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Abstract

Purpose: To develop a robust single breath-hold approach for volumetric lung
imaging at 0.55T.

Method: A balanced-SSFP (bSSFP) pulse sequence with 3D stack-of-spiral
(SoS) out-in trajectory for volumetric lung imaging at 0.55T was implemented.
With 2.7x undersampling, the pulse sequence enables imaging during a 17-s
breath-hold. Image reconstruction is performed using 3D SPIRiT and 3D
11-Wavelet regularizations. In two healthy volunteers, single breath-hold SoS
out-in bSSFP was compared against stack-of-spiral UTE (spiral UTE) and
half-radial dual-echo bSSFP (bSTAR), based on signal intensity (SI), blood-lung
parenchyma contrast, and image quality. In six patients with pathologies includ-
ing lung nodules, fibrosis, emphysema, and air trapping, single breath-hold
SoS out-in and bSTAR were compared against low-dose computed tomography
(LDCT).

Results: SoS out-in bSSFP achieved 2-mm isotropic resolution lung imaging
with a single breath-hold duration of 17 s. SoS out-in (2-mm isotropic) provided
higher lung parenchyma and blood SI and blood-lung parenchyma contrast
compared to spiral UTE (2.4 X 2.4 x 2.5mm?) and bSTAR (1.6-mm isotropic).
When comparing SI normalized by voxel size, SoS out-in has lower lung
parenchyma signal, higher blood signal, and a higher blood-lung parenchyma
contrast compared to bSTAR. In patients, SoS out-in bSSFP was able to identify
lung fibrosis and lung nodules of size 4 and 8 mm, and breath-hold bSTAR was
able to identify lung fibrosis and 8 mm nodules.

Conclusion: Single breath-hold volumetric lung imaging at 0.55T with
2-mm isotropic spatial resolution is feasible using SoS out-in bSSFP. This
approach could be useful for rapid lung disease screening, and in cases where
free-breathing respiratory navigated approaches fail.
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1 | INTRODUCTION

Diagnostic imaging of the lung has been dominated by CT,
which provides fast and high-quality images with excep-
tionally fine spatial resolution.! However, a significant
concern with CT is the exposure to ionizing radiation,
which can increase the risk of cancer,? particularly in the
pediatric population. MRI, without ionizing radiation, can
provide diagnostic lung imaging, but is challenging due to
the low proton density in lung tissue and the short T, and
T,* relaxation times.

To address these challenges, UTE sequences®* are
typically used. By employing a truncated RF excitation
followed by a center-out readout, these sequences have
extremely short TEs, which can capture MR signal before
it decays. UTE sequences have been used in many appli-
cations on 1.5 and 3T scanners such as evaluation of
lung function,” nodule detection,® and assessment of
structural defects.”® Alternatively, balanced SSFP (bSSFP)
sequences have been developed for lung structural imag-
ing at 1.5T,>*1° offering a much higher SNR compared to
UTE sequences. These sequences require ultra short TR
close to 1 ms to reduce banding artifacts at conventional
field strengths.

Contemporary 0.55T MRI systems have shown great
potential for improved lung MRIL}* This is primar-
ily due to reduced susceptibility effects,!> more homo-
geneous BO field, and prolonged T, and T,* relaxations
times.!3 UTE and bSSFP pulse sequences have been eval-
uated at 0.55T. Self-navigated spiral UTE sequences have
been developed,'®!” achieving 1.75-mm isotropic resolu-
tion in 8.5min. Free-breathing 0.55T bSSFP half-radial
dual-echo (bSTAR) has also been demonstrated to image
lung with submillimeter isotropic resolution in 13 min.!!
These sequences require continuous free-breathing acqui-
sitions with self-navigation to obtain images with suffi-
cient SNR. This approach relies on a regular breathing
pattern, which cannot be guaranteed in patients with
impaired lung function.

Single breath-hold volumetric lung imaging could offer
more consistent image quality and is easily repeated if
necessary. The duration of such scans needs to be within
the patient’s breath-hold capability, usually under 20s.
This requires efficient k-space coverage and high SNR
efficiency. At 0.55T, reduced off-resonance effects and pro-
longed T, and T,*!* allow a longer bSSFP TR and readout
duration without artifacts or dephasing. We hypothesize
that single breath-hold volumetric lung imaging is possible
at 0.55T by using bSSFP with an efficient spiral readout.

In this work, we propose a bSSFP 3D stack-of-spiral
out-in pulse sequence, denoted SoS out-in, for sin-
gle breath-hold volumetric lung imaging at 0.55T. We
compare this against spiral UTE and bSTAR, on healthy

volunteers with similar breath-hold durations. Image
quality, and SI in parenchyma and blood are compared. We
evaluate breath-hold SoS out-in and bSTAR in six patients
with known lung nodules, using low-dose CT (LDCT) as
the diagnostic reference.

2 | METHODS

2.1 | Spiral out-in trajectory design

The pulse sequence was optimized for both sampling effi-
ciency and undersampling flexibility. A non-selective 80 ps
hard pulse RF was used, followed by an SoS out-in readout.
Figure 1A,B illustrates the pulse sequence and readout tra-
jectory. The design of the spiral out-in readout is based on
the method detailed in Tian et al.!® First, a single spiral-out
trajectory is designed to fully sample a 48 x 48 cm? FOV
with 120 interleaves, resulting in a readout time (Treaq) of
1ms. Next, the end of the spiral-out trajectory is modified
to facilitate a smooth transition to the spiral-in trajectory
by slowing down the gradient along the radial direction
to zero. This modified spiral-out trajectory is then time
reversed to form a spiral-in trajectory, and the two are con-
catenated to create a ki, k, spiral out-in trajectory with
Tread =2 ms. Cartesian phase encoding along the k, direc-
tion is perfomed with 120 partitions. Duyn’s method!®
was used to measure the actual spiral out-in trajectory,
accounting for gradient system imperfections.

2.2 | Sampling scheme

The 3D SoS out-in trajectory allows for flexible under-
sampling, by varying the undersampling in both the k.-k,
plane and along the k; partition. The undersampling
scheme used in this study is illustrated in Figure 1C. The
central 20 k, partitions are fully sampled to support SPIRiT
reconstruction.?® Peripheral k, partitions are undersam-
pled, by employing a two-fold k.-k, in-plane undersam-
pling and 60% k, partial Fourier. “Ping-pong” ordering
along k; is used to minimize imaging artifacts arising from
eddy currents.?! This resulted in 2.7x undersampling, cor-
responding to a breath-hold duration of 17 s. Breath-hold
duration can also be reduced by using a coarser spatial
resolution.?

2.3 | Image reconstruction

Image reconstruction uses both SPIRIT and 3D |;-Wavelet
regularizations. The SPIRIT regularization parameter is set
to 2, and the Wavelet regularization parameter is set to
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FIGURE 1

(A) bSSFP SoS out-in pulse sequence diagram. The pulse sequence is consistent of a hard RF excitation (0.08 ms), followed

by k; slice encoding (0.39 ms), a spiral out-in readout (2 ms), and a Gz rewinder (0.39 ms). Small delays between these modules are added in
practice (not shown in diagram) to prevent potential overlapping due to system imperfection, resulting in a TR of 3.1 ms and a duty cycle of
70%. (B) Spiral out-in trajectory in the k,-k, plane. The spiral out-in readout is self MO-nulled and M1-nulled and does not slow down the
entire gradient in the transition period, achieving a high sampling efficiently. (C) 3D undersampling pattern. Figures show the k, partition
(top) and ky-k, sampling angle (bottom) of the first 736 TRs. The fully sampled k-space has 120 k; partitions, and each partition has 120 spiral
arms uniformly distributed over the 360° angle. The illustrated sampling pattern is fully sampling center 20 k, partitions, and undersample
two times in all other k, partitions, with an 60% partial Fourier along the k;, direction. This sampling pattern can be flexible in terms of k,-k,

undersampling, calibration k, partitions, and k, partial Fourier.

0.002, based on previous experience.!!?° The same method
is applied to reconstruct spiral UTE images. For bSTAR
reconstruction, we use the open-source implementation
as described in Lee et al.?3 Noise-only data were acquired
to allow the estimation of the noise correlation matrix for
pre-whitening the multi-coil data. k-Space was scaled so
the noise SD was 1.2* This allowed for SI comparisons
between sequences.

2.4 | Dataacquisition

Data were collected on a whole-body 0.55T system (proto-
type MAGNETOM Aera, Siemens Healthineers) equipped
with high-performance shielded gradients (45 mT/m
amplitude, 200 T/m/s slew rate).!? The study was approved
by our institutional review board, and all subjects provided
written informed consent. Two healthy volunteers (40/M
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and 36/M) were scanned with 17-s single breath-hold
SoS out-in, spiral UTE,® and bSTAR?? sequences, during
exhalation. Six patients (70 + 9y, three females and three
males) were scanned during a 17-s breath-hold SoS out-in
and bSTAR. Patients were instructed to perform exhale
breath-hold, and to continue shallow breathing if no
longer able to hold their breath. One patient was scanned
with inhale breath-hold (Patient 2). Patients had con-
firmed lung pathologies by LDCT were recruited, which
included nodules, fibrosis, air trapping, and emphysema.
The standard-of-care clinical LDCT reports were consid-
ered as the gold standard reference when evaluating MRI
images.

Details of breath-hold bSTAR and spiral UTE imple-
mentations can be found in Lee et al.?®> and Fauveau
et al.,? respectively. While maintaining the scan time
constant and other parameters matched as closely as pos-
sible, imaging parameters for the three sequences were as
follows. SoS out-in: flip angle 25°, FOV 48 x 48 X 24 cm3
(k; encoding along the anterior—posterior direction
with 24cm FOV), spatial resolution 2-mm isotropic,
TR/TE1/TE2=3.11/0.43/2.43 ms, with 80 dummy pulses
in the beginning to stabilize the magnetization. bSTAR:
flip angle 25°, FOV 36x36x36cm?® (without read-
out oversampling), spatial resolution 1.6-mm isotropic,
TR/TE1/TE2=1.38/0.13/1.17ms, 100 dummy pulses,
13000 half-radial spokes, and four interleaves with wob-
bling Archimedean spiral pole sampling. Patient 1 was
acquired with a bSTAR implementation in the vender
platform!! while the rest datasets were acquired with the
open-source implementation.?®> Spiral UTE: flip angle
5°, FOV 48 x 48 X 24 cm?3, voxel size 2.5X2.5% 2.4 mm?3,
TR/TE =4.34/0.03 ms, number of spiral arms per par-
tition =48, 72% partial Fourier along k,;. In one larger
subject (Patient 4), SoS out-in was acquired with a FOV
of 48 x 48 x 26 cm?> and a voxel size of 2 X 2x 2.17 mm? to
cover all signal generating area, avoiding aliasing.

2.5 | Evaluation

In two healthy volunteers, SI between bSTAR, spi-
ral UTE, and SoS out-in were compared. A lung
region-of-interest (ROI) was defined semi-automatically
using region-growing, followed by manual refinement.
The average and SD of pixel SI within this ROI were
reported as the lung parenchyma SI. An ROI was manu-
ally drawn in the descending aorta to calculate the mean
and SD of the blood SI. This process was done for bSTAR
and SoS out-in images in five patients where breath-hold
bSTAR was acquired with the open-source implementa-
tion?* (Patient 1 was excluded). SI between bSTAR and

SoS out-in of two volunteers and five patients (N = 7) were
evaluated by T-test. For patients, clinical LDCT reports
were used to guide the review of MRI images.

3 | RESULTS
Demographic information for all subjects, including LDCT
and MRI findings, are summarized in Table S1.

3.1 | Evaluation in healthy volunteers
Figure 2 shows a comparison of 17-s breath-hold SoS
out-in, bSTAR, and spiral UTE at different maximum
intensity projections (MIP). Both SoS out-in and bSTAR
provide sufficient SNR and image contrast to visualize ves-
sels and other structures in the lung, outperforming spiral
UTE. SoS out-in has a higher apparent contrast between
blood and lung parenchyma compared against bSTAR.
However, bSTAR was acquired with a finer nominal spa-
tial resolution (1.6-mm isotropic) than SoS out-in (2-mm
isotropic), offering slightly better vessel definition.

3.2 | Evaluation in patients

Findings from LDCT, breath-hold SoS out-in, and
breath-hold bSTAR are summarized in Table S1. Radiol-
ogist readings from LDCT confirmed three large nodules
(one 4 mm and two 8 mm), and each was identified from
a different patient. More than five small nodules (<4 mm)
were identified. Several small, calcified granulomata
(<4 mm) were also identified. Other identified lung condi-
tions include lung fibrosis or scaring (N = 2), emphysema
(N =3), and air trapping (N = 3).

Both breath-hold SoS out-in and bSTAR were able
to identify lung fibrosis and 8-mm nodules, with exam-
ples shown in Figure 3. Specifically, lung fibrosis was
visible in two patients with both examples are shown
in Figure 3(A,B). Two 8-mm nodules were visible in
both sequences and one example is shown in Figure 3C.
Breath-hold bSTAR has a lower apparent contrast com-
pared with SoS out-in, resulting in worse definition of
small blood vessels and other small structures.

SoS out-in was able to capture a 4-mm nodule as
shown in Figure 4 whereas breath-hold bSTAR failed to
identify the same nodule. Both breath-hold SoS out-in
and bSTAR failed to capture nodules or calcified gran-
ulomata below 4mm in size. Both breath-hold SoS
out-in and bSTAR failed to identify emphysema or air

trapping.
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Spiral UTE

Comparison of SoS out-in, bSTAR, and spiral UTE in one healthy volunteer with different MIP. All sequences were

acquired with a single 17-s breath-hold. The spiral UTE images had the worst image quality for depicting the lung vessels and lung

parenchyma. Both SoS out-in and bSTAR sequences provided similar details of smaller lung vessels. However, SoS out-in had a higher

contrast between blood vessels and lung parenchyma, whereas bSTAR had apparent sharper details, likely due to its finer acquisition voxel

size. The images are displayed with the lung parenchyma signal normalized to the same level.

3.3 | Blood and lung parenchyma SI
and contrast analysis

Figure 5(A,B) show the SI and contrast comparison
between 17-s breath-hold SoS out-in, bSTAR, and spiral
UTE in two healthy volunteers. Figure 5C shows nor-
malized SI and contrast comparison of SoS out-in and
bSTAR in two healthy volunteers and five patients. SoS
out-in shows the highest SI in both lung parenchyma
and blood. SoS out-in had a 1.95 times larger voxel size
than bSTAR; when considering SI normalized by voxel
size, bSTAR had higher lung parenchyma SI (0.99/mm3)
than SoS out-in (0.58/mm?) (p = 0.01), however, the blood
SI is significantly higher in SoS out-in (3.03/mm?3) than
bSTAR (2.66/mm?) (p =0.003), resulting in much higher
contrast in SoS out-in (2.45/mm?) than bSTAR (1.68/mm?)
(p=1e-4).

4 | DISCUSSION

‘We have developed a novel approach for high-quality sin-
gle breath-hold volumetric lung imaging at 0.55T. With a
mild 2.7 times undersampling SoS out-in bSSFP can cap-
ture the entire lungs with 2-mm isotropic resolution within
a single breath-hold of 17s. Compared to breath-hold

versions of bSTAR and spiral UTE, SoS out-in provides
significantly higher SI and image contrast. Its scan effi-
ciency means that it minimizes reliance on regularization
which can often cause artifacts. In patients, SoS out-in was
able to identify lung nodules >4 mm and lung fibrosis,
comparable to LDCT.

In the healthy volunteer experiment, the single
breath-hold spiral UTE had a much lower SI and con-
trast than that of the bSSFP sequences. Although UTE
sequences are widely used in lung imaging at 1.5 and 3T
MRI,32>26 ysing ultra-short TE may not be necessary at
0.55T as T2* in the lung is much longer."* For structural
lung imaging at 0.55 T, bSSFP sequences may be advanta-
geous than UTE sequences as they provide a higher SNR
to reveal more detailed structures.!! With the addition
of magnetization preparation pulses, bSSFP may provide
other imaging contrasts such as diffusion, Ty, or T, weight-
ing. SoS out-in can provide single breath-hold volumetric
imaging for other organs albeit it needs to be specifically
optimized for each application.

Comparing the single breath-hold SoS out-in and
bSTAR, a large SI difference was found which was primar-
ily due to differences in voxel size. When normalizing SI by
the voxel size, bSTAR had higher lung parenchyma SI, and
SoS out-in had higher blood SI. This is partially attributed
to the TR difference and the intravoxel dephasing.*!%?



TIAN ET AL.

6 . . . .
J—Magnetlc Resonance in Medicine

(B) Patient 2

FIGURE 3

(C) Patient3

Representative examples of SoS out-in and bSTAR for identifying lung conditions in three patients. Patient 1 (74-y-old

male) had bilaterial fibrosis in the superior lobes visible on both SoS out-in and bSTAR images (orange arrows). LDCT shows air trapping in
the lower right lobe (blue circle), which is not identified on either MRI image. Patient 2 (80-y-old female) had fibrosis in the right upper lobe,
visible in both SoS out-in and bSTAR images (orange arrow). Patient 3 (79-y-old female) had an 8-mm nodule, visible on both SoS out-in and
bSTAR images (green arrow). All SoS out-in and bSTAR images were acquired with a 17-s breath-hold. In all patients, SoS out-in provide
more detailed depictions of lung vessels and better blood-lung parenchyma contrast than bSTAR.

We also note the lower undersampling factor in SoS out-in
than bSTAR. bSTAR uses radial sampling with an isotropic
FOV, whereas SoS out-in uses a non-isotropic FOV that
only covers the lung area (smaller in the anterior—posterior
direction) and has a higher k-space sampling efficiency
with spiral trajectory. SoS out-in had a Nyquist undersam-
pling factor of 2.7 whereas bSTAR had an undersampling
factor of 11.8 at the same 17-s breath-hold. This reduces
the reliance on regularization and its possible impact on

image quality,?®2° enabeling the capture of smaller struc-
tures. This is reflected in the different abilities of SoS out-in
and bSTAR in capturing a 4 mm nodule.

In this study, SoS out-in was implemented on a 0.55T
scanner with high-performance gradient system, with 45
mT/m peak gradient and 200 T/m/s peak slew rate. For
the sequence design, we used a peak gradient of 24 mT/m
and peak slew rate of 180 T/m/s. When implementing SoS
out-in sequence to commercially available 0.55T scanners
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Patient 4 with 4 mm nodule
0.55T SoS out-in

Sagital

FIGURE 4 Orthogonal reformats of a 4-mm nodule in a 65-y-old female lung cancer patient. Images are displayed with a 10-mm MIP
at three orthogonal reformats. The 4-mm nodule is marked by green circles on SoS out-in images (left) and LDCT images (right). The nodule
location mismatch between the SoS out-in and LDCT is likely due to patient position (standing for LDCT and laying for MRI) and
breath-hold instructions (inhale for LDCT and exhale in MRI). bSTAR (not shown) was unable to visualize this 4-mm nodule.
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FIGURE 5 SIand contrast comparison between SoS out-in, bSTAR, and spiral UTE. SI was measured for both blood (in the descending
aorta) and for lung parenchyma. (A) In two volunteers, spiral UTE had the overall lowest SI and contrast. SoS out-in had a higher SI and
absolute contrast than bSTAR mainly due to a larger voxel size (1.95 times larger). (B) When normalizing SI by the voxel size, lung
parenchyma SI was higher in bSTAR, but SoS out-in had a higher blood SI, resulting in greater contrast between blood and lung parenchyma
in SoS out-in than bSTAR. (C) Comparing the normalized SI and contrast between SoS out-in and bSTAR in seven subjects, SoS out-in has
statistically significant higher blood SI, lower lung parenchyma SI, and greater contrast than those of bSTAR.
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with 26 mT/m peak gradient and 45 T/m/s peak slew rate,
at the same 17-s breath-hold duration, the TR will be pro-
longed 5.78 ms and the undersampling factor will increase
to 6.1. SoS out-in may need further optimization before
applying on such platforms.

This study has limitations. First, patient evaluation
was only performed in six subjects from our lung cancer
screening cohort. A larger study is needed to establish
diagnostic accuracy, sensitivity, or specificity. Another
limitation is that we used LDCT readings to guide the MRI
readings. Ideally, the MRI review should be conducted in
a blinded fashion. However, at the pilot stage, radiologists
preferred to confirm nodules with guidance from LDCT
reports.

Opportunities exist in further improvements in the
sampling scheme. The SoS out-in image quality degraded
towards the diaphragm, which may be attributed to gra-
dient nonlinearity, off-resonance, concomitant field, or
breath-hold failure. Off-resonance and concomitant field
issues are likely increased at a distance farther away from
the magnet iso-center and near air-tissue boundaries. The
ideal TR that is suitable for bSSFP lung imaging may be fur-
ther optimized: a short TR is less efficient but could avoid
issues such as banding artifacts from off-resonance, local
blurring due to concomitant fields, or intravoxel dephas-
ing.*19 As studied in Fauveau et al.,’ a sampling scheme
that fills the 3D k-space partition-by-partition may result
in improved image quality for patients with compromised
breath-hold capability. This may be adapted to the SoS
out-in to improve its robustness against breath-hold failure
and to study the trade-offs with eddy current artifacts.

5 | CONCLUSIONS

SoS out-in bSSFP at 0.55T is able to provide 2-mm isotropic
volumetric lung imaging in a single breath hold at 17s.
SoS out-in bSSFP showed the capability of detecting lung
nodules >4 mm and lung fibrosis.
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