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Abstract Abstract 
Objective: 

To test a free-breathing MRI protocol for anatomical and functional assessment during lung cancer 
radiotherapy by assessing two non-Cartesian acquisition schemes based on T1 weighted 3D gradient 
recall echo sequence: (i) stack-of stars (StarVIBE) and (ii) spiral (SpiralVIBE) trajectories. Methods: 

MR images on five healthy volunteers were acquired on a wide bore 3T scanner (MAGNETOM Skyra, 
Siemens Healthcare, Erlangen, Germany). Anatomical image quality was assessed on: (1) free breathing 
(StarVIBE), (2) the standard clinical sequence (volumetric interpolated breath-hold examination, VIBE) 
acquired in a 20 second (s) compliant breath-hold and (3) 20 s non-compliant breath-hold. For functional 
assessment, StarVIBE and the current standard breath-hold time-resolved angiography with stochastic 
trajectories (TWIST) sequence were run as multiphase acquisitions to replicate dynamic contrast 
enhancement (DCE) in one healthy volunteer. The potential application of the SpiralVIBE sequence for 
lung parenchymal imaging was assessed on one healthy volunteer. Ten patients with lung cancer were 
subsequently imaged with the StarVIBE and SpiralVIBE sequences for anatomical and structural 
assessment. For functional assessment, free-breathing StarVIBE DCE protocol was compared with 
breath-hold TWIST sequences on four prior lung cancer patients with similar tumour locations. Image 
quality was evaluated independently and blinded to sequence information by an experienced thoracic 
radiologist. Results: 

For anatomical assessment, the compliant breath-hold VIBE sequence was better than free-breathing 
StarVIBE. However, in the presence of a non-compliant breath-hold, StarVIBE was superior. For functional 
assessment, StarVIBE outperformed the standard sequence and was shown to provide robust DCE data 
in the presence of motion. The ultrashort echo of the SpiralVIBE sequence enabled visualisation of lung 
parenchyma. Conclusion: 

The two non-Cartesian acquisition sequences, StarVIBE and SpiralVIBE, provide a free-breathing imaging 
protocol of the lung with sufficient image quality to permit anatomical, structural and functional 
assessment during radiotherapy. Advances in knowledge: 

Novel application of non-Cartesian MRI sequences for lung cancer imaging for radiotherapy. Illustration of 
SpiralVIBE UTE sequence as a promising sequence for lung structural imaging during lung radiotherapy. 
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Objective: To test a free-breathing MRI protocol for 

anatomical and functional assessment during lung 

cancer radiotherapy by assessing two non-Cartesian 

acquisition schemes based on  T1 weighted 3D gradient 

recall echo sequence: (i) stack-of stars (StarVIBE) and 

(ii) spiral (SpiralVIBE) trajectories.

Methods: MR images on five healthy volunteers were 

acquired on a wide bore 3T scanner (MAGNETOM Skyra, 

Siemens Healthcare, Erlangen, Germany). Anatom-

ical image quality was assessed on: (1) free breathing 

(StarVIBE), (2) the standard clinical sequence (volumetric 

interpolated breath-hold examination,  VIBE) acquired 

in a 20 second  (s) compliant breath-hold and (3) 20 s 

non-compliant  breath-hold. For functional assessment, 

StarVIBE and the current standard breath-hold time-re-

solved angiography with stochastic trajectories (TWIST) 

sequence were run as multiphase acquisitions to repli-

cate dynamic contrast enhancement (DCE) in one healthy 

volunteer. The potential application of the SpiralVIBE 

sequence for lung parenchymal imaging was assessed on 

one healthy volunteer. Ten patients with lung cancer were 

subsequently imaged with the StarVIBE and SpiralVIBE 

sequences for anatomical and structural assessment. 

For functional assessment, free-breathing StarVIBE 

DCE protocol was compared with breath-hold TWIST 

sequences on four prior lung cancer patients with similar 

tumour locations. Image quality was evaluated inde-

pendently and blinded to sequence information by an 

experienced thoracic radiologist.

Results: For anatomical assessment, the compliant 

breath-hold VIBE sequence was better than free-

breathing StarVIBE. However, in the presence of a 

non-compliant breath-hold, StarVIBE was superior. 

For functional assessment, StarVIBE outperformed the 

standard sequence and was shown to provide robust 

DCE data in the presence of motion. The ultrashort echo 

of the SpiralVIBE sequence enabled visualisation of lung 

parenchyma.

Conclusion: The two non-Cartesian acquisition 

sequences, StarVIBE and SpiralVIBE, provide a free-

breathing imaging protocol of the lung with sufficient 

image quality to permit anatomical, structural and func-

tional assessment during radiotherapy.

Advances in knowledge: Novel application of non-Car-

tesian MRI sequences for lung cancer imaging for radi-

otherapy. Illustration of SpiralVIBE UTE sequence as a 

promising sequence for lung structural imaging during 

lung radiotherapy.
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intRODuCtiOn
MRI is being increasingly used in radiotherapy planning 
for its capability to acquire morphological and functional 
data during a single scan. However, MRI in lung cancer is 
challenging due to the low proton density of lung tissue, 
magnetic susceptibility from microscopic heterogeneity 

and respiratory motion. Hardware and software develop-
ment has overcome some of these problems. A number 
of different protocols and sequences have been proposed 
for imaging the lung.1–3 T2 weighted (T2W) half-Fourier 
single-shot turbo spin echo (HASTE) sequence can be used 
to visualise pathological changes.4 Pulmonary nodules and 
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mediastinal disease are best assessed with a T1 weighted (T1W) 
3D gradient recall echo (GRE) sequence with breath-hold.3 
A major issue with lung imaging is the effect of respiratory 
motion. To minimise impact of respiratory motion, respiratory 
gating or a breath-hold manoeuvre is performed during image 
acquisition.

Breath-hold techniques are challenging for patients under-
going radiotherapy for lung cancer. These patients usually have 
compromised pulmonary function and are, therefore, unable to 
maintain a breath-hold for the required length of time. Breath-
hold non-compliance results in poorer image quality. Conven-
tional sequences suffer from image quality degradation due to 
the way signal data is sampled. K-space is the raw data space 
where digitised MR signal is stored during acquisition. Since the 
data is reconstructed using Fourier transform, data in the middle 
of k-space contains the bulk of the signal contrast for the image 
and the edge contains data about image resolution (edges and 
boundaries).5 Conventional MRI sequences acquire k-space data 
in a line by line (Cartesian) manner, this makes them sensitive to 
motion as the data is acquired contiguously.5 If the object moves 
during acquisition (i.e. respiratory motion) this disturbs the 
phase encoding scheme resulting in artefacts, most evident in the 
phase encoding direction. Respiratory motion also impacts on 
functional imaging, where accuracy relies on consistent spatial 
positioning over time. For optimal assessment of tissue vascula-
ture properties from dynamic contrast enhanced (DCE) imaging, 
contrast uptake is monitored over several minutes. Motion 
during these time frames can cause inter-frame misalignment 
which can affect functional assessment.6

An alternative method of overcoming sensitivity to motion is to 
change the way k-space is acquired and filled.7 Non-Cartesian 
acquisition schemes provide a different sampling geometry to 
manage motion. Two such acquisition schemes are radial and 
spiral techniques. Radial sampling is based on acquiring k-space 
data along radial spokes. Each radial projection passes through 
the centre of k-space, therefore, the signal is heavily averaged. A 
stack-of-stars technique is performed for in-plane sampling and 
Cartesian sampling is performed in the slice direction.8 Due to 
the overlap of spokes in the centre, the distribution of k-space 
data along individual spokes is averaged out. Although robust in 
minimising aliasing, ghosting and motion artefacts, radial trajec-
tories are prone to blurring and radial streak artefacts inherent 
to the sampling scheme. The oversampling on the k-space results 
in increased acquisition time compared with conventional 
imaging.5 Due to its lower motion sensitivity radial stack-of-
stars acquisition allows a free-breathing T1W sequence that can 
aid in accurate tumour volume identification and delineation.8 
However, with the higher sampling requirement of k-space data, 
the stack-of-stars technique is limited by temporal resolution. 
Whilst a conventional T1W GRE sequence allows the entire 
thorax to be imaged in a 20 second (s) breath-hold, a radial GRE 
sequence requires a longer acquisition time to acquire the equiv-
alent anatomical coverage. Without the breath-hold constraint 
it is possible to increase the spatial resolution compared to the 
Cartesian breath-hold scan. This, of course, increases the acqui-
sition time even further.

Magnetic susceptibility in lung tissue causes signal loss due to 
extremely short T2* relaxation time of lung tissue, this limits 
the ability of MRI sequences with conventional echo time (TE) 
to acquire images of the lung parenchyma. To monitor changes 
within the tumour and also healthy lung, high resolution CT is 
used to acquire images of lung parenchyma to assess radiolog-
ical changes within the lung and correspond this to histolog-
ical outcomes.9 To acquire lung parenchyma images with MRI, 
sequences need to accommodate fast signal acquisition following 
excitation before signal decay. Ultrashort echo time (UTE) 
imaging has be shown to be ideal for imaging lung parenchyma 
and evaluating lung microstructure at the alveolar level.10,11 
Most 3D UTE sequences combine short non-selective RF pulses 
with a 3D centre out radial trajectory. Scan time can be reduced 
by using a more efficient stack-of-spirals trajectory. Qian and 
Boada12 showed that a short effective TE can be realised with the 
stack-of-spirals trajectory, if the duration between excitation and 
spiral readout is minimised for each through-plane phase-en-
coding step separately.

Non-Cartesian trajectories and, in particular, radial and spiral 
k-space sampling techniques have potential applications in 
imaging for lung cancer in radiotherapy. In order to utilise the 
superior soft tissue contrast of MRI for target volume delinea-
tion for lung radiotherapy, management of respiratory motion is 
a prerequisite. Radial sampling provides a potential solution for a 
free-breathing T1W GRE sequence for anatomical delineation of 
lung tumour volume as well as a free-breathing DCE sequence. 
The spiral sampling technique coupled with UTE imaging 
provides information on lung parenchyma, which is not visible 
with standard imaging sequence, under free-breathing condi-
tions. The aim of this paper is to describe the application of the 
two non-Cartesian k-space acquisition techniques to minimise 
the impact of respiratory motion on image quality, during lung 
MRI acquired for radiotherapy planning. These sequences were 
compared with existing corresponding Cartesian sequences.

MethODOLOGy
Imaging technique
For non-Cartesian imaging, a T1W volumetric interpolated 
breath-hold examination (VIBE) with radial acquisition trajec-
tory (StarVIBE) was assessed for anatomical and DCE assessment 
of tumour volume. For comparison with Cartesian sequence, a 
T1W VIBE sequence with DIXON fat suppression technique was 
utilised for anatomical imaging. T1 VIBE with DIXON is a 3D 
sequence with contiguous and spatially registered slices. DIXON 
is more robust in the presence of varying tissue interfaces and 
suffers less from paramagnetic susceptibility artefacts (which are 
abundant in the lungs) compared to chemical fat suppression. 
However, DIXON is limited to Cartesian k-space sampling with 
the VIBE sequence but may be performed with a 20 sec breath-
hold. The sequence may  be degraded by respiratory motion, 
therefore patient compliance to breath-hold is important. For 
comparison with a Cartesian DCE sequence, time-resolved angi-
ography with stochastic trajectories (TWIST) was used with a 
series of multiple short (20 sec) breath-hold periods over a course 
of time. TWIST is a variant of high resolution breath-hold 3D 
flash angiography which allows assessment of tumour and lung 
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Table 2. Tumour/surrogate and bronchi score categories

Score 1 2 3 4

Edge detection Edge clearly defined
Structure edge slightly 
blurred, not impairing 
definition of boundary

Considerable blurring of 
structure edge impacting 
on accurate definition of 
boundary

Significant blurring of 
boundary edge, definition 
of structure boundary not 
achievable

Artefacts No artefacts Minimal artefact not 
impairing image quality

Considerable artefacts 
impacting evaluation of 
anatomical structures

Extreme artefacts obscuring 
delineation of structures

Image noise Minimal noise Minimal noise not 
impairing image quality

Considerable noise 
impacting evaluation of 
anatomical structures

Extreme noise obscuring 
definition of structures

Overall image quality Very good image quality
Fair image quality not 
impairing delineation of 
structures

Impaired image quality 
that may lead to incorrect 
delineation

Anatomical structure not 
definable

perfusion with high resolution 3D imaging. TWIST compared 
to StarVIBE provides better temporal resolution (can acquire the 
entire thorax with the same acquisition time) but the integrity 
of the data sets is reliant on patient compliance to breath-hold. 
Images are acquired over seven respiratory phases for a total of 
thirty eight measurements.

Lung microstructure imaging was performed with a works-in-
progress (WIP) sequence based on UTE imaging with a stack-of-
spirals acquisition scheme (SpiralVIBE) encompassing the entire 
thorax. Different to the original technique of Qian and Boada,12 
which uses a slab selective excitation, the WIP sequence used 
in this work utilises a 60  μs non-selective rectangular pulse to 
achieve effective TE times of 50 μs. Images were acquired in a 
coronal orientation to minimise the number of through-plane 
phase encoding steps.13 Furthermore, the sequence incorpo-
rates navigator scans for respiratory gating. The navigator uses 
a Cartesian readout in head-feet direction. Navigator scans and 
imaging scans use the same excitation pulse and TR to sustain 
steady state. The information gained with the navigator is used to 
obtain scans at inspiration during a free-breathing acquisition. 
MRI sequences and parameters are outlined in Table 1.

Data acquisition
All images were acquired on a 3T wide bore scanner 
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) 
using a 32-channel spine coil and a 18-channel surface coil 
placed directly on subjects thorax. Patients were positioned in 
a supine radiotherapy treatment setup, with their arms raised 
above their head in a customised vacuum bag (BlueBAG™, Elekta, 
Stockholm, Sweden) for immobilisation and a flat wing board 
(MTWB09 Wingboard, CIVCO Medical Solutions, Orange 
City, IA). Healthy volunteers were positioned in a similar setup 
without customised vacuum bag.

For comparison with CT data for structural assessment, each 
patient’s 4DCT radiotherapy planning CT was used. MRI and 
CT scans were performed prior to the start of patient’s treat-
ment within one week of each other. All patient CT scans were 
performed on the departmental Phillips Brilliance Big Bore 16 
slice CT scanner (Phillips Medical Systems, Cleveland, OH). For 

all patients the CT image matrix was 512 × 512 mm, slice thick-
ness of 2 mm with 2 mm slice increments.

Anatomical and structural assessment
Healthy volunteers
The applicability of the T1 StarVIBE sequences was assessed 
on five healthy volunteers. For comparison, the existing T1 W 
breath-hold VIBE sequence with and without compliant breath-
hold (representative of patient non-compliance to breath-
hold instruction) was also acquired for these volunteers. The 
SpiralVIBE sequence was assessed on one healthy volunteer 
with free-breathing instructions to setup parameters to optimise 
image quality.

Patient imaging
Images from ten consecutive lung cancer patients, enrolled in a 
prospective study were acquired. Image acquisition for StarVIBE 
and SpiralVIBE was performed with free-breathing instruction. 
For anatomical imaging, StarVIBE sequence was acquired in 
transverse plane to match CT imaging plane. SpiralVIBE was 
acquired in coronal plane.

Functional assessment
Healthy volunteer
To assess impact of respiratory motion on DCE imaging, one 
healthy volunteer was scanned with StarVIBE and breath-hold 
TWIST sequences. The volunteer was instructed to maintain a 
compliant breath-hold during TWIST imaging, for StarVIBE 
imaging shallow breathing instruction was given. Interframe 
misalignment between imaging phases was used as assessment 
of respiratory motion impact.

Patient images
StarVIBE DCE images were acquired using the same four 
consecutive lung cancer patients imaged for anatomical assess-
ment. FOV for DCE waslimited to the tumour in the antero-
posterior direction to maintain a fast temporal resolution. 
Intravenous administration of Gadobutrol 4.535  g (Gado-
vist 1.0, Bayer,  Leverkusen,  Germany) mmol/kg half-dose at 4 
ml/  sec was given during DCE imaging. Direct comparison of 

http://birpublications.org/bjr
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Figure 1. Healthy volunteer and patient anatomical scores.

image quality between breath-hold and free-breathing DCE 
MRI sequence was not possible with the same patients due to 
the administration of contrast for DCE imaging. For compar-
ison with the free-breathing, StarVIBE DCE protocol data sets 

from four previous patients imaged with breath-hold TWIST 
protocol were included in the assessment. The previous patients 
were matched for tumour location where possible with all four 
patients imaged with the free-breathing StarVIBE protocol.

http://birpublications.org/bjr
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Semi quantitative assessment
The visibility of tumour boundaries and bronchi for patient 
imaging was scored according to a four-point scale developed 
in-house (Table  2). For healthy volunteers, assessment of the 
pulmonary trunk was used as a tumour surrogate for image 
quality analysis. Images were scored by an experienced thoracic 
radiologist and radiation oncologist. A score of two or less was 
considered to be clinically acceptable for tumour volume delin-
eation and structural definition.

For comparison of functional imaging, misalignment of inter-
frame images was assessed with image subtraction between 
frames. To assess the impact of respiratory motion on DCE 
imaging between free-breathing and breath-hold, in-plane 
misregistration between imaging phases on subtracted images 
were used.

ReSuLtS
Anatomical assessment
Healthy volunteers
For each of the four image quality score criteria, both StarVIBE 
and compliant breath-hold T1 VIBE sequences scored better than 
non-compliant T1  VIBE for all five volunteers (Figure  1a–d). 
Sequence parameters for DCE StarVibe were initially copied 
from the anatomical StarVIBE sequence. However, based on 
the volunteer imaging, radial views of 600 for DCE StarVIBE 
resulted in an increase in acquisition time of 23 s. To maintain 
scan efficiency while limiting streak artefacts, the base resolution 
and radial views were reduced to 300 allow a 12-sec acquisition 
time per measurement. Significant signal saturation was present 
on the MR images anteriorly on the healthy volunteer UTE 
images. To overcome this, the surface coil was raised away from 
patient anatomy with sponges to physically normalise the signal.

Patient images
Figure 1e,f illustrate the image scores across the ten patients. All 
patient images scored two or less for image artefact and noise, 
seven patients had a score of three for edge detection. Figure 2 
illustrates the blurred tumour edge for patient 1 for StarVIBE (a) 
and increased image noise for patients 1 and 3 for SpiralVIBE 
(b,c). There was more visual noise present in the SpiralVIBE 
sequence compared with CT, however, this did not impair overall 
image quality. Nine patients had a score of less than two for edge 
detection of tumour on the SpiralVIBE. Figure  3a and b(iii) 

illustrates the anatomical image quality acquired with the free-
breathing non-Cartesian sequence StarVIBE. In comparison 
with the 4D planning CT (i-ii) the tumour boundary is slightly 
blurred, however, sufficient edge detail is present to define 
boundary. Signal from lung parenchyma is visible on SpiralVIBE 
images (v–vi).

Functional
Healthy volunteer
For inter-frame misalignment, a large variation between frames 
was noted on subtracted images for TWIST compared to 
StarVIBE sequences (Figure 4).

Patient
Inter-frame misalignment of patient data for free-breathing 
StarVIBE and breath-hold TWIST is shown in Figure 5; Phase 1 
and 2 images were taken at the same slice position with a differ-
ence of no more than 5 s between phases. For patients imaged 
with free-breathing StarVIBE, although misalignment was noted 
near the liver dome and abdominal structures, alignment near 
the tumour volume was sufficient for a free-breathing sequence. 
For the breath-hold TWIST protocol only Patient B had minimal 
variation near the tumour volume (Figure 5iv iv,C). For the other 
breath-hold TWIST images, variation in signal near tumour 
position was seen for patient A, C and D (Figure 5).

DiSCuSSiOn 
This study demonstrates the potential application of two free-
breathing non-Cartesian image sequences for cancer imaging 
in radiotherapy. The pre-contrast free-breathing T1W StarVIBE 
was shown to be robust in the presence of motion, however, 
slight blurring at the edges of tumour volume was evident. To 
optimise image quality, radial views were kept at 300 to mini-
mise streak artefacts. Temporal resolution was reduced for 
StarVIBE compared to breath-hold T1 VIBE. For T1 VIBE, a 
20 sec breath-hold was required to acquire the entire thorax, for 
StarVIBE this extended to approximately a 3 min free-breathing 
scan for the same FOV. Similar compromises had to be made for 
the DCE protocol. The breath-hold TWIST sequence allowed 
image acquisition of the entire thorax during a 5  min session 
with 20  sec breath-hold periods. To balance reduced temporal 
resolution with acquisition of sufficient data without prolonging 
scan times, the scan limit for the DCE study was limited to the 
region of tumour volume in the anteroposterior direction for the 

Figure 2. (a) Blurred anatomical detail to define tumour edge for patient 1 StarVIBE image defined by red ROI. (b) Grainy image, 

impacting on visualisation of bronchial structure, (c) Grainy image appearance, slight distortion of bronchial structures.
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coronal acquisition planes. While motion correction function 
is available with most commercial software such as Tissue 4D 
(Siemens Healthcare, Erlangen, Germany) for perfusion analysis, 
motion correction only allows alignment of the dynamic images 
to the reference images. Motion correction did not improve 
the integrity of the image quality between imaging phases for 

the breath-hold TWIST sequence, it also did not improve arte-
facts within the acquired image. To maintain integrity of DCE 
data acquired as well as ensuring accurate post imaging anal-
ysis, StarVIBE demonstrated more efficient motion correc-
tion compared to breath-hold TWIST. With improved motion 
management on a T1 sequence, StarVIBE sequence can be used 

Figure 3. (a): Images of a patient with non-small cell lung cancer (Patient 2), (b) Images of a patient with small cell lung cancer 

(Patient 1). (i) RT planning CT (lung window); (ii) RT planning CT (mediastinal window); (iii) Axial StarVIBE MRI; (iv) Radiotherapy 

planning CT coronal plane; (v) SpiralVIBE coronal plane (UTE); (vi) SpiralVIBE sagittal plane (UTE).
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for delineation of tumour volume for lung.4 SpiralVIBE allowed 
the detection of signal from the lung parenchyma, which is 
not visible on MRI sequences with conventional TE. Results 
show that lung parenchyma imaging is possible with minimal 
respiratory artefacts during free-breathing acquisition. While 
both non-Cartesian sequences have longer acquisition times, 
breath-holds were avoided and this improved image quality in 
lung cancer patients with compromised breath-hold capaci-
ties ranging between15 to  20 sec for a single breath-hold.14,15 
Minimum breath-hold durations recommended for most lung 
imaging sequence is20 sec.16

Other studies have demonstrated the effectiveness of StarVIBE 
in managing motion for abdominal and pelvic DCE imaging.17,18 
DCE imaging in oncology allows for quantitative assessment of 
tumour status. It has been shown to be a non-invasive method 
to measure tumour properties based on the tumour microvas-
culature with potential for use as an imaging biomarker to assess 
treatment response.19,20 However, to ensure accurate analysis of 
tumour enhancement kinetics, data over a period of time needs to 
be acquired at high temporal resolution. In the presence of respi-
ratory motion, tumour displacement and blurring can introduce 
significant errors in the measured parameters and pixel by pixel 
analysis. Therefore, appropriate motion management is necessary 
if DCE imaging is to be utilised in lung cancer radiotherapy as 
a potential biomarker to guide radiotherapy treatment and also 

to assess treatment response. The StarVIBE sequence provides a 
potential solution to improve quality of DCE data acquired for 
functional assessment of tumour volume. Apart from improving 
image integrity of functional imaging, free-breathing sequences 
are also of benefit for integrated MRI radiotherapy systems to 
facilitate online tracking of target volumes.21

Similarly, UTE imaging has been shown to enable visualisation 
of other lung disease within the lung parenchyma.10 Utilisa-
tion of UTE imaging in radiation therapy has mainly been for 
deriving substitute CT data for planning from the MRI data.22 
However, UTE imaging can be utilised to assess lung archi-
tecture during the course of treatment and post treatment. 
T2* derived from UTE images can be utilised to differentiate 
between fibrosis and non-specific pneumonitis on CT.23 The 
SpiralVIBE sequence has further applications in assessing 
radiological changes that occur in the lung parenchyma 
during radiotherapy, particularly in relation to lung toxicities. 
The work presented in this paper is the first illustration of the 
free-breathing SpiralVIBE UTE for radiotherapy imaging and 
its potential application in monitoring changes during and 
post treatment. In the context of MRI integrated radiotherapy 
systems, UTE can allow visualisation of lung parenchyma to 
facilitate generation of pseudo CT for radiotherapy therapy or 
be used in lieu of the CT data.24 As SpiralVIBE is acquired 
during free breathing, it has the potential to provide equivalent 

Figure 4. (a): Breath-hold compliant TWIST image, (b): (i) Free-breathing StarVIBE; (ii)  Same slice position different frames; (iii) 

Subtracted image between (i) and (ii).
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