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R E S E A R C H A R T I C L E

B0 navigator enables respiratory motion navigation in radial
stack-of-stars liver Look-Locker T1 mapping

Jonathan Stelter1 Kilian Weiss2 Veronika Spieker3,4 Julia A. Schnabel3,4,5

Rickmer F. Braren1 Dimitrios C. Karampinos1,6,7

1Institute for Diagnostic and
Interventional Radiology, School of
Medicine and Health, TUM University
Hospital, Technical University of Munich,
Munich, Germany
2Philips GmbH Market DACH, Hamburg,
Germany
3Institute of Machine Learning for
Biomedical Imaging, Helmholtz Munich,
Neuherberg, Germany
4School of Computation, Information and
Technology, Technical University of
Munich, Munich, Germany
5School of Biomedical Engineering and
Imaging Sciences, King’s College London,
London, UK
6Munich Institute of Biomedical
Engineering, Technical University of
Munich, Garching, Germany
7Munich Data Science Institute, Technical
University of Munich, Garching, Germany

Correspondence
Jonathan Stelter, Institute for Diagnostic
and Interventional Radiology, School of
Medicine and Health, TUM University
Hospital, Technical University of Munich,
Munich, Germany.
Email: jonathan.stelter@tum.de

Present address
Jonathan Stelter, Institute for Diagnostic
and Interventional Radiology, TUM
University Hospital, Munich, Germany

Funding information
Deutsche Forschungsgemeinschaft,
Grant/Award Number: 455422993; TUM
International Graduate School of Science
and Engineering; Philips Healthcare

Abstract
Purpose: To develop a B0 self-navigation approach to estimate respiratory motion
for motion-corrected liver T1 mapping using a Look-Locker acquisition with radial
stack-of-stars trajectory.
Methods: The proposed method derives 1D field-map profiles from the oversam-
pled k-space center to estimate a normalized breathing curve and the B0 variation
amplitude for each slice and coil. B0 drift and contrast variations, inherent to the
Look-Locker acquisition, were modeled and corrected by fitting and demodulat-
ing drift and offset terms. The breathing curve was employed to bin data into
motion states for motion-resolved reconstruction, followed by water-specific T1

mapping. Simulations with an anatomical body model and in vivo experiments
with a Look-Locker multi-echo gradient echo sequence were performed to vali-
date the technique. The estimated normalized breathing curve was compared with
magnitude- and phase-based self-navigation approaches using principal component
analysis.
Results: The proposed B0 self-navigation reliably estimated the normalized breath-
ing curve and the B0 variation amplitude in simulations and in vivo. B0 variation
amplitudes increased with greater tissue displacement, with median values across
slices and coils ranging from 4 to 15 Hz at 3 T in volunteers. Motion-resolved
reconstruction using the estimated breathing curve reduced motion artifacts
and improved image and T1 mapping quality compared to motion-averaged
reconstruction.
Conclusion: B0 self-navigation allows estimation of respiratory motion in acqui-
sitions with varying contrast and quantifies the B0 variation amplitude, providing
a possible surrogate signal for tissue displacement and enabling self-gated liver T1

mapping using a Look-Locker approach.
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1 INTRODUCTION

Free-breathing acquisitions are of increasing interest in
abdominal imaging, enabling high-resolution volumetric
imaging and quantitative relaxation mapping that may
not be feasible in a breath-hold. Radial stack-of-stars tra-
jectories are particularly well-suited for such applications
due to their inherent oversampling of the k-space center,
which also enables self-navigation of respiratory motion.1
However, estimating a reliable motion signal may be chal-
lenging in acquisitions with varying contrast.

Look-Locker-based T1 mapping is an example of
such an acquisition with varying contrast across dif-
ferent inversion times (TI) and has previously been
combined with a stack-of-stars trajectory to perform
liver water-specific T1 (wT1) mapping.2–5 Yet, previous
approaches have relied on external motion signals such as
bellows,2,4 the pilot tone,5 or model-based motion estima-
tion from contrast-weighted magnitude data,3,6 to allow for
motion-resolved reconstruction.

Separately, a phase-based B0 self-navigation approach
leveraging the 1D oversampled k-space in gradient echo
radial stack-of-stars acquisitions has been proposed for
estimating and correcting temporal B0 variations in body
regions with minimal tissue displacement and respira-
tory motion-induced B0 fluctuations such as the neck and
shoulder region.7 This B0 self-navigation technique has
not yet been applied in anatomies such as the liver, where
substantial tissue displacement occurs during the respi-
ratory cycle. Additionally, phase-based approaches may
be advantageous in Look-Locker acquisitions with vary-
ing contrast weightings, where magnitude-based motion
estimation may be complicated.

This work aims to develop a B0 self-navigation method
for estimating respiratory motion in acquisitions with
different contrast weightings and apply the method in
free-breathing whole-liver wT1 mapping.

2 THEORY

The B0 navigator fB,nav has been recently proposed to
estimate and correct temporal B0 variations in radial
stack-of-stars imaging using the 1D oversampled k-space
in the z-direction.7 The B0 navigator is estimated from
the navigator signal of coil 𝑗, which is the average sig-
nal snav,𝑗(z,TE) in the radial xy-plane weighted by the coil
sensitivity c𝑗(x, y, z):

snav,𝑗(z,TE) = ∫ c𝑗(x, y, z)s(x, y, z,TE)dxdy, (1)

at the echo time TE. In gradient echo imaging, the signal
is modeled as the complex sum of signals 𝜚i(x, y, z) from

different chemical species with a chemical shift-induced
resonant frequency relative to the center frequency fi, and
a coefficient 𝜂(x, y, z) = i2𝜋fB(x, y, z) − R∗

2(x, y, z), which
accounts for the apparent transverse relaxation R∗

2(x, y, z)
(assumed common for all chemical species) and field inho-
mogeneity fB(x, y, z):

s(x, y, z,TE) =
∑

i
𝜚i(x, y, z)ei2𝜋fiTE e𝜂(x,y,z)TE . (2)

Typically, the signal is modeled for two species, water
𝜚W and fat 𝜚F , with a multi-peak fat spectrum d(TE) =∑P

p=1𝛼pei2𝜋fpTE and
∑P

p=1𝛼p = 1.8,9

To understand the main factors affecting the B0 navi-
gator signal in the radial stack-of-stars acquisition, we first
study 2D examples. Specifically, we use a 2D object and
determine the equivalent navigator signal, corresponding
to the B0 value extracted based on the multi-echo signal at
the k-space center.

2.1 B0 navigator in simplified
two-species model

Let us consider a 2D object (snav(z,TE) = snav(TE)
Figure 1A,B) consisting of two water species (𝜚1 and
𝜚2) with different spatial distributions, 2D areas (A1
and A2) and field-maps (fB,1 and fB,2). Neglecting T∗

2
decay and assuming a single coil with uniform sensi-
tivity (c(x, y, z) = 1), the navigator signal for a proton
density-weighted acquisition becomes:

snav(TE) = ∫A1

𝜚1ei2𝜋fB,1TE dxdy + ∫A2

𝜚2ei2𝜋fB,2TE dxdy

= 𝜚1A1ei2𝜋fB,1TE + 𝜚2A2ei2𝜋fB,2TE , (3)

For small field-map-induced phase terms (fB,1TE << 1 and
fB,2TE << 1), the navigator signal can be approximated as
single-species signal using a first-order Taylor expansion
(see also Supporting Information):

snav(TE) ≈ (𝜌1A1 + 𝜌2A2)ei2𝜋fB,navTE . (4)

The average field and B0 navigator, fB,nav, is a weighted
average of the individual field-maps:

fB,nav({𝜚i}, {Ai}, {fB,i}) =
𝜚1A1

𝜚1A1 + 𝜚2A2
fB,1 (5)

+ 𝜚2A2

𝜚1A1 + 𝜚2A2
fB,2.

The B0 navigator is computed based on the integration
of the complex signal and is therefore dependent on the
underlying composition of the two-species model.
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STELTER et al. 3

(A) (B) (C)

F I G U R E 1 Effect of contrast variations on the B0 navigator in a 2D object. The B0 navigator was estimated similarly to the other
experiments using a graph-cut algorithm with a water-only or a water-fat signal model. (A) Simulated Look-Locker signal for two tissues (𝜚1,
𝜚2) with different spatial distribution, B0 and T1 values. (B) Both tissues are modeled as water-based, with no additional chemical shift. The
estimated B0 navigator (f̃ B,nav) and the signal magnitude variations are shown over the acquired shots, with contrast changes occurring over 7
shots. The approximation from Equations 4 and 5 is included as a reference. (C) 𝜚2 is modeled as fat with a multi-peak fat spectrum, resulting
in different f̃ B,nav variations compared to the first case. As a comparison, the estimated Dixon-based B0 navigator is compared to a water-only
signal model used in the estimation of the B0 navigator, resulting in stronger estimated f̃ B,nav variations.

2.2 B0 navigator in water-fat model

When water and fat species are considered (Figure 1C),
Equation (5) is modified to account for the multi-peak
fat spectrum and echo times, resulting in the following
dependencies: fB,nav({𝜚i}, {Ai}, {fB,i}, d(TE)).

The B0 navigator is again computed based on the inte-
gration of the complex signal and is therefore dependent
on the underlying composition of the water-fat model, in
particular the fat spectrum d(TE) with the employed echo
times TE.

2.3 B0 navigator in scans with varying
contrast

For scans with varying contrast, the signal 𝜚i for species
i may vary during the scan, for example, with the inver-
sion time TI in Look-Locker experiments. This leads to
a dependence of the B0 navigator on the inversion time:
fB,nav({𝜚i(TI)}, {Ai}, {fB,i}, d(TE)).

The average field for each coil and slice can be esti-
mated as a function of time t from the oversampled 1D
k-space acquired in each shot.7 This field-map can be
decomposed into a contrast-dependent offset 𝛼(TI) and the
temporal B0 variations ΔfB(t):

fB,nav(t) = 𝛼(TI) + ΔfB(t), (6)

with the temporal B0 variations assumed to be spatially
approximately homogeneous for each slice and sensitivity
of the receive coil.

The contrast-dependent offset 𝛼(TI) is constant over a
given inversion time TI and captures the effect of the vary-
ing contrast on the B0 navigator (the B0 navigator is based
on the integration of complex signal along the x and y axes
as shown before). The temporal B0 variations capture esti-
mated variations independent of the varying contrast, such
as a drift induced by gradient heating or breathing-induced
B0 variation. The linear drift is modeled with slope 𝛽 and
the breathing-induced B0 variation is modeled with the
breathing curve b(t) and the B0 variation amplitude 𝛾 :

ΔfB(t) = 𝛽t + 𝛾b(t) (7)

The B0 navigator is therefore presently modeled as
follows for each slice and coil:

fB,nav(t) = 𝛼(TI) + 𝛽t + 𝛾b(t), (8)

To ensure separation of the different components, b(t) is
normalized to an interval [−1,1] and assumed to be cen-
tered around zero and independent of the contrast offset
and linear drift. The proposed fitting procedure is initially
performed with the breathing curve b(t) set to zero, after
which b(t) and its B0 variation amplitude 𝛾 are estimated
using an iterative scheme.

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30567 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [22/05/2025]. 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



4 STELTER et al.

3 METHODS

3.1 B0 self-navigation and respiratory
motion estimation

The oversampled k-space along the kz-direction was
extracted from the center of each spoke, and 1D mag-
nitude and phase projections were computed using the
inverse Fourier transform. First, low-frequency com-
ponents that vary with the angular increment of the
spokes were removed using an orthogonal projection.7,10

Coil-wise water-fat separation was performed using a
single-resolution variable-layer single-min-cut graph-cut
algorithm,11 with smoothness enforced along the
z-direction and the temporal shot dimension.7 The esti-
mated field map per coil, varying with the slice location
and time, constitutes the B0 navigator signal to be analyzed
further.

The model in Equation (8) is therefore extended with
the B0 navigator per coil 𝑗 as a function of both slice
location z and time t:

fB,nav,𝑗(t, z) = 𝛼𝑗(TI, z) + 𝛽𝑗(z)t + 𝛾𝑗(z)b(t), (9)

A single breathing curve b(t) was estimated from the
1D field-map profiles, assuming the model in Equation (9)
(Figure 2B). The estimation process involved two main
steps:

First, contrast offsets 𝛼𝑗(TI, z) and the B0 drift coeffi-
cients 𝛽𝑗(z) were estimated using a least squares fit with
b(t) set to zero. The resulting residual represents the navi-
gator signal with the contrast offset and linear drift demod-
ulated. An initial estimate for b(t)was obtained by comput-
ing the median of the demodulated samples from all slices
and coils.

Second, an iterative scheme was employed to refine the
initial estimate for b(t). In each iteration, the B0 variation
amplitude 𝛾𝑗(z) was estimated via least squares. Outlier
samples with large residuals R𝑗(z) were excluded based on
a rejection criterion:

R𝑗(z) > Q3 + 1.5(Q3 − Q1) (10)

with Q1 and Q3 the lower and upper quartile of the set
{R𝑗(z)|(𝑗, z) ∈ U} with U the set of all accepted sam-
ples. The residual R𝑗(z) was computed based on the
mean squared error between the estimated field-maps
f̃ B,nav,𝑗(ti, z) and the fitted model f̂ B,nav,𝑗(ti, z):

R𝑗(z) = w𝑗(z)
N∗M∑

i
(f̃ B,nav,𝑗(ti, z) − f̂ B,nav,𝑗(ti, z))2, (11)

with the weights w𝑗(z) = 1
N∗M

for |𝛾𝑗(z)| < 1 and w𝑗(z) =
1

|𝛾𝑗 (z)|∗N∗M
for |𝛾𝑗(z)| > 1, the number of inversion-recovery

blocks N and the number of inversion contrasts per

F I G U R E 2 (A) Data acquisition scheme based on an inversion recovery Look-Locker sequence. (B) Proposed B0 self-navigation
method and image reconstruction. The B0 navigator was estimated from the oversampled k-space of the radial stack-of-stars trajectory for
each coil 𝑗 and slice location z using a graph-cut algorithm. The normalized breathing curve b(t) was estimated from the B0 navigator by
fitting contrast offsets 𝛼𝑗 (TI, z) and a linear B0 drift coefficient 𝛽𝑗 (z). These components were demodulated from the sample, and the B0

variation amplitude 𝛾𝑗 (z) was estimated. Samples with large residuals were excluded iteratively to refine the estimate of b(t), which is the
median of all demodulated samples. The resulting motion curve was employed to bin k-space data into motion states. Finally, a
motion-resolved reconstruction and water-specific T1 mapping were performed.
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STELTER et al. 5

block M. N ∗ M denotes the total number of shots in the
Look-Locker acquisition.

During each iteration, the sign of the fitted 𝛾𝑗(z) was
used to align the signs of the demodulated samples. Subse-
quently, the estimate for b(t) was refined by recomputing
the median over the remaining sign-corrected demodu-
lated samples. The iterative scheme was terminated when
no samples were rejected, and the resulting breathing
curve was normalized based on the 5th and 95th per-
centiles to a [−1,1] interval.

3.2 Free-breathing Look-Locker
acquisition

A Look-Locker scheme was combined with a bipo-
lar multi-echo gradient echo acquisition using a radial
stack-of-stars trajectory (Figure 2A). Seven different TI
contrasts were acquired following an inversion prepara-
tion pulse (M = 7), with a shot duration of Tshot = 297 ms
per TI. Each inversion-recovery block consisted of Tblock =
TI,1 + MTshot + TD = 3.5 s, where TI,1 represents the delay
between inversion pulse and the first shot and TD repre-
sents the free recovery delay.

During each shot, profiles along the kz-direction were
acquired at a fixed radial spoke angle with centric pro-
file ordering. The spoke angle was varied across blocks
using pseudo-golden-angle ordering.12 The acquisition
was performed during free breathing, without respiratory
triggering.

3.3 Reconstruction pipeline

The B0 navigator and the normalized breathing curve b(t)
were estimated from raw k-space data (Section 3.1). Four
motion states were defined using k-medoids clustering13

based on the estimated normalized breathing curve.
Image reconstruction was performed using an ADMM

optimizer solving the following problem:

x = arg min
x′

||x′ − y||22 +(x′) (12)

(x) = 𝜆1||TV3D(x)||1 + 𝜆2||TV1D(x)||1 (13)

with x the complex reconstructed echo images, y the
multi-coil k-space,  the inverse Fourier transform along
kz and the non-uniform fast Fourier transform (NUFFT)
per slice, and  the coil sensitivity maps, estimated from a
pre-scan.

Two reconstructions were performed: First, a
motion-averaged reconstruction with all data combined
into a single motion state and 3D TV regularization

applied in image space (𝜆1 = 0.5, 𝜆2 = 0), and, second, a
B0-navigated reconstruction with data separated into four
motion states and 1D TV regularization applied in the
respiratory dimension in addition to the spatial 3D TV
regularization (𝜆1 = 0.5, 𝜆2 = 1.0).

Water-fat separation of the reconstructed images was
performed using a multi-resolution graph-cut algorithm14

and T1 fitting was conducted using a model that accounts
for incomplete T1 recovery.15 A 9-peak fat model was
assumed throughout this study.16,17

The source code and example data are publicly avail-
able: https://github.com/BMRRgroup/B0nav-LL.

3.4 Experiments

3.4.1 Motion simulation

Simulations were performed on an anatomical body model
(XCAT phantom18) with tissue-specific proton density, fat
fraction, T1, T∗

2 and magnetic susceptibility 𝜒 values for
the abdomen. Respiratory motion was simulated with 10
different motion frames over a respiratory cycle of 5 s,
with maximum diaphragm displacement of 15/25 mm and
anterior-posterior expansions of 4/6 mm.

In an additional simulation with maximum diaphragm
displacement of 15 mm and an anterior-posterior expan-
sion of 4 mm, the respiration period was varied to 3.6 s to
investigate the effects of a respiratory cycle almost syn-
chronized with the data acquisition. The simulated scan
time was varied from the nominal scan time of 7:37 min to
1 min to further investigate the robustness of the estimate
for shorter scans.

Magnitude and phase images for different TI contrast
weightings and echoes were generated using a water-fat
signal model (Equation (2)) with the water and fat signals
simulated based on an inversion recovery signal model.
Field inhomogeneities were derived from tissue magnetic
susceptibility values 𝜒 convoluted with a dipole kernel.
k-space data was forward simulated using a NUFFT with
the same trajectory as for the in vivo measurements, and a
motion-combined k-space dataset was generated based on
the sequence timing.

3.4.2 Measurements and comparison
methods

Measurements were performed at 3 T (Ingenia Eli-
tion X, Philips Healthcare) on five volunteers (number
of echoes NTE = 4, TE1∕ΔTE = 1.08∕1.07 ms, FA = 3◦,
FOV = 350 × 350 × 200 mm3, 3 × 3 × 5 mm3 voxel size).
The study was approved by the local institutional review
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6 STELTER et al.

board (Klinikum rechts der Isar, Technical University
of Munich), and informed consent was obtained from
the volunteers. The normalized breathing curve b(t) esti-
mated by the B0 navigator was compared to a respira-
tory motion-tracking camera (VitalEye, Philips Health-
care) and two different principal component analysis
(PCA)-based self-navigation methods.

PCA was applied separately to the magnitude
(magnitude-based PCA) or phase (phase-based PCA) of
the oversampled k-space after an inverse 1D Fourier trans-
form. Before PCA, system imperfections were corrected
using an orthogonal projection similar to the B0 navigator
(Section 3.1), and min-max normalization and centering
around zero was performed for each TI contrast, coil, and
slice separately.1,19

4 RESULTS

4.1 Simulation results

Figure 3 presents simulation results in an anatomical
body model for two amplitudes of respiratory motion.

The estimated normalized breathing curves using the pro-
posed B0 navigation method closely match the ground
truth for both motion scenarios. The proposed method
effectively estimated the B0 variation amplitude across
different slices with median amplitudes of 16 and
26 Hz for maximum diaphragm displacement of 15 and
25 mm, respectively. The B0 variation amplitude was not
estimated for some slices due to the rejection criterion
(Equation (10)).

Reconstructed wT1 maps show more pronounced
motion-induced blurring in the motion-averaged recon-
structions for stronger motion (Figure 3B). In contrast, the
B0-navigated motion-resolved reconstruction considerably
improved image quality, aligning better with the ground
truth. Slight residual blurring remained, especially for the
model with larger motion amplitudes.

The effect of a shorter respiratory period of 3.6 s was
examined in Supporting Information Figure S1. The esti-
mate of the normalized breathing curve agrees with the
ground truth estimate for the long (7:37 min) and the short
(1 min) scan, although the respiration period is almost syn-
chronized with the data acquisition (3.5 s interval between

F I G U R E 3 Simulation results using an anatomical body model with respiratory motion at different maximum diaphragm
displacements (15 and 25 mm). (A) The estimated normalized breathing curves using the proposed B0 navigation method are compared with
the ground truth. The B0 variation amplitude 𝛾(z) differs between simulations, with larger amplitudes observed for greater tissue
displacements. (B) Reconstruction results demonstrate improved agreement with the ground truth for the B0-navigated reconstruction
compared to the more blurry motion-averaged reconstruction.
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STELTER et al. 7

(A) (B)

F I G U R E 4 In vivo motion estimation for volunteers 1 and 4. (A) Estimated normalized breathing curve b(t) for the entire scan
duration. (B) The slice-wise magnitude variations from the estimated water navigation signal are shown in a zoomed-in view. The normalized
breathing curve and the external motion-tracking camera signal are overlayed in blue and pink, respectively.

two inversion pulses). In addition, the estimated B0 vari-
ation amplitude is similar to the estimated B0 variation
amplitude for the longer respiration period of 5 s and
shows only minor deviations for the shorter scan. The
image quality of the reconstructed wT1 maps is compara-
ble for both simulated respiration periods.

4.2 In vivo results

The normalized breathing curves are presented in
Figure 4, and the estimated B0 variation amplitudes are
presented in Figure 5 for two volunteers. The in vivo
motion estimation for the additional volunteers is shown
in Supporting Information Figure S2. The estimated
breathing curves exhibit variability in frequency, ampli-
tude, and periodicity between volunteers. Median B0
variation amplitudes across slices and coils range from 4 to
15 Hz, with the lowest values observed in volunteer 1 and
the highest in volunteer 2. The comparison with the exter-
nal motion-tracking camera (Figure 4B) demonstrates
good correspondence, albeit with a potential short delay
between both methods. In addition, the grayscale heatmap
in subfigure Figure 4B shows magnitude variations in the
estimated water navigation signal, revealing a regular pat-
tern every seven shots, consistent with the Look-Locker
acquisition scheme. For volunteer 1, the frequency of the

F I G U R E 5 Estimated B0 variation amplitude 𝛾𝑗 (z) per coil 𝑗
and slice location z. Results are shown for volunteers 1 and 4.
Overall, volunteer 4 exhibits larger B0 variation amplitudes
compared to volunteer 1.

Look-Locker-related magnitude variations is similar to
the frequency of the normalized breathing curve.

The estimated normalized breathing curves are com-
pared with magnitude- and phase-based PCA methods
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8 STELTER et al.

F I G U R E 6 Comparison of the normalized breathing curve b(t) estimated from the B0 navigator and two PCA-based motion estimation
approaches. Magnitude- and phase-based PCA approaches use similar pre-processing with normalization for each TI contrast. The top row
shows the estimated breathing curves over a 1-min interval for volunteers 1 and 4. The bottom row shows the difference between the
PCA-based estimates and the B0 navigator. Gaps in the breathing curve sampling correspond to the free recovery delay TD in the pulse
sequence scheme.

(A) (B)

F I G U R E 7 In vivo reconstruction results for volunteers 1 and 4. (A) Motion-resolved water-separated TI,5 images and wT1 maps using
the B0 navigator are compared to motion-averaged reconstructions, showing improved image quality (white arrows). (B) Field-maps for
end-exhalation and end-inhalation motion states demonstrate minor temporal B0 variations for volunteer 1 (median B0 variation amplitude 𝛾

across slices/coils: 4 Hz) and stronger B0 differences along with tissue displacement for volunteer 4 (median B0 variation amplitude 𝛾 across
slices/coils: 7 Hz).

in Figure 6 for volunteers 1 and 4, and in Supporting
Information Figure S3 for the additional volunteers. The
phase-based approach visually agrees well with the nor-
malized breathing curve from the B0 navigator but shows
small deviations in waveform, especially for volunteer 3.
The magnitude-based approach shows large deviations for
volunteer 1 with a rather irregular waveform.

Figure 7A shows reconstructed water-separated
TI images at inversion time TI,5 = 1198 ms and wT1
maps for volunteers 1 and 4 using motion-averaged
and B0-navigated motion-resolved reconstructions. The
B0-navigated reconstructions exhibit enhanced image
quality, with improved vessel delineation and reduced
blurring, particularly for volunteer 4. A comparison with
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STELTER et al. 9

a motion-resolved reconstruction using the camera signal
is provided in Supporting Information Figure S5. Support-
ing Information Figure S4 compares both reconstructions
for the water-separated TI images at each inversion time.
Field-maps for end-exhalation and end-inhalation motion
states are provided in Figure 7B, showing minor dif-
ferences for volunteer 1 between motion states, while
volunteer 4 shows pronounced B0 variations between
motion states, in addition to observable tissue displace-
ment. The B0 navigator estimated a median peak-to-peak
B0 variation amplitude (2𝛾) across slices and coils of 14 Hz
for volunteer 4. The maximal estimated peak-to-peak
B0 variation amplitude across slices and coils for this
volunteer was 106 Hz.

5 DISCUSSION

A novel B0 self-navigation approach was developed to
estimate respiratory motion for liver T1 mapping using
the oversampled k-space of the radial stack-of-stars
trajectory.

The B0 self-navigation technique was initially proposed
in radial stack-of-stars acquisitions of the neck and shoul-
der region, where B0 variations of up to 25 Hz at 3 T were
observed near the lungs, despite minimal tissue displace-
ment in that region.7 In contrast, free-breathing liver imag-
ing involves significant tissue displacement due to respira-
tory motion. Previous studies have reported B0 variations
with peak-to-peak amplitudes of approximately 20–30 Hz
at 3 T in the liver.20,21 This work extends the application of
the B0 navigator to the liver, where breathing-induced tis-
sue displacement and B0 variations are highly correlated.

The proposed B0 navigator robustly estimated nor-
malized breathing curves and B0 variation amplitudes
in simulation and in vivo studies. The application of
the B0 navigator approach to a Look-Locker T1 mapping
sequence introduces additional complexity due to contrast
variations in each inversion-recovery block. The contrast
variations primarily influence the magnitude signal, but
the estimated B0 navigator is also affected due to the
fact that the B0 navigator is estimated based on the pro-
jection of the multi-echo signal on the z-axis (see also
Section 2).

A model (Equation (9)) was assumed to separate the
effects of B0 drift, respiratory-induced B0 variations and
contrast offsets, which are influenced by the spatially aver-
aged field-map and depend on species signals and TI val-
ues. Unlike prior implementations of the B0 navigator,7
this work incorporates explicit modeling for temporal B0
changes. However, the shape of the breathing curve is
not parameterized due to the variability and irregular-
ity of breathing patterns, as also shown in the volunteer

study. Further, tissue displacement is not explicitly mod-
eled, and the observed maximum B0 variation amplitude
may additionally be influenced by tissue displacement.

The parameter estimation followed a two-step
approach. First, the contrast offsets and the B0 drift were
estimated while setting the breathing curve to zero. Sec-
ond, the breathing curve was estimated using an iterative
scheme based on the residuals of the first step. However, if
the respiratory cycle is perfectly periodic and synchronized
with the data acquisition, the estimation of a breathing
curve becomes infeasible. In practice, respiratory motion
is rarely perfectly periodic over extended acquisitions,
leading to data sampling of each contrast across different
motion states. The robustness of the method in the pres-
ence of a respiratory cycle almost synchronized with the
data acquisition was demonstrated in a simulation.

The estimation of the B0 variation amplitude (param-
eter 𝛾 in Equation (9)) is a notable advantage of this
method, since the B0 variation amplitude correlates with
the maximum tissue displacement in simulations with an
anatomical body model and in in vivo experiments. How-
ever, future studies may be required, as the maximum
measured B0 variation amplitude also depends on the coil
sensitivities and, therefore, on the coil placement. The esti-
mated B0 variation amplitude may enable patient-specific
motion correction methods in future studies,22 while the
commonly used PCA-based self-navigation methods1 can
only estimate the relative tissue displacement. Similarly,
motion-tracking devices such as optical or pressure-based
sensors can usually only estimate relative motion signals
without the ability to compare amplitudes between sub-
jects. The respiratory motion-tracking camera in this study
tracks motion based on the subject’s surface23 with the
advantage that the sensor does not depend on a correct
placement in difference to local pressure-based sensors,
such as respiratory belts.24 In clinical practice, the motion
signals from optical motion-tracking devices are primar-
ily used qualitatively, for example, for respiratory trigger-
ing. Further studies are needed to assess their quantita-
tive potential, for example, for motion-navigated recon-
struction. Differences in waveform or delays compared to
self-navigation techniques are possible, as self-navigation
techniques estimate the motion signal directly from the
MR signal without possible delays.

The comparison with PCA-based self-navigation
showed that phase-based self-navigation approaches may
be better suited to extract respiratory motion information
from scans with varying contrast. The proposed B0 naviga-
tor is also based on the phase of the oversampled k-space
data, but additionally provides the B0 variation amplitude.
Furthermore, PCA requires a suitable normalization of
the projections for each contrast, similar to the fitting of
contrast offsets in the B0 navigator approach. Remaining
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10 STELTER et al.

differences in the waveform between PCA-based methods
and the B0 navigator may be due to the contrast variations
throughout the scan, although normalization was per-
formed. PCA-based methods can be applied to single-echo
acquisitions, while the proposed B0 navigator requires at
least three echoes to solve the assumed water-fat signal
model.

The present work has some limitations. First, this study
focused on liver T1 mapping using a Look-Locker acqui-
sition. While the proposed method addresses challenges
posed by contrast variations, it may not generalize to
acquisitions with continuously changing contrast, such as
dynamic contrast-enhanced MRI. Second, regularization
in spatial and respiratory dimensions was applied in the
motion-resolved reconstruction without additional regu-
larization along the different TI images due to GPU mem-
ory limitations, which may limit the possible maximum
undersampling and performance of the image reconstruc-
tion. Third, the B0 navigator model (Equation (9)) was
occasionally unsuitable for certain slices or coils, result-
ing in outlier rejection due to large residuals. This may be
due to locally low coil sensitivity values, large tissue dis-
placement, or the assumption of spatially homogeneous
temporal B0 variations within each slice and coil. Never-
theless, the estimation of the normalized breathing curve
was possible in all experiments with the in vivo estima-
tion of the B0 variation amplitude in all slices for at least a
subset of coils.

6 CONCLUSION

The B0 self-navigation approach from a radial
stack-of-stars acquisition, originally introduced for the
neck and shoulder region with limited tissue displace-
ment, was shown to be robust even in the presence of
significant tissue displacement in free-breathing liver
imaging. The proposed method, relying on the B0 naviga-
tor, enables the estimation of respiratory motion in liver T1
mapping with strong contrast variations during the scan,
posing an alternative to magnitude-based motion estima-
tion methods. Moreover, the method directly estimates the
amplitude of the breathing-induced B0 variation, which
may correlate with absolute tissue displacement.
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