI)24 and multi-echo spin echo for T1 and T2

mapping, respectively) usually rely on single-slice acquisitions in combination with breath-holds to avoid respiratory motion artifacts and may be

confounded by the presence of fat.25 However, breath-hold scans may not be feasible for all patients and do not permit whole-liver assessment

of focal lesions or structural changes due to their limited slice coverage. Variable flip angle (VFA) methods have been introduced for time-efficient

volumetric mapping of liver T1 relaxation in a single or multiple breath-holds.26–29 VFA methods are based on gradient-echo acquisitions with dif-

ferent excitation flip angles. Therefore, VFA methods show a considerable sensitivity to transmit B1 inhomogeneities30 and may require additional

B1 mapping.31

Recently, methods have been proposed to acquire volumetric water-specific T1 (wT1) maps of the whole liver during a free-breathing

acquisition,32,33 typically employing Dixon imaging to achieve robust fat suppression. These methods frequently rely on a motion-robust radial

stack-of-stars k-space trajectory and perform a respiratory-motion-informed reconstruction using an external motion sensor32 or additional MR

navigator signals.33 While previous works mainly focus on the quantification of wT1 or the simultaneous quantification of wT1, PDFF and

R ∗
2 ,

27,29,33,34 simultaneous wT1 and water-specific T2 (wT2) mapping not only provides co-registered maps but also crucially allows for the correc-

tion of T1 as a confounding factor in T2prep- and gradient echo-based T2 mapping.35–38 Free-breathing liver T1 mapping methods usually rely on

a Look–Locker scheme acquiring many different inversion contrasts after one inversion pulse. However, combining this scheme with T2 mapping

may not be straightforward. Furthermore, the Look–Locker acquisition scheme combined with a radial stack-of-stars trajectory restricts the reso-

lution in the partition encoding direction and impedes the self-navigation ability of the trajectory due to the varying contrast along kz projec-

tions.32 Volumetric, wT1, and wT2 mapping of the whole liver with isotropic resolution enables characterization of the spatial distribution of liver

inflammation and fibrosis in relation to the liver segments and of their relationship to hepatocellular carcinoma.33,39 There is preliminary work on

the simultaneous mapping of T1 and T2 at isotropic resolution using a variable density Cartesian trajectory and navigators at 1.5 T.40 Previous

works on free-breathing volumetric T1 mapping at 3 T rely on acquiring data for two different flip angles41,42 or use an adiabatic inversion pulse

combined with a B1-accounted subspace reconstruction32 to minimize errors due to B1 inhomogeneities, although Look–Locker techniques are

usually more robust in the presence of B1 inhomogeneities compared with VFA methods.43
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The purpose of the present work is to develop a method for free-breathing isotropic resolution self-navigated B1-insensitive whole-liver

simultaneous wT1 and wT2 mapping based on the radial stack-of-stars trajectory.

2 | METHODS

2.1 | Pulse sequence

A magnetization-prepared spoiled gradient echo sequence that is insensitive to B1 was developed for encoding T1 and T2. The pulse

sequence comprises an adiabatic modified B1-insensitive rotation (BIR)-4 preparation pulse (frequency sweep = 3700Hz, amplitude = 13.5 μT,

and duration without gap = 10ms)38,44,45 with a variable gap duration between the BIR-4 segments (Tprep). A variable pulse angle (T2prep with

Φ¼0 ∘ and T1prep with Φ¼180 ∘ ) is employed to achieve either a 0� (T2-) or an 180� (inversion) preparation using the same preparation module.

The preparation is followed by a two-echo bipolar gradient echo stack-of-stars readout. Radial spokes are acquired with pseudo-golden-angle

ordering46 in the kx–ky-plane, and centric profile ordering is employed along the partition encoding direction kz (see Figure 1). In each shot, pro-

files along the kz direction are read out at a fixed angle, and partial Fourier encoding is applied along the kz direction. The delay time between the

preparation pulse and readout (Tdelay) and the waiting time between two shots (Twait) are variable per preparation. In total, four different prepara-

tions (2�T1prep, 2�T2prep) are acquired. It has been previously shown that liver T1 and T2 mapping based on a limited number of preparations is

feasible when employing dictionary matching for parameter mapping.40,47,48

To minimize the B1 sensitivity of T1 and T2 parameter estimation while reducing acquisition time, Tdelay and Twait were optimized using a grid

search. Bloch simulations were carried out to simulate the signal for varying transmit B1 values (B1 ¼ ½0:75,1,1:25�), and T1 and T2 estimates were

F IGURE 1 A, Overview of the proposed method for simultaneous wT1 and wT2 mapping consisting of a free-breathing magnetization-
prepared data acquisition combined with a self-navigated motion-resolved reconstruction and parameter mapping using dictionary matching on
fat-suppressed images. B, The sequence involves four distinct preparations, with each preparation consisting of N shots. Each shot begins with an
adiabatic preparation pulse, followed by a two-echo gradient echo readout that encodes the kz direction. For each shot, the angle of the radial
spokes is varied.
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calculated through dictionary matching assuming B1 ¼1. The minimum of the combined T1 and T2 error, ξ, and minimized acquisition time, Tacq,

were determined based on an L-curve plot (Supplementary Figure S1):

ξ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNB1
NT1

NT2
i

T1,i�~T1,i

ΔT1

� �2
þ T2,i�~T2,i

ΔT2

� �2

NB1NT1NT2

vuuut ð1Þ

Tacq ¼
X4
i

TshotþTwait,i ð2Þ

with NB1NT1NT2 the number of simulated signals with different B1, T1, and T2 (T1 ¼ ½600,850,1200�ms, T2 ¼ ½20,40,60�ms); Tj,i and ~Tj,i denote the

simulated and estimated relaxation times, respectively, while ΔTj refers to the dictionary step size and introduces a normalization for the error

metric with respect to the relaxation times (ΔT1 ¼40ms, ΔT2 ¼3ms).

2.2 | Image reconstruction and parameter quantification

In addition to the pulse sequence, the proposed method introduces a four-step reconstruction and quantification framework consisting of (1) a

self-navigation-based motion state estimation, (2) a motion-resolved image reconstruction, (3) a graph-cut-based water–fat separation, and

(4) wT1 and wT2 mapping using dictionary matching based on Bloch simulations.

2.2.1 | Motion state estimation

The k-space center along the kz direction was selected, corresponding to the center of each radial spoke. An inverse Fourier transform was per-

formed along the kz direction, and an eddy-current correction was applied.49 The kz, echo, and coil dimensions were combined into the sample

dimension, while the spoke and preparation dimensions were combined into the time dimension. The temporal resolution is given by the shot

duration and waiting time, which is around 500ms for the T2 preparations. The magnitude and phase information were processed individually and

concatenated along the sample dimension. First, the intensity was normalized using the maximum and minimum value for each preparation

and sample. Second, the data was centered around zero using the median value. Principal component analysis (PCA) was subsequently performed

along the time dimension.50 The component from the first two components that had the highest peak in the 0.1–0.5Hz frequency range was

selected, as it likely represents the respiratory motion. The estimated motion curve ~mðtÞ was rescaled with pi,min the 5th percentile and pi,max the

95th percentile per preparation i:

miðtÞ¼
~miðtÞ�pi,min

pi,max �pi,min
: ð3Þ

Five equally spaced motion states were defined based on the amplitude of mðtÞ corresponding to the relative displacement (center of the bins:

½0:1,0:3,0:5,0:7,0:9�). In this study, the end-expiration state and the adjacent motion state were used in the iterative reconstruction to reconstruct

volumes for two different motion states, using regularization over the motion state dimension. Water–fat separation and parameter mapping were

only performed for the end-expiration state, as the dynamic information is usually not considered important for diagnosis. A complete reconstruc-

tion of all five motion states is given in Figure S11 for reference.

2.2.2 | Image reconstruction

T1 relaxation of the prepared magnetization occurs during the readout of the kz direction in a single shot, resulting in blurring along the feet–head

(F/H) axis in the reconstructed images (Supplementary Figure S3). To alleviate the relaxation-induced blurring, the k-space profile j in the kz direc-

tion was multiplied by a filter, Hi,j , for each preparation i. The filter weights were determined through Bloch simulations of the sequence. The aver-

age signal curve si,j was estimated for a range of relaxation times (T1 ¼200:300:1700ms, T2 ¼20:10:60ms). The curve was then normalized to

the transverse magnetization in the vicinity of the k-space center acquisition (j¼�1 for kz ¼�Δkz), and the inverse was computed for the outer

k-space profiles:
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 10991492, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/nbm

.5216 by H
elm

holtz Z
entrum

 M
uenchen D

eutsches Forschungszentrum
, W

iley O
nline L

ibrary on [27/09/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Hi,j ¼
1, ifj� f0,1, �1g
si,�1=si,j, otherwise:

�
ð4Þ

The inverse reconstruction problem was solved iteratively for the 3D volume using an alternating direction method of multipliers (ADMM)

optimizer:

x¼ argmin
x0

jjFSx0 �yjj22þRðx0Þ ð5Þ

RðxÞ¼ α1jjTVtemporalðxÞjj1þα2jjTVspatialðxÞjj1 ð6Þ

with x the complex reconstructed images for the preparations, motion states and echoes, y the motion state-binned multi-coil k-space, F the

inverse Fourier transform along the kz direction and the non-uniform fast Fourier transform per slice, S the ESPIRiT coil sensitivity maps,51 and R
the regularization term.

Two total variation (TV) regularizers were incorporated to ensure efficient convergence. First, TV regularization along the motion state dimen-

sion was used to ensure smooth transitions between different motion states for every voxel50 using a direct algorithm.52 Second, a 3D TV

regularizer was applied to further exploit the sparsity in the spatial domain using a fast gradient projection algorithm.53

2.2.3 | Water–fat separation

The two echo images of the end-expiration motion state were further processed to decompose water and fat signals based on a graph-cut algo-

rithm. The multi-resolution graph-cut algorithm for three or more echoes54 was combined with a phasor estimation for dual-echo water–fat sepa-

ration55 to compute an unwrapped field-map estimate. The algorithm carries out a graph-cut on various layers with distinct parameters and image

resolutions (isotropic voxel sizes: 5.5 mm, 3 mm, and the interpolated voxel size of 1.75 mm) for increased robustness.54 The solution from the

previous layer served as the initialization to resolve the ambiguity of the separation problem and correct for voxels without a phasor estimate.

The field-map of the first preparation (T2prep) functioned as the initialization for the other preparations. Water images were generated based on

the field-map estimate.

2.2.4 | wT1 and wT2 mapping

A B0-specific dictionary was created based on Bloch simulations of the BIR-4 preparation pulse and the gradient echo readout, using the parame-

ters T1 ¼95:15:2000ms, T2 ¼9:1:5:120ms, and B0 ¼�300:10:300Hz. B0 effects were especially considered during the the BIR-4 pulse to

remove the effect of B0 offsets on the magnetization after the preparation.38 The transverse magnetization during the k-space center acquisition

was used as a dictionary entry. The normalized water images were voxel-wise matched to the B0-specific dictionary to estimate wT1 and

wT2 maps by minimizing the L2 difference between the simulated and measured signals.

2.3 | Experiments

The proposed wT1 and wT2 mapping was compared with different imaging and single-voxel MRS techniques. Single-voxel MRS techniques were

employed to specifically measure the relaxation properties of the water component in the presence of fat.34,56,57 MOLLI and gradient and spin

echo (GRASE) are the vendor's single-slice single-breath-hold or respiratory-triggered techniques for in vivo T1 or T2 mapping, respectively. Dixon

spin echo is a single echo spin-wrap Dixon spin echo acquisition which is used to measure T2 due to its insensitivity to stimulated echoes and the

ability to remove the fat component. Stimulated echo acquisition mode (STEAM) TI is a standard technique for MRS-based measurement of T1.

However, STEAM TI and Dixon spin echo are unsuitable for in vivo use due to their motion sensitivity and lengthy acquisition times. Short-TR

multi-TI multi-TE STEAM (SHORTIE)58 TI and point resolved spectroscopy (PRESS) TE are efficient methods for in vivo MRS-based measurement

of wT1 or wT2 in fat-containing tissues, respectively. In comparison with MOLLI and GRASE, the MRS techniques can be applied as efficient and

fat-unconfounded references, as they can be performed in a breath-hold while correcting for the presence of fat.59

All measurements were performed on a clinical 3 T scanner (Ingenia Elition X, Philips Healthcare, The Netherlands). The study was approved

by local institutional review board (Klinikum rechts der Isar, Technical University of Munich, Munich, Germany). Informed consent was given by
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volunteers and patients. Phantom measurements used a 16-channel head coil and in vivo measurements were performed with an anterior coil and

posterior coils having 16 and 12 channels, respectively. The proposed wT1 and wT2 mapping sequence was acquired with 149 radial angles per

preparation and a partial Fourier factor of 3/4 in the partition encoding direction corresponding to a scan time of 6min 9 s. Sequence parameters

are summarized in Table 1. The respiratory signal estimated by the self-navigator was compared with a respiratory motion-tracking camera pro-

vided by the vendor (VitalEye, Philips Healthcare, The Netherlands).60–63

2.3.1 | B1, fat fraction, and SNR simulation

To evaluate the optimized sequence parameters, the sequence was simulated with B1 ¼0:6:0:1:1:2 for different T1 ¼500:50:1300ms and

T2 ¼15:2:5:55ms. The simulated transverse magnetization during the acquisition of the k-space center was taken as the signal and matched with

the dictionary. The error between the simulated and estimated relaxation parameters was calculated for each combination of parameters.

The performance of the proposed method was further assessed with regard to its sensitivity to fat and noise for a realistic scenario in the

presence of B0 inhomogeneities. A human body model (XCAT phantom, Duke University Medical Center, Durham, NC, USA)64 was employed to

generate T1, T2, PDFF and magnetic susceptibility maps. Physical realistic relaxation times at 3 T and magnetic susceptibilities were assigned

to organs in the abdomen.65–67 T ∗
2 relaxation was neglected, as two echoes with short echo times were simulated. The liver T1 and T2 were set to

800ms and 25ms, respectively. The liver PDFF and SNR were varied from 0 to 50% and 50 to 300, respectively. The field-map fB was simulated

by computing the convolution between a dipole kernel and the magnetic susceptibility map. Water and fat images were computed using the

entries of the B0-specific dictionary. Complex MR images were simulated based on a water–fat signal model68,69 assuming a multi-peak fat model.

Different SNR levels were simulated by adding Gaussian noise to the real and imaginary images.

To evaluate the proposed method, water–fat separation and dictionary matching was performed, similar to the phantom and in vivo measure-

ments. For the segmented liver, the mean difference between the reference value and the estimated wT1 and wT2 and the standard deviation

were calculated.

2.3.2 | Phantom measurements

The parameter quantification was validated using two different phantoms. The T1 phantom is a water–fat phantom (Calimetrix, Madison, WI,

USA) composed of 12 vials with varying wT1 (approximate range: from 500ms to 1200ms) and fat fraction (approximate range: from 0% to 11%).

The custom-built T2 phantom contains six vials with varying wT2 (approximate range: from 10ms to 40ms) and also varying wT1 (approximate

range: from 100ms to 1600ms) due to different concentrations of manganese(II) chloride (c� ½0,0:05,0:2,0:35,0:5� mM). One vial (c¼0:2 mM)

has a fat fraction of about 32% whereas the other vials do not contain fat.

Parameter estimates from the proposed method, MOLLI, and GRASE imaging techniques, as well as SHORTIE TI and PRESS TE spectroscopy

techniques, were validated against STEAM TI (wT1 reference) and Dixon spin echo (wT2 reference) techniques.

2.3.3 | Volunteer measurements

Ten volunteers were scanned in the study, where the proposed method was compared with GRASE and MOLLI techniques, and SHORTIE TI and

PRESS TE as spectroscopy references. Three MRS voxels were placed through the liver. The proposed method was repeated one more time for

five volunteers after the entire scan protocol without repositioning to assess the repeatability of the technique. To compare the proposed wT1

mapping with single-slice MOLLI T1 mapping, three ROIs (size: 11mm � 11mm) were positioned in the liver and back muscle. Additionally, three

more ROIs were placed for volunteers with repeated scans to conduct a repeatability analysis.

The proposed sequence was additionally scanned with two different flip angles of the gradient echo readout in one volunteer to evaluate

the B1 sensitivity in vivo: once with the nominal flip angle and once with a reduced flip angle of 6�, simulating a reduced B1 of 75%. A B1 map

using DREAM70 was acquired as reference (breath-hold scan, FOV¼400�400�196:8mm3, voxel size¼3�3�12mm3 (2D),

TE ¼ ½2:07,4:39�ms, TR ¼7:13ms, R¼2, scan time¼12 s). In addition to the MOLLI and GRASE protocols, which were used for all 10 volunteers,

MOLLI T1 was acquired with in-plane spatial resolution of 3mm (TE ¼1:05ms, TR ¼2:24ms) to match the in-plane resolution of the proposed

method.
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2.3.4 | Patient measurements

The robustness and clinical usefulness of the proposed technique were evaluated in five liver patients with different abdominal pathologies (com-

pensated liver cirrhosis, fatty liver disease, liver metastasis of pancreatic cancer, and hepatocellular carcinoma). The proposed technique was

scanned in addition to the conventional sequences of the clinical protocol used at our institution (Supplementary Table S1). For comparison, an

axial T2-weighted sequence and a late post-contrast T1-weighted fat-suppressed sequence (after injection of a gadolinium-based contrast agent)

were chosen to delineate lesions, and a multi-echo gradient echo acquisition was used for PDFF mapping.

2.3.5 | Data processing

Motion estimation and iterative reconstruction71 were implemented in Julia 1.9, and Bloch simulations, water–fat separation and dictionary

matching in Python 3.10. The non-uniform fast Fourier transform was performed on a GPU (NVIDIA RTX A6000).72 Total processing times per

data set were ð26:5�1:8Þ min. The source code and phantom data will be made publicly available: https://github.com/BMRRgroup/liver-t1t2-

mapping.

F IGURE 2 Expected errors in T1 and T2 measurements resulting from B1 inhomogeneity, in relation to relaxation parameters. Expected
healthy liver relaxation parameters are denoted by a black box annotated with mean and standard deviation of the errors. The figure
demonstrates B1 insensitivity for wT1 and wT2 quantification across the entire range of observed B1 inhomogeneities in the liver.77

F IGURE 3 SNR and fat fraction simulation in an anatomical body model in the presence of B0 inhomogeneities. A, Bias (mean difference) and
standard deviation (SD) for the whole range of simulated fat fractions and SNR levels. B, Reference wT1, wT2, and B0 maps and two extreme

cases (FF¼0% and 40%, SNR¼50). Fat does not confound the wT1 and wT2 measurements and notable errors only occur at low SNR.
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The regularization parameters α1 ¼0:03 and α2 ¼0:3 were optimized to reduce streaking artifacts while preserving imaging details. A nine-

peak fat model was assumed for simulation and water–fat separation.73,74 For visualization, the proposed wT1 and wT2 maps were masked based

on the fat fraction (<70%) calculated from the T2prep with Tprep ¼10:9ms, and were plotted onto the proton density map, which was additionally

obtained from dictionary matching.

Other imaging techniques were processed using the scanner's online reconstruction and fitting routines. For Dixon spin echo wT2, fat-

suppressed images for the different echo times were fitted to a mono-exponential model. Spectroscopy data was processed using

the ALFONSO75 framework applying coil combination, signal averaging, frequency offset correction, phase correction, and signal fitting. Specifi-

cally, model fitting was performed in the time domain and jointly for the TI/TE series using the nonlinear least-squares solver NL2SOL.58,76 The

fat fraction values for the phantom vials were taken from the phantom manufacturer's specifications (T1 Calimetrix phantom) or were taken from

a STEAM TE spectroscopy scan (TE ¼ ½10,15,20,25,75�ms, TR ¼5 s) using the same MRS processing as described above (custom-built T2

phantom).

F IGURE 4 Comparison of the proposed wT1 and wT2 mapping with conventional methods and MRS reference. A, T1 phantom experiment
displaying the proposed simultaneous wT1 and wT2 mapping alongside MOLLI T1 mapping, GRASE T2, and Dixon spin echo wT2 mapping. The
black box in the maps indicates the voxel used for the spectroscopy reference presented in B. Voxels of similar size were positioned in all vials for
MRS. B, Two MRS spectra from the PRESS and SHORTIE sequences employed for wT1 and wT2 estimation. The measured spectra are depicted
in black, while the simultaneous TE/TI series fit is shown in blue.
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3 | RESULTS

3.1 | B1, fat fraction, and SNR simulation

Figure 2 illustrates the B1 sensitivity of the optimized pulse sequence parameters, analyzed through Bloch simulations across various relaxation

parameters. The errors between the simulated and estimated T1 and T2 relaxation times are minimal for the anticipated healthy liver relaxation

parameters within the expected range of B1 inhomogeneities in the liver at 3 T (B1 between 60% and 115%).77 For lower B1 values, a bias in T1

estimation increases for long T1 and T2 relaxation times.

The body model simulation in Figure 3 shows the bias and precision of the wT1 and wT2 estimates for different fat fractions and SNR levels.

The parameter estimation is unbiased for the entire range of simulated fat fractions (0–50%) for moderate and higher SNR (SNR≥50). At low SNR

F IGURE 5 Quantitative evaluation of phantom experiments for T1 measurements (A) and T2 measurements (B). The reference wT1

measurement is obtained using a STEAM TI series spectroscopy sequence, while the reference T2 measurement employs a Dixon spin echo
imaging sequence. The left plots compare T1 and T2 estimates from methods used in the volunteer study with reference values, which are
infeasible to acquire in vivo due to their lengthy acquisition times. The right plots show the differences between the proposed method, MOLLI,
and GRASE and their respective references (vertical axis) for various fat fractions (horizontal axis). The mean difference (solid line) and standard
deviation (SD, dashed line) are presented for the proposed method to estimate bias and precision in comparison to the reference.
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(SNR¼50), the standard deviation increases to 60ms and 1.3ms for T1 and T2 and a fat fraction of 0%. For higher fat fractions and low SNR, the

standard deviation increases and for large fat fractions a bias may occur depending on the B0 inhomogeneities and the quality of the estimation.

3.2 | Phantom results

Figure 4A shows the proposed, MOLLI, GRASE, and Dixon spin echo maps in the T1 Calimetrix phantom. Coronal reformats, only possible for the

proposed method as it is a 3D sequence, demonstrate good homogeneity throughout the entire FOV. For the GRASE T2 map, noticeably higher

T2 values, compared with the proposed wT2 mapping and Dixon spin echo, can be visually identified. Supplementary Figure S2 shows the pro-

posed and reference maps in the custom-built T2 phantom.

The quantitative evaluation in Figure 5 indicates an excellent agreement between the proposed wT1 mapping and STEAM TI (mean differ-

ence: ð5�36Þms) and between the two MRS techniques, SHORTIE TI and STEAM TI (mean difference: ð�6�9Þms). The standard deviation for

the proposed wT1 increases for higher T1 values, related to the ringing that can be observed in the phantom. MOLLI T1 deviates from the spec-

troscopy reference for vials with shorter T2 values and slightly overestimates for those with longer T2 values and higher fat fractions, with an

overall mean difference of ð31�71Þms. The proposed method exhibits a good agreement with Dixon spin echo, with a mean difference of

ð2:3�1:6Þms. The PRESS MRS technique, used as the T2 reference for the in vivo experiments, generally corresponds well to Dixon spin echo

(mean difference: ð0:1�2:7Þms) but shows a larger difference than the proposed method for the bottom row of the T1 Calimetrix phantom.

GRASE T2 has a mean difference of ð10:5�5:6Þms with regard to Dixon spin echo and shows increasing differences from the reference with

increasing fat fraction. A quantification bias related to the fat fraction cannot be determined for the proposed wT1 and wT2 mapping. The pro-

posed method and comparison results for all ROIs are listed in Supplementary Tables S2 and S3.

Supplementary Figure S4 shows that dictionary matching without prior fat suppression leads to significant quantification errors.

Moreover, the combined dictionary matching of T1prep and T2prep proves to be important for parameter accuracy (Supplementary

Figure S5).

3.3 | In vivo volunteer results

Figure 6 provides a summary of in vivo maps for four volunteers. The superior in-plane spatial resolution of single-slice MOLLI is evident, while

the proposed method enables whole-liver coverage. GRASE liver T2 maps are shown to be more inhomogeneous and more susceptible to artifacts

than the proposed wT2 maps.

F IGURE 6 Comparison of the proposed wT1 and wT2 mapping with MOLLI T1 and GRASE T2 mapping for four volunteers (numbers 3, 5,
6, and 9) and a representative slice. Both axial and coronal planes are displayed for the proposed method, as it acquires the entire liver volume,
while MOLLI and GRASE are 2D sequences with limited slice coverage. The placement of the ROIs for quantitative evaluation (Figure 7) is
representatively shown in the T1 maps of one volunteer.
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A quantitative evaluation of the proposed wT1 and wT2 mapping for all volunteers is presented in Figure 7, and Supplementary Tables S4 and

S5. In general, results similar to those in the phantom are found, with an agreement of the proposed method with the MRS reference measure-

ments (wT1 ¼1:02wT1;refþ41:2ms,R2 ¼0:34). In contrast to the results in the phantom, the proposed method, SHORTIE TI, and MOLLI show

greater divergence among themselves. The mean difference between MOLLI T1 and the proposed wT1 in the liver is ð�27�61Þ ms, showing a

F IGURE 7 Quantitative evaluation of the volunteer study for T1 measurements (A) and T2 measurements (B). In the upper part of the figure,
the scatter plots show the linear correlation of the proposed method with reference sequences, while the lower plots present Bland–Altman
analyses. The color shading denotes the volunteer number. The first column compares the proposed wT1 with SHORTIE wT1, showing higher
wT1 for the proposed method. Three ROIs per subject were scanned. In total, six ROIs with standard deviations larger than 110ms were excluded
due to the included blood vessels confounding the quantification. The middle column compares the proposed wT1 with MOLLI for three ROIs in
the liver and muscle, showing a good correlation, with slightly lower estimated wT1 for the proposed wT1 compared with MOLLI T1. The T2

evaluation (third column) indicates better agreement between the proposed method and PRESS than with GRASE. Additionally, GRASE exhibits
notably higher standard deviations in the ROIs compared with the proposed wT2 mapping.

F IGURE 8 Self-gated respiratory motion signal for Patient 1 based on Equation (3) showing the relative displacement of the liver throughout
the scan. Motion states were determined based on the amplitude of the motion signal. The respiratory motion signal from the vendor-provided
auxiliary camera60–63 is displayed as a reference in gray. At the top, the different preparations during the free-breathing acquisition are
highlighted. The fat-suppressed images and the field-map of the first motion state (end-expiration) obtained from the water–fat separation are
presented for each preparation.
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slightly larger deviation for higher T1 values in muscle. The proposed wT2 mapping demonstrates good agreement with PRESS MRS, albeit with

slightly lower values (average difference: ð�2:3�3:4Þms), while GRASE considerably overestimates PRESS and the proposed wT2.

Supplementary Figure S6 shows the repeatability analysis in a subset of the volunteer study. A good agreement with average difference

ΔwT2 ¼ð0:2�1:3Þms and ΔwT1 ¼ð�19�43Þms) was found.

Furthermore, the effects of confounding factors on the image quality were investigated. The effect of the T1 blurring correction is assessed

in vivo in Supplementary Figure S7, showing slight improvements due to the T1 blurring correction in the visualization of vessels. Supplementary

Figure S8 evaluates the B1 sensitivity in vivo, showing strong B1 inhomogeneities in the range from 60% to 120% but comparable image quality

for the proposed method with two different flip angles, even if additional B1 inhomogeneities are simulated. The robustness of the proposed

sequence with regard to respiratory motion is another important property. Supplementary Figure S9 shows the self-navigator signal for different

volunteers with varying breathing patterns. Supplementary Figure S10 compares the proposed motion-resolved reconstruction with a motion-

averaged reconstruction and shows improvements in the visualization of vessels and in quantification using the motion-resolved reconstruction,

especially in the upper part of the liver. Supplementary Figure S11 shows wT1 and wT2 maps for each of the five motion states. In addition, Sup-

plementary Figure S12 compares the proposed wT1 and wT2 maps with MOLLI T1 and GRASE T2 at the same nominal in-plane resolution to visu-

alize any loss in texture details due to confounding factors such as T1 blurring or motion. The appearance of the vessels is slightly different in the

proposed wT1 maps.

3.4 | In vivo patient results

The proposed wT1 and wT2 mapping was successively carried out in all five patients (Supplementary Figure S13). Figure 8 displays the self-gating

signal of one of the patient scans and compares the extracted motion signal with a surrogate respiratory signal based on the vendor's provided

auxiliary camera.

Figure 9 demonstrates the results in a 73-year-old patient with hepatocellular carcinoma in segment VI adjacent to a portal vein branch with

macrovascular invasion. The proposed wT1 and wT2 mapping can identify the lesion (wT1;lesion ¼ð1028�41Þms and wT2;lesion ¼ð42:8�3:2Þms),

which can also be delineated in a T2-weighted and post-contrast scan of a clinical liver examination. Homogeneous wT1 and wT2 maps

F IGURE 9 Proposed liver wT1 and wT2 mapping in Patient 1 with hepatocellular carcinoma and elevated liver fat fraction (approximately
15%). Clinically utilized T2-weighted sequences, a post-contrast T1-weighted sequence, and the PDFF map are provided as references. The lesion
visible in the T2-weighted and post-contrast T1-weighted scans (indicated by the arrow) can be identified in the proposed wT1 and wT2 maps.
The slice position is illustrated by the dashed line in the coronal reformat of the wT1 and wT2 maps. Mean liver wT1 and wT2 values are displayed
for an ROI in the coronal reformat.
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(wT1;healthy tissue ¼ð771�21:4Þms and wT2;healthy tissue ¼ð32:0�1:1Þms) are estimated even though the liver fat fraction is significantly increased,

by at least 15%, and spatially heterogeneous.

Supplementary Figure S14 presents the results in a 68-year-old patient with decompensated liver cirrhosis and resistant ascites.

4 | DISCUSSION

The present work introduces a method for free-breathing self-navigated whole-liver wT1 and wT2 mapping. The proposed method allows simulta-

neous quantification of wT1 and wT2 while being B1 insensitive for liver relaxation times at 3 T by using an adiabatic modified BIR-4 preparation

pulse and optimized sequence parameters. The novel data acquisition scheme was combined with a motion-resolved reconstruction and parame-

ter quantification based on dictionary matching.

The first important feature of the proposed technique is its performance in terms of accuracy and precision. Results demonstrated the ability

of the proposed method to estimate simultaneously wT1 and wT2 maps of the whole liver at an isotropic resolution of 3mm in around 6min. The

robust fat suppression performance of the proposed method was investigated in a simulation of an anatomical body model as a function of SNR.

However, the Dixon readout with two echoes is not suitable for quantitative PDFF mapping, as confounding effects such as R ∗
2 are not suffi-

ciently corrected in comparison with clinical PDFF mapping with more acquired echoes.8 wT1 and wT2 maps were robustly estimated in all 10 vol-

unteers and five patients. The proposed method showed good T1 and T2 quantification accuracy in the phantom, with an increase in standard

deviation for higher T1 values. In vivo results generally agreed with phantom findings and highlighted the biased and imprecise quantification of

GRASE T2 mapping that is to be expected, for example, due to stimulated echo pathways.78 The proposed method yielded slightly lower values

in vivo than MOLLI in subjects with no relevant liver fat content. The deviation of the proposed wT1 and MOLLI T1 increased at longer T1 values,

as in the muscle. It is known that MOLLI quantification can be biased depending on experimental conditions,79,80 as can be seen for the custom-

built T2 phantom with a bias for vials with small T2 values or a slight overestimation associated with the fat fraction for the T1 phantom. In addi-

tion, the proposed method might be affected by Gibbs ringing, T1 blurring, and B1 sensitivity at longer T1 values, as validated in simulations and

phantom experiments. The proposed method showed the best agreement with spectroscopy in vivo when compared with other imaging tech-

niques, with a small overestimation for T1 compared with SHORTIE TI and a slight underestimation for T2 compared with PRESS TE. Neither spec-

troscopy technique can be regarded as a perfect reference, as both techniques have been optimized to be performed in a single breath-hold.

Effects such as blood flow and residual motion can lead to differences between the phantom and in vivo measurements. The proposed method

demonstrated excellent repeatability for wT2 and a slight bias of 20ms for wT1.

A second important feature of the proposed technique is its free-breathing acquisition mode. Various T1 and T2 mapping methods have been

proposed relying on single breath-holds, with the advantage of short acquisition times.29,34,81,82 However, many breath-hold-based methods only

measure a specific number of slices without covering the entire liver. Moreover, breath-hold scans may not be feasible for sick patients. In con-

trast, free-breathing scans have a longer acquisition time but offer the advantage of a 3D acquisition of the entire liver with better resolution

along the F/H axis, allowing for a more comprehensive assessment of changes throughout the liver.

While other proposed whole-liver free-breathing T1 mapping techniques typically rely on a Look–Locker scheme acquiring multiple different

inversion contrasts after a single inversion pulse,32,33,42 the proposed technique acquires only a single image volume after the inversion pulse.

Although the proposed approach limits the dynamic range and the contrast of the T1 preparations, T1 mapping can be successfully performed due

to the applied dictionary matching approach. Moreover, in contrast to the use of a Look–Locker scheme, the proposed acquisition is capable of

leveraging several advantages of the radial stack-of-stars trajectory.32

First, acquiring only a single inversion contrast per preparation allows for greater flexibility in selecting the F/H resolution, enabling an isotro-

pic resolution of 3 mm for the proposed method, whereas other Look–Locker methods apply an F/H resolution of the order of 6 or 5 mm.

Although these other Look–Locker methods have an increased in-plane resolution, the proposed method can also achieve a finer in-plane resolu-

tion by increasing the number of acquired radial spokes. A preliminary work on free-breathing whole-liver wT1 and wT2 mapping at 1.5 T has dem-

onstrated the possibility of increasing the F/H resolution using a variable density Cartesian trajectory.40 However, similar to other methods, T1

relaxation along the readout introduces blurring along the F/H axis, which can limit the actual resolution along the axis. In this work, we

reweighted k-space based on correction factors computed from Bloch simulations with different relaxation parameters. The proposed T1 blurring

correction reduces blurring but cannot completely correct relaxation blurring, as the blurring differs for each tissue depending on its T1 and T2. In

addition, TV-regularized image reconstruction may sacrifice small details in order to reduce streaking artifacts. This trade-off between minimizing

undersampling artifacts and preserving small features may affect the spatial resolution of the reconstructed images. The actual spatial resolution

in the F/H direction is probably lower than the acquisition resolution due to motion and T1 blurring effects. The actual in-plane spatial

resolution might be similarly affected by motion due to residual motion blurring within the five motion states, with effects on image quality vary-

ing by subject.

Second, the acquisition of only a single inversion contrast per preparation additionally reduces the contrast variation across kz projections.

This ensures the possibility of using the self-navigating properties of the stack-of-stars trajectory, whereas the time-interleaved acquisition of
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multiple different contrasts after a single inversion results in varying contrasts along the kz projections and may complicate self-navigation.32 The

proposed method applies a PCA-based motion estimation of the oversampled k-space center with rescaling for each dynamic. Other free-

breathing relaxometry works require the acquisition of MR navigators,40 navigator-like training data (which is also beneficial for the implemented

tensor-based image reconstruction),33 or the use of an external surrogate respiratory motion signal, such as a respiratory bellow.32 The use of

additional navigator pulses prolongs the total acquisition time and navigators need to be carefully designed to not interfere with the imaging pro-

cess. The respiratory bellow depends on proper placement and therefore may not be as reliable as an MR navigator.83 Instead, the motion estima-

tion and motion-resolved reconstruction performed robustly in both the volunteer and patient study.

Two of the most prominent methods proposed for liver relaxometry are MR fingerprinting (MRF)81,84 and MR multitasking.33,41 The proposed

method incorporates some of their concepts and also has unique features. Previous liver MRF methods use low flip angles and various inversion

and T2prep pulses to acquire multiple quantitative maps while being B1 insensitive, e.g., water-specific T1, T2, T1ρ and T ∗
2 and PDFF.84 The pro-

posed method also uses an adiabatic preparation pulse, but the acquisition parameters are not continuously varied during data acquisition as in

MRF.85 Instead, the proposed method includes the optimization of the sequence parameters to minimize B1 sensitivity over the four acquired rel-

axometry contrasts. MRF in the liver has mostly been investigated as single-slice radial acquisition in a breath-hold,81,84 whereas the proposed

method acquires volumetric whole-liver maps during free-breathing. To enable simultaneous wT1 and wT2 mapping from only four acquired rel-

axometry contrasts, dictionary matching similar to MRF was used in the proposed method. The dictionary enables the direct integration of con-

founding factors such as B0 inhomogeneity. Liver multitasking uses a Look–Locker scheme and a radial stack-of-stars trajectory acquiring wT1,

R ∗
2 , and PDFF while assuming an analytical signal model. Previous multitasking methods acquire maps with 1:5�1:5�6mm3 resolution in 5 or

7min during free-breathing, depending on whether two different flip angles are acquired for B1 correction.41 In multitasking, a k-space line along

the kz axis is acquired every eight readouts for motion navigation (every 74ms), while the proposed method uses a self-navigator acquired over

the entire readout (about 245ms). The centric profile ordering along kz of the proposed method compared with the Gaussian-density randomized

ordering for multitasking could improve the motion robustness, whereas the randomized ordering improves incoherence and allows higher

undersampling strengths. An important difference between the proposed method and multitasking is the acquisition of fewer inversion contrasts

and the acquisition of an additional wT2 map instead of PDFF and R ∗
2 maps. However, MR multitasking has also been combined with T2preps for

the acquisition of T2 maps in other anatomies with different acquisitions, e.g., 2D T1 and T2 mapping in cardiac imaging.86 In multitasking, a large

number of different images are acquired with strong undersampling and different inversion contrast, exploiting low-rank properties of the data

during image reconstruction. The proposed method does not rely on a low-rank reconstruction, although this could further enhance the image

quality.

The proposed co-registered wT1 and wT2 maps can become clinically relevant, as studies have shown the benefits of both T1 and T2 mapping

in the liver and its combination.15,87 The presented patient cases demonstrate the ability of the proposed method to depict liver lesions in a liver

cancer patient with increased liver fat content. The water–fat separation is of great importance for T1 and T2 quantification, as shown in the

phantom experiment without fat suppression, leading to a significant quantification bias (Supplementary Figure S4). The proposed method is

expected to be applicable in patients with liver iron overload and short T2 and T ∗
2 , as the T2 quantification performance was robust even in the

phantom with short T2 values. The combined dictionary matching approach also accounts for possible confounding effects in the T1 estimate.

The water–fat separation performance might be affected since R ∗
2 is not modeled in the signal model, although the effect is minimized by the two

echoes with short echo times. In the case of diffuse liver disease, spatial resolution may be slightly reduced (i.e., for detecting and staging of fibro-

inflammation88), allowing further reduction in acquisition time. It should be noted that changing the F/H resolution in particular changes the read-

out and optimization of a subset of the acquisition parameters could be beneficial. In addition, the minimum shot duration Tshot cannot be reduced

to a minimum due to the SAR limitations of the BIR-4 preparation pulse.

The present work has some limitations. First, the achieved T1prep contrast is reduced in regions with strong B0 inhomogeneities, such as the

upper part of the liver, which increases the uncertainty of parameter estimation. Sequence timings were optimized to minimize B1 sensitivity for

T1 and T2 mapping, and the proposed method used a B0-specific dictionary to correct for B0 inhomogeneities during parameter fitting. To further

improve parameter estimation in the upper liver area, a combined optimization of sequence parameters with respect to B1 and B0 sensitivity might

be beneficial. Second, the proposed technique shows good B1 insensitivity in a simulation for the expected liver parameters in a B1 range of 60–

120% with remaining B1 sensitivity at longer T1 and T2 values. In the case of very severe B1 inhomogeneities, quantification bias may occur.

Adding an additional T1prep might reduce the B1 sensitivity but would increase scan time. Third, the proposed method acquires only a single

inversion contrast after the inversion pulse. The amount of sampled contrast information along the T1 recovery may be limited compared with a

classical Look–Locker method, but offers several advantages—for example, the flexibility in combination with T2preps or the choice of spatial res-

olution. To obtain additional data about the T1 recovery, additional T1preps must be added, which increases the scan time. Fourth, a simultaneous

mapping of wT1, wT2, R
∗
2 , and PDFF would be interesting to correct for R ∗

2 as a possible confounding factor and to better understand the inter-

play of liver inflammation, fibrosis, iron content, and fat content. There are free-breathing techniques that perform wT1 mapping along with R ∗
2

and PDFF,33 but they do not include wT2 mapping. The current sequence could be modified to acquire more echoes for the additional mapping of

R ∗
2 and PDFF. Fifth, applying a deep-learning-based regularizer could reduce computation time, eliminate the need to fine-tune regularization

terms, and potentially enable the reconstruction of parameter maps with finer details that might be smoothed due to current TV
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regularization.89,90 In contrast to 2D data or other anatomies, the difficulty in applying deep learning to the reconstruction of the present data is,

in addition to GPU memory, that fully sampled motion-free ground truth images are not available for training, as increasing the acquisition time

would likely result in more subject motion. Sixth, the 1D self-navigation signal corresponds well to the signal from the vendor-provided respiratory

motion camera, but a higher dimensional MR navigator could extract more information for motion compensation,91 although changes to the pulse

sequence would be necessary. In addition, multiple preparations were acquired sequentially during a 6min scan, and subject motion may occur

during the scan. Registration of the different preparation volumes could reduce the influence of subject motion on the quality of the wT1 and

wT2 maps.

5 | CONCLUSION

In this work, a method for free-breathing whole-liver simultaneous wT1 and wT2 mapping was proposed. The method consists of a novel pulse

sequence combined with a motion-resolved reconstruction and dictionary mapping-based parameter estimation. The proposed method enables

the simultaneous and co-registered mapping of wT1 and wT2 at 3 T in the presence of B1 and B0 inhomogeneities, and allows whole-liver wT1

and wT2 mapping with high accuracy at an isotropic nominal spatial resolution of 3mm in a fixed acquisition time of 6min during free breathing.
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