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Purpose: To demonstrate the feasibility of high-resolution morphologic lung
MRI at 0.55 T using a free-breathing balanced steady-state free precession
half-radial dual-echo imaging technique (bSTAR).
Methods: Self-gated free-breathing bSTAR (TE1/TE2/TR of 0.13/1.93/2.14 ms)
lung imaging in five healthy volunteers and a patient with granulomatous lung
disease was performed using a 0.55 T MR-scanner. A wobbling Archimedean spi-
ral pole (WASP) trajectory was used to ensure a homogenous coverage of k-space
over multiple breathing cycles. WASP uses short-duration interleaves randomly
tilted by a small polar angle and rotated by a golden angle about the polar
axis. Data were acquired continuously over 12:50 min. Respiratory-resolved
images were reconstructed off-line using compressed sensing and retrospec-
tive self-gating. Reconstructions were performed with a nominal resolution of
0.9 mm and a reduced isotropic resolution of 1.75 mm corresponding to shorter
simulated scan times of 8:34 and 4:17 min, respectively. Analysis of apparent
SNR was performed in all volunteers and reconstruction settings.
Results: The technique provided artifact-free morphologic lung images in all
subjects. The short TR of bSTAR in conjunction with a field strength of 0.55 T
resulted in a complete mitigation of off-resonance artifacts in the chest. Mean
SNR values in healthy lung parenchyma for the 12:50 min scan were 3.6± 0.8
and 24.9± 6.2 for 0.9 mm and 1.75 mm reconstructions, respectively.
Conclusion: This study demonstrates the feasibility of morphologic lung MRI
with a submillimeter isotropic spatial resolution in human subjects with bSTAR
at 0.55 T.
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1 INTRODUCTION

High-resolution MRI of the lung remains challenging
because of limited signal-to-noise despite the continuous
advancements in hardware, acquisition techniques and
image post-processing. Strong magnetic susceptibility dif-
ferences at the mesoscopic scale of alveoli lead to a rapid
T2* signal decay, particularly at clinical field strengths
(>1.5 T).1–3 This, in combination with the foam-like struc-
ture of the parenchyma, reflected by a low-proton density,
leads to an overall poor SNR for lung MRI.4,5 Additionally,
respiratory and cardiac motion can further complicate
data acquisition and negatively impact image quality and
SNR. Recently, there has been a growing interest in explor-
ing lung MRI on scanner configurations operating at lower
field strengths with high performance gradient systems.6–8

The lower field strength helps to reduce susceptibility arti-
facts and off-resonance artifacts, and therefore, provides
more favorable transverse relaxation times.9

Despite the aforementioned technical difficulties of
pulmonary MRI, significant efforts have been made
in recent years to develop dedicated acquisition tech-
niques for studying lung structure and function. In
particular, imaging techniques based on UTE or zero
echo time (ZTE) have shown promising results for lung
imaging at 1.5 T and 3 T.10–12 These techniques use
non-Cartesian k-space trajectories, enabling improved
sampling of the fast-decaying signal in tissues with very
short T2*.

Another technique that has been demonstrated to be
well-suited for lung imaging is balanced SSFP (bSSFP)13;
a pulse sequence that has found its major application
in cardiovascular imaging.14 bSSFP is a rapid imaging
technique in which the net gradient-induced dephas-
ing over a TR interval is zero. It offers a unique T2/T1
contrast and highest SNR per unit time as compared
to incoherent SSFP techniques.15 Generally, however,
bSSFP imaging can be demanding even on the modern
clinical MR systems because it is prone to any source of
imperfection that perturbs the perfectly balanced series of
gradient pulses. Furthermore, bSSFP shows a pronounced
sensitivity to off-resonance, leading to prominent sig-
nal drops in spatial regions with phase accruals close
to 𝜙 = ±2𝜋n (n ∈ N0) known as “stop-bands” or “band-
ing artifacts”. These artifacts can be (partially) mitigated
through proper shimming of the magnetic field (reducing
the field inhomogeneity), or more simply, by shortening
the TR. It was demonstrated that using state-of-the-art
clinical MR systems, the TR could be close to the ∼1 ms
regime for 3D Cartesian bSSFP thoracic imaging at 1.5 T.16

This technique provided diagnostic imaging quality with
a moderate isotropic spatial resolution of approximately
2 mm in a single breath-hold.17

More recently, a non-Cartesian k-space sampling strat-
egy based on a 3D half-radial bSSFP acquisition tech-
nique, termed bSTAR, has been proposed.18 bSTAR uses
dual-echo half-radial sampling by using bipolar gradients
and non-selective radio frequency excitations, an acqui-
sition scheme previously proposed by Diwoky et al.19

The k-space is sampled with center-out and center-in
half-radial projections following an Archimedean spiral
trajectory in spherical coordinates. The pulse sequence
offers an improved robustness against motion in compar-
ison to the Cartesian readout. In addition, because slice
encoding can be avoided it provides an increased sampling
efficiency, SNR and spatial resolution with shortened TR.
A recent study demonstrated compelling results for mor-
phologic lung imaging in healthy volunteers at 1.5 T using
a self-gated free-breathing 3D bSTAR.20 The technique has
been shown to provide artifact-free thorax images with an
isotropic high spatial resolution of ∼1.2 mm acquired in
<5 min. The free-breathing bSTAR pulse sequence uses an
interleaved wobbling Archimedean spiral pole (WASP) to
ensure a homogenous k-space coverage with a uniform
distribution of half-radial readouts over multiple breathing
cycles. Furthermore, the WASP trajectory is designed to
avoid large jumps in k-space, which can induce eddy cur-
rents and lead to severe image quality deterioration during
bSSFP acquisitions.

Although the use of very short TR in bSSFP-based
imaging techniques greatly reduces problems related to
off-resonance, it also sets a limit on the maximum spa-
tial resolution. Imaging at high spatial resolution requires
lengthening of the readout, which increases TR, and gen-
erates unacceptable banding artifacts. However, this con-
straint can be significantly relaxed when imaging at 0.55 T.
Additionally, dual-echo sampling of bSTAR can benefit
from slowly decaying T2* species in the lung parenchyma
at a lower magnetic field.9 To this end, in this work
we explore the potential of the free-breathing bSTAR
technique for high-resolution morphologic lung MRI in
human subjects using a 0.55 T MR-scanner equipped with
high-performance gradients.

2 METHODS

2.1 Data acquisition

Five healthy volunteers (mean age: 28.4 years, range:
25–39 years, three males and two females) and a
74-year-old male patient with granulomatous lung dis-
ease were recruited to this study. Written informed
consent was obtained from each subject before the
examinations. The study was approved by the local Insti-
tutional Review Board. MRI experiments were performed
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BAUMAN et al. 3

using a whole-body 0.55 T MR-system (prototype
MAGNETOM Aera; Siemens Healthineers) equipped
with high-performance shielded gradients (45 mT/m
amplitude, 200 T/m/s slew rate). The integrated body
coil was used for RF transmission and a combination of
6-channel body array (anterior) and 12-elements of the
table-integrated spine array (posterior) was used for signal
reception (Siemens Healthineers).

All subjects underwent morphological MRI with a 3D
half-radial dual-echo bSTAR pulse sequence. The scans
were performed in supine position during free breathing.
The k-space data were sampled with an interleaved WASP
trajectory.20 The bSTAR scans were performed with a pre-
defined shim setting at isocenter with the following param-
eters: FOV= 34 cm× 34 cm× 34 cm, twofold readout over-
sampling, TE1/TE2/TR= 0.13/1.93/2.14 ms, 200 μs hard
RF pulse, flip angle= 20◦, bandwidth= 1116 Hz/pixel,
0.90 mm nominal isotropic resolution based on k-space
trajectory, 448 samples (896 with oversampling) per
half-radial projection, 360 000 half-radial projections, 600
interleaves acquired in 12:50 min. For bSSFP the maxi-
mal signal is independent of TR,21 so the TR was kept
as short as possible while not exceeding gradient stimu-
lation limits for the chosen spatial resolution. This max-
imizes the number of the radial projections acquired
per time unit. For a smooth transition into steady state,
a train of 500 dummy TRs with a constant flip angle
was used before the data acquisition. No concomitant
gradient correction was performed. Further technical
details on the acquisition technique can be found in
Bieri et al.20

To assess the image quality of bSTAR in absence of
physiological noise with the proposed scanning protocol
an accredited American College of Radiology (ACR) struc-
tural phantom was used.22 The dimension of the phantom
was 14.8 cm in length and 19 cm in diameter.

The deviations from the nominal k-space trajectory
of the bSTAR scan were estimated by a calibration scan.
The calibration was performed in a 14-cm diameter ball
phantom by measuring the phase progression resulting
from readout gradients oriented along each axis separately
as proposed by Duyn et al.23 Briefly, the gradient placed
in the slice selection axis introduces spatially uniform
time-varying changes in the resonant frequency on a slice
at off-isocenter and the phase progression corresponds
to the actual k-space trajectory. Instead of measuring all
half-radial projections, the k-space trajectory correction
of the radially acquired data was performed by measur-
ing phase evolution during readout along each single axis
along each single axis for positive and negative gradient
polarities. As a result, six measurements were performed.
The information from separate axes was combined to
synthesize phase evolutions for all half-radial projections

as defined by an arbitrary azimuthal and polar angle in
spherical coordinates.

For comparison, a thoracic CT scan of the patient
with granulomatous lung disease performed 20 days
before the MR examination was available. The low-dose
thoracic CT was performed using a multidetector scan-
ner (Aquilion 320, Toshiba). No contrast agent was
administered. CT scanning parameters were as fol-
lows: helical acquisition, tube voltage= 120 kV, tube
current= 20 mA, tube current-time product= 5.5 mAs,
pitch factor= 0.813, iterative reconstruction (AIDR
3D) with slice thickness 0.5 mm, and 1 mm and sharp
kernel FC51.

2.2 Image reconstruction and analysis

Image reconstruction and post-processing of bSTAR
datasets were carried out offline. The acquired calibra-
tion scan was used to estimate the actual k-space tra-
jectory for all acquired bSTAR scans. For self-gating of
the free-breathing scans, the respiratory signal modula-
tion in the k-space center was automatically picked up
from the chest and spine phased arrays using randomized
singular value decomposition (rSVD).20,24 The extracted
respiratory signal modulation was then used to select
30% of the readouts acquired during the end-expiratory
phase of the breathing cycle for image reconstruction.
Subsequently, bSTAR datasets were reconstructed using
compressed sensing with a fast iterative shrinkage thresh-
olding algorithm (FISTA).25 The data acquired at both
echoes (i.e., obtained from the center-out and center-in
half-radial projections) was reconstructed separately and
combined by a voxelwise complex-valued addition. The
in vivo scans were reconstructed at two spatial resolu-
tions: 0.9 mm nominal isotropic resolution (matrix 5123)
and 1.75 mm isotropic resolution (matrix 3203). Addition-
ally, to explore the minimum required acquisition time,
the in vivo datasets were reconstructed with 2/3 and
1/3 of the acquired readouts, which resulted in simu-
lated reduced scan times of 8:34 min (240 000 readouts)
and 4:17 min (120 000 readouts). The phantom dataset
was reconstructed with 0.9 mm nominal isotropic reso-
lution using the readouts selected for the end-expiratory
reconstruction in volunteer 1. Furthermore, maximum
intensity projection (MIP) images were calculated for visu-
alization of the pulmonary vasculature. The reconstruc-
tion took ∼6 min for 10 FISTA iterations, from which
2.5 min were spent on reading the datasets, generating
the k-space trajectory, and performing self-gating. The
in-house developed software for image reconstruction was
written in C++ (GNU Compiler Collection 12.2 64-bit on
Linux operating system), CUDA Toolkit 12.0 (NVIDIA),
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4 BAUMAN et al.

and ITK library 5.2.26 The reconstruction workstation was
equipped with 2x Epyc 7502 CPU (AMD) and Quadro RTX
8000 GPU (NVIDIA).

Apparent SNR (aSNR) analysis was performed in all
healthy volunteers for datasets with both spatial resolu-
tions and with all three scan times. aSNR was calculated
as the ratio of mean signal in the region of interest (ROI)
by mean signal of noise-only region outside the volunteer’s
body. ROIs were placed on axially reformatted images
by manually segmenting the pulmonary trunk and the
lung parenchyma without vessels. The placement of the
ROIs is shown in Figure S1. Calculations of aSNR were
performed using ImageJ software (National Institutes
of Health).

3 RESULTS

The quality of image reconstruction in a phantom with-
out the presence of physiological noise is shown in
Figure 1. Representative thorax images from bSTAR
datasets acquired in two healthy volunteers (1 and 2)
and reconstructed with 0.9 mm nominal isotropic resolu-
tion in the end-expiratory phase of the respiratory cycle
are presented in Figure 2. The figure includes coronal,
sagittal, and axial views as well as MIP reconstructions
with 15 mm thickness. High-spatial resolution allows for
a detailed visualization of pulmonary structures. Addi-
tionally, a gravity-dependent signal gradient along the
anterior–posterior direction in supine position can be
observed on sagittal and axial views. Neither banding arti-
facts nor artifacts caused by cardiac motion can be noticed
in the thorax. The off-resonance artifacts are limited to the

peripheral FOV region with strong gradient non-linearity
and lower magnetic field homogeneity. The coronally
reformatted high-resolution bSTAR acquisition from
volunteer 2 has been animated in the Video S1. The
animation shows a 0.9 mm isotropic reconstruction, a
sliding window reconstruction with averaged 4.5 mm
slice thickness and an MIP reconstruction with 10 mm
thickness.

Figure 3 shows coronal images from six reconstruc-
tions of the dataset acquired in volunteer 3 with spatial
resolution of 0.9 mm and 1.75 mm as well as acquisition
times of 12:50 min, 8:34 min, and 4:17 min. As expected,
the reduction in scan time results in an apparent visual
increase of the noise in the images. Furthermore, because
of higher k-space undersampling of the shortened scans
(undersampling factor [R]= 12.45 for 4:17 min scan and
R= 6.22 for 8:34 min scan vs. R= 4.15 for 12:50 min scan)
there is a noticeable blurring visible on the 0.9 mm recon-
struction. For each MIP reconstruction, the figure shows
a small zoomed in lung region in a white box. The impact
of the reduced scan time manifested as increased noise
and decreased sharpness of the vascular structure, which
can be clearly observed and is pronounced especially
in the 4:17 min acquisition. Apparent SNR values mea-
sured in all volunteers in the lung parenchyma and pul-
monary trunk for as reconstruction setups are reported
in Table 1. The ratios of the aSNR estimated for 1.75 mm
and 0.9 mm reconstructions are close to the theoretical
value of ∼7.3.

A comparison between the bSTAR and low-dose CT
images obtained in patient with granulomatous lung dis-
ease is shown in Figure 4. Both datasets show corre-
sponding slice locations in coronal, sagittal, and axial

F I G U R E 1 Illustrative balanced steady-state free precession with half-radial dual-echo readout (bSTAR) images of a structural
phantom (American College of Radiology)22 reconstructed with 0.9 mm isotropic resolution. To simulate realistic k-space sampling pattern
half-radial readouts binned for the expiratory phase in volunteer 1 (30% of the acquired data) were used for the reconstruction. The resolution
inserts (image on the right) has been marked with a white rectangle and zoomed in the left bottom corner for an improved visualization. The
dimensions of the resolution inserts (from left to right): 0.9 mm, 0.8 mm and 0.7 mm.
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(A) (B)

(C)

(G)

(I)

(H)

(D) (E)

(F)

Volunteer 1 Volunteer 2

(J) (K)

(L)

F I G U R E 2 Illustrative thorax images obtained with free-breathing balanced steady-state free precession with half-radial dual-echo
readout (bSTAR) in two volunteers (left: volunteer 1–39 year-old male, right: volunteer 2–34 year-old male) and reconstructed with 0.9 mm
isotropic resolution. The upper part of the figure shows images in coronal (A,G), sagittal (B,H), and axial (C,I) views. The bottom part of the
figure presents maximum intensity projection (MIP) images reconstructed with 15 mm thickness in in coronal (D,J), sagittal (E,K), and axial
views (F,L).

views. Lung pathologies including partially calcified
bilateral upper lobe pulmonary masses, bronchiectatic
changes, bronchial wall thickening in the right upper
lobe as well as pulmonary bullae, can be recognized on
both scans.

4 DISCUSSION

In this work, we investigated a free-breathing self-gated
3D bSSFP imaging technique, termed bSTAR, for the
assessment of lung morphology in human subjects on a
high-performance 0.55 T MR-system. The imaging tech-
nique uses a simple minimal-TR bSSFP kernel generating

two half-echoes and offering high acquisition efficiency
(∼85% of TR). The bSTAR technique benefits from the
intrinsically high SNR offered by bSSFP as well as from
the fact that there is very little signal intensity loss in the
second echo.27 However, for short lived T2* species, this
effect is more pronounced at higher field strength, that is,
at 1.5 T where T2* in the lung parenchyma is in order of
1–2 ms, compared to 0.55 T where T2* in the lung tissue is
∼8 ms.9

The feasibility of bSTAR was successfully presented
at 1.5 T in healthy human subjects20 and provided
free-breathing chest images with 1.2 mm isotropic
resolution in <5 min. There scans were performed
with undersampling factor of 7.5, which is close to the
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F I G U R E 3 Comparison between image reconstructions from the data acquired in volunteer 3 (26 year-old female) with 0.9 mm (A–C)
and 1.75 mm (D–F) isotropic resolution for single coronal slices and maximum intensity projection (MIP) images reconstructed with 20 mm
thickness. The reconstructions were performed using all data with the scan time of 12:50 min (A,D), and simulated scan times of 8:34 min (B,E)
and 4:17 min (C,F). The apparent SNR values measured in the lung parenchyma were as follows: 4.0 for 12:50 min, 3.4 for 8:34 min, and 2.7 for
4:17 min scan with 0.9 mm reconstruction, and 22.8 for 12:50 min, 20.7 for 8:34 min, and 15.7 for 4:17 min scan with 1.75 mm reconstruction.

undersampling factor of 8.3 used in this work for the
12:50 min bSTAR scan. The main constraint for the bSTAR
technique at 1.5 T is the requirement for extremely short
TR in a range of∼1.0 to 1.5 ms and a good B0 homogeneity
to avoid off-resonance artifacts in a large FOV used for
chest imaging. Additionally, short TRs necessitate the use
of short readouts with high amplitude and bandwidth,

which limits the maximal achievable spatial resolution.
To this end, bSSFP-based techniques are especially well
suited for imaging at lower magnetic field strength such
as 0.55 T. The lower magnetic field provides not only more
favorable transverse relaxation times for the lung tissue,
but also loosens the requirement of very short TRs for mit-
igation of the off-resonance artifacts. Moreover, despite
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T A B L E 1 Apparent SNR values measured in lung parenchyma and pulmonary trunk in all volunteers in images with 0.9 mm and
1.75 mm isotropic resolution reconstructed using all acquired data and simulated shortened scan times.

Spatial resolution

0.9 mm 1.75 mm

Region of interest 12:50 min 8:34 min 4:17 min 12:50 min 8:34 min 4:17 min

Lung parenchyma 3.6± 0.8 3.0± 0.8 2.4± 0.5 24.9± 6.2 21.9± 5.6 16.9± 3.8

Pulmonary trunk 13.1± 0.2 11.2± 0.3 9.3± 0.4 91.9± 5.3 79.7± 5.6 62.9± 3.3

Low-dose CTbSTAR MRI

(A) (B)

(C)

(D) (E)

(F)

* ***

F I G U R E 4 Coronal (A,D), sagittal (B,E), and axial (C,F) thorax images acquired with free-breathing balanced steady-state free
precession with half-radial dual-echo readout (bSTAR) MRI (0.9 mm isotropic resolution, TA= 12:50 min) and low-dose CT in 74-year-old
patient with granulomatous lung disease. Both scans show partially calcified bilateral upper lobe pulmonary masses (solid arrows),
bronchiectatic changes and bronchial wall thickening in the right upper lobe (orange asterisks) as well as pulmonary bullae (dashed arrows).

the lower spin polarization at 0.55 T compared to clinical
field strengths, the application of bSSFP with its inher-
ently high signal amplitude compensates the signal loss
associated with spoiling of the transverse magnetization
in SPGR-based techniques.

Recently, it has been shown that free-breathing bSTAR
imaging is feasible at 0.55 T using a low-cost and
low-performance clinical MR-scanner.28 The pilot study
was conducted in sarcoidosis patients with a nominal
isotropic resolution of 1.3 mm in a clinically acceptable
scan time of only 6 min. In this study, we have shown that
the combination of the beneficial factors associated with
imaging at 0.55 T together with a high-performance gra-
dient system enables a submillimeter (0.9 mm) isotropic
spatial resolution with bSTAR for the assessment of lung
morphology. The pulse sequence provided artifact-free
images allowing for a detailed visualization of pulmonary
structures or a lung pathology.

One of the main limitations of this technique is a
relatively long acquisition time of over 12 min required
for a submillimeter scan. By simulating other scan times
from complete datasets, we showed that it is possible to
shorten the acquisition time by about one-third with a
slight loss in aSNR and sharpness in visualization of the
pulmonary vessels. An important advantage of an isotropic
non-Cartesian scan is the possibility of regridding the data
onto an arbitrary matrix size. Consequently, the matrix
size and spatial resolution can be reduced to a moderate
resolution of 1.75 mm as presented in this manuscript if
higher aSNR in the lung parenchyma is required 9e.g. for
identification of regions with air-trapping or emphysema-
tous changes.

Another limitation is associated with the self-gating
method used in this work. In fact, only part of the data
(∼30%) was used to reconstruct the expiratory phase of
the respiratory cycle. Furthermore, we did not detect
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8 BAUMAN et al.

bulk motion in the data, which can severely affect the
reconstruction quality. Hence, our technique can benefit
from more advanced post-processing such as iterative
motion-compensation reconstruction29 or recently
presented self-supervised model based deep learning
method.30

5 CONCLUSION

In this study, we demonstrated the feasibility of sub-
millimeter lung imaging using respiratory self-gated
bSTAR MRI in human subjects on a 0.55 T MR-system.
The bSTAR technique profits from maximal sampling
efficiency as well as from a high intrinsic SNR offered by
bSSFP. Data acquisition at 0.55 T helped to successfully
mitigate off-resonance artifacts and allows for artifact-free
imaging with a submillimeter isotropic spatial resolution.
Future studies will focus on the exploration of the clini-
cal added value of the free breathing bSTAR technique in
patients with pulmonary disease.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Regions of interest placed on axial bSTAR
images used for the calculation of the apparent SNR: blue
area - segmented lung parenchyma without large vessels,
yellow rectangle - noise-only region outside the volunteer’s
body, red area - segmented pulmonary trunk.
Video S1. Animation showing coronal reconstructions of
freebreathing bSTAR acquisition obtained in volunteer #2
(left - 0.9 mm isotropic reconstruction, center - reconstruc-
tion with averaged 5 mm slice thickness, right - 10 mm
maximum intensity projection).
Video Caption.
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