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A B S T R A C T   

Radiotherapy planning for lung cancer typically requires both 3D and 4D Computed Tomography (CT) to account 
for respiratory related movement. 4D Magnetic Resonance Imaging (MRI) with self-navigation offers a potential 
alternative with greater reliability in patients with irregular breathing patterns and improved soft tissue contrast. 
In this study 4D-CT and a 4D-MRI Radial Volumetric Interpolated Breath-hold Examination (VIBE) sequence was 
evaluated with a 4D phantom and 13 patient respiratory patterns, simulating tumour motion. Quantification of 
motion related tumour displacement in 4D-MRI and 4D-CT found no statistically significant difference in mean 
motion range. The results demonstrated the potential viability of 4D-MRI for lung cancer treatment planning.   

1. Introduction 

Dose escalation in lung cancer radiotherapy is used to potentially 
improve patient outcomes but can result in increased toxicity to healthy 
tissue [1]. Achieving effective local tumour control with dose escalation 
requires accurate determination of tumour extent, spatial distribution 
and delineation of organs at risk. This process is aided through the use of 
four dimensional Computed Tomography (4D-CT) [2]. 4D-CT generates 
multiple 2D images, which are retrospectively sorted into respiratory 
phase resolved 3D image sets where tumour localisation and extent can 
be defined [2]. Despite its routine clinical use, 4D-CT is not without 
limitations, including ionising radiation dose, poor soft tissue contrast, 
and motion artefacts associated with irregular breathing patterns [3–5]. 

One of the main advantages Magnetic Resonance Imaging (MRI) 
offers for oncology applications is superior soft tissue contrast with 
improved definition of the tumour extent [6]. The recent development of 
self-navigating gradient echo 4D-MRI sequences such as Radial Volu-
metric Interpolated Breath-hold Examination (VIBE) sequence means 
that 4D phase resolved images can be acquired as a potential alternative 
to 4D-CT for lung cancer treatment planning. Recent work has shown 
advances in 4D-MRI with improved diagnostic value for moving anat-
omy [7–10]. This work quantitatively evaluated the extent of motion 
range measured for a tumour surrogate in a respiratory motion phantom 

with both 4D radial VIBE MRI and 4D-CT, using a series of pre-recorded 
patient respiratory patterns. 

2. Materials and methods 

A 3T MRI scanner (MAGNETOM Skyra, Siemens Healthcare, Erlan-
gen, Germany) and Siemens Somatom Confidence CT scanners (Siemens 
Healthcare, Erlangen, Germany) were used to acquire 4D image data 
series. For 4D-MRI, a prototype Siemens Radial VIBE sequence with self- 
navigating and optional motion correction averaging (mocoAVE) was 
used. To simulate lung tumour motion, a QUASAR MR-4D phantom 
(Modus Medical Devices, Ontario Canada) was used during both MR and 
CT image acquisition. The phantom provides translational and rota-
tional motion of a cylindrical sleeve. The tumour surrogate (plastic 
sphere) was mounted centrally in the cylinder for superior-inferior 
motion. Thirteen pre-recorded lung cancer patient breathing patterns 
obtained during a previous study [11], were used to control the motion 
of the phantom. The retrospective use of patient data for this study was 
deemed as a negligible risk and did not require further approval from the 
Hunter New England Human Research Ethics Committee (Exemption 
Authorisation AU202012-06). 
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2.1. Input respiratory cycle and 4D-CT RPM assessment 

The normality of the distribution of respiratory cycle amplitudes for 
each patient was tested in Matlab (The MathWorks, Natick, PA, USA) 
using Shapiro-Wilk and Kolmogorov-Smirnov. Median and inter- 
quartile ranges were used to quantify the variability of input patient 
respiratory motion. The 95% quantiles of the respiratory input signal 
trace were used to define motion range as a benchmark for this study to 
limit the effects of data outliers and be consistent with the literature 
[12,13]. The effects of baseline drift on 4D-MRI and 4D-CT motion 
estimation were also investigated, where baseline drift was defined as 
the maximum to the minimum displacement of a rolling 20 s average of 
the input respiratory signal trace. To enable the CT respiratory moni-
toring system (Varian RPM) to work with the phantom, a mechanical 
device was developed to translate Superior-Inferior motion of the 
phantom into Anterior-Posterior motion of the RPM marker. To reduce 
the likelihood of the device being a confounding variable, the raw RPM 
signal trace was compared to the input respiratory signal trace using 
Spearman’s Rank Correlation. 

2.2. MRI self-navigation assessment 

Phase binning of MRI raw data was achieved through a self- 
navigation signal, acquired through repeated sampling of k-space 
centre during radial acquisition. A time series cross covariance tech-
nique was applied to identify the locations within the navigator signal 
with the highest correlation with the input respiratory trace. The input 
respiratory trace was then aligned with the locations of highest cross- 
covariance by applying the appropriate lag to each repetition of the 
input respiratory trace. Only sections with a full input respiratory cycle 
were used for further analysis. The self-navigator/respiratory signal 
Spearman’s rank correlation was calculated to show this is not a con-
founding variable. 

As the self-navigation signal relies on the proportion of tissue with 
high (or low) transverse magnetisation moving in/out of the excited 
volume during respiration [14], the effect of reducing field of view 
(FOV) was investigated at two different in plane resolutions (0.52 ×
0.52 mm2, 1.6 × 1.6 mm2), for one shallow respiratory motion pattern 
where the 380 × 380 mm2 FOV was reduced to 150 × 150 mm2, in order 
to focus more closely around the moving tumour surrogate across the 
respiratory cycle. 

2.3. Motion range comparison of 4D-CT, 4D-MRI and the respiratory 
signal trace 

The measured motion ranges from 4D-CT images, 4D-MRI images 
and the input respiratory signal trace 95% quantiles were compared 
with a repeated measures ANOVA test to assess if there was a statistically 
significant difference between the motion ranges. To analyse the data 
statistically, R-Studio [15] and MATLAB were used. An ad-hoc paired t- 
test was performed between each of the three motion ranges to quantify 
differences between individual pairs. 

3. Results 

For 12 of the 13 respiratory patterns, median respiratory amplitude 
ranged from 10.5 mm to 24.7 mm, respiratory inter-quartile range was 
8% to 68% of the median amplitude and baseline drift was between 18% 
and 104% of median amplitude. The most variable respiratory pattern 
(patient 12) had a median amplitude of 6.1 mm, respiratory inter- 
quartile range was 62% of the median amplitude and baseline drift 
was 167% of median amplitude. Fig. 2 shows the relationship between 
the amplitude variability, the baseline drift and the measured 4D-CT and 
4D-MRI motion ranges. The 4D-CT RPM Spearman’s rank correlation 
average for all 4D-CT data was 0.94 (p < 0.01). With a FOV of 380 mm 
(in plane resolution of 1.32 × 1.32 mm2), 12 out of the 13 respiratory 
patterns had a Spearman’s Rank correlation of greater than 0.96 (p <
0.01). 

The reduction in FOV and increase in resolution for the poor per-
forming self-navigation cycle (FOV = 150 mm, pixel 0.52 × 0.52 mm2) 
resulted in the average Spearman’s Rank correlation increasing from 
0.23 (p < 0.01) to 0.97 (p < 0.01). A similar observation was made with 
the same FOV reduction, with a reduced image resolution (Spearman’s 
0.93 (p < 0.01), FOV = 150 mm, pixel 1.6 × 1.6 mm2). 

Table 1 shows the results of the normality test for the motion range 
distribution of the 4D-CT, 4D-MRI and the input respiratory signal 
(Q95%). 

Repeated measures ANOVA between 4D-MRI, 4D-CT and input res-
piratory 95% quantiles gave a test statistic of F = 0.05 (p = 0.95). The 
paired t-test results between 4D-MRI, 4D-CT and input respiratory 95% 
quantiles had a p-value ≫ 0.05 (p-values; MRI-CT = 0.77, MRI-input 
Q95% = 0.60, CT-input Q95% = 0.68. 

Fig. 1. Patient 12 self-navigation signal overlayed on the input respiratory signal. Left (A); The navigation signal is inverted in this plot. Note the good correlation 
between the maximum peaks of the pattern and the inverted FID navigation signal. Right (B); Patient 12 respiratory pattern and FID navigation signal when the FOV 
is reduced from 380 mm to 150 mm. Spearman’s Rank correlation improvement 0.23 (p < 0.01) Fig. 1(A) to 0.97 (p < 0.01) Fig. 1(B). 
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4. Discussion 

In the evaluation of 4D-MRI radial VIBE with self-navigation for use 
in lung cancer radiotherapy treatment planning, we compared motion 
range detection capability with conventional 4D-CT in a phantom 
model. The results of this study showed that the difference between the 
motion range detection capability of 4D-CT and 4D-MRI was not sta-
tistically significant when using 13 patient respiratory traces to generate 
pseudo-realistic phantom motion. While the use of MRI for detection, 
staging and surveillance of early stage lung cancer is well established 
[16], with recent developments in MR-guided radiotherapy [17–20], 
MRI simulators and the move toward MRI only workflows, results such 
as those reported in this study, which show equivalence between MRI 
and CT techniques, may be particularly relevant. 

The high Spearman’s Rank Correlation (close to 1) for all 4D-CT RPM 
signal trace data measured in this study, reduces the likelihood of the 
RPM mechanical device attachment being a confounding parameter as 
the RPM signal trace was a faithful representation of the input signal 
trace. The self-navigation signal was found to have a high Spearman’s 
Rank correlation with the input respiratory trace for 12 out of the 13 
patients suggesting a large FOV may be adequate for most 4D-MRI use. 
The self-navigation signal with a low Spearman’s correlation (patient 
12) had a low median respiratory amplitude and high baseline drift 
indicative of respiratory distress. Reducing the FOV increased the rela-
tive signal change within the imaging volume, leading to significant 
improvement in respiratory detection as shown in Fig. 1. The increase in 
response may be helpful for shallow or irregular breathing patients in 

generating a self-navigating signal that more faithfully represents the 
motion of the tumour. Depending on the position of the tumour in the 
lung and its associated respiratory motion, a reduction in FOV may not 
always increase the proportion of moving tissue within the image. In 
some cases, this reduction in FOV may have a negative effect on self- 
navigation performance. Careful consideration should be used when 
deciding on FOV selection in patients, with tumour location, motion 
amplitude and proximity to surrounding tissue likely to affect the ac-
curacy of the measured navigation signal. 

4D-CT by contrast, has its own limitations; one of which is the de-
pendency on the regularity of breathing for accurate phase binning of 
image data. If breathing is too irregular, the appropriate phase images 
are not acquired during all slices, resulting in artefacts and misrepre-
sentation of motion. 

The input respiratory signal (Q95%), 4D-MRI and 4D-CT Shapiro- 
Wilk and Kolmogorov-Smirnov statistics all suggest a normal distribu-
tion of data for the measured ranges of motion and ANOVA was there-
fore indicated as a valid test. The motion ranges detected by 4D-MRI and 
4D-CT showed no statistically significant difference between the 4D- 
MRI, 4D-CT and the 95% quantiles of the input respiratory traces as 
indicated by the ANOVA small F-statistic/high p-value and paired t-test 
where the p-values are high (p ≫ 0.05, fail to reject null-hypothesis of no 
difference between means) which was consistent with Oar et al. [21] 
abdominal study. In contrast, the report from Steiner, Shieh [12] 
showed that there was a statistically significant difference between the 
detected motion ranges for patients between the Calypso radiotracer 
system (analogous to the input respiratory signal) and 4D-CT and 4D- 
CBCT. The results of this study has shown that the average 4D-MRI 
motion range was 96.5% of the average input motion range and the 
average 4D-CT was 97.4% of the average input motion range. As there 
was <1% difference between the means of the motion ranges detected 
and <4% difference to the average input signal, significantly more data 
would be required to determine the likelihood (if any) of there being a 
statistically significant difference. 

The prototype radial VIBE 4D-MRI sequence performs amplitude- 
based binning from end exhale to end inhale, with the total number of 
radial readout ‘spokes’ divided equally among the specified number of 
phase bins. Although all measured data is used, the sequence does not 
distinguish between inspiration and expiration, and therefore cannot 
visualize hysteresis. This strategy benefits from a symmetrical respira-
tory cycle which would require the tumour motion to follow the same 
trajectory in both inspiration and expiration. This is not always the case 
with lung cancer and is dependent, among other things on the location of 
the tumour within the lung [22]. Future work will include a detailed 
investigation into the impact of hysteresis on 4D-MRI measurements and 
the potential implications for treatment planning. 

The small (<1%) difference observed between the means of the 
detected motion ranges with 4D-CT and 4D-MRI in this study may 
represent a best-case scenario. A larger discrepancy may occur between 
the two imaging modalities when applied in lung cancer patients, 
depending on tumour size, location and motion range, as demonstrated 
by Borm et al. [2] in their 4D-CT, MIP and AIP comparative study. 

With the introduction of motion correction averaging to further 
improve the imaging performance of MRI through post processing 
[23,24], as well as superior soft tissue contrast compared to CT, the 
radial VIBE sequence should be considered for further investigation in 
patient studies. 

In conclusion, this phantom study showed that the 4D-MRI radial 
VIBE with self-navigation has equivalent motion range detection capa-
bilities for lung tumour delineation as compared to the existing 4D-CT 
techniques currently used in the clinic. 
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Fig. 2. Visualisation of the amplitude variability and baseline drifts magnitudes 
compared to the MRI factor and the CT factor. When MRI and CT factor are 
100%, the modality is representing the entire 95% quantiles of the actual 
motion. Baseline Drift is reported as a % of the median amplitude and the 
Amplitude variability is reported as the interquartile range (equivalent to 1 
standard deviation) over the Median Amplitude as a %. 

Table 1 
Normality test for the motion range distributions of 4D-CT, 4D-MRI and the 
input respiratory 95% quantiles. High test statistic and p greater than 0.05 
suggest normal distributions.  

Motion range 
distribution 

Shapiro-wilk (p- 
value) 

Kolmogorov-Smirnov (p- 
value) 

4D-CT 0.98 (0.99) 0.42 (0.99) 
Input Respiratory 

(Q95%) 
0.91 (0.20) 0.67 (0.76) 

4D-MRI 0.90 (0.12) 0.71 (0.70)  
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the work reported in this paper. 
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