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Magnetic resonance imaging (MRI) for radiotherapy is often based on 3D acquisitions, but suffers from low
signal-to-noise ratio due to immobilization device and flexible coil use. The aim of this study was to investigate if
Compressed Sensing (CS) improves image quality for 3D Turbo Spin Echo acquisitions compared with Controlled
Aliasing k-space-based parallel imaging in equivalent acquisition time for intracranial T1, T2-Fluid-Attenuated
Inversion Recovery (FLAIR) and pelvic T2 imaging. Qualitative ratings suffered from large inter-rater vari-
ability. CS-T1 brain MRI was superior numerically and qualitatively. CS-T2-FLAIR brain MRI was numerically

superior, but rater equivalent. CS-T2 pelvic MRI was equivalent without gain.

1. Introduction

Magnetic Resonance Imaging (MRI) for radiotherapy (RT) suffers
from an inherently low signal-to-noise ratio (SNR) due to the utilization
of immobilization devices, inability to use a dedicated Head and Neck
coil, but also flat couch top or coil arches [1]. This results in lower image
quality for MRI for RT and is often compensated by lower resolution or
additional scan time. But adding averages results only in square root
SNR gain and high 3D resolution and bandwidth is required for
improved Computed Tomography (CT)-MRI fusion and contouring
[1,2]. A promising approach of this problem is the use of Super Reso-
lution (SR) techniques [3-6], but they were not clinically available for
3D imaging at the time of writing this study. Instead of searching for an
equivalent image quality in a shorter time as often studied in diagnostic
imaging [7-11], our study focused on searching for an improved image
quality (resolution/contrast) in an equivalent time using Compressed
Sensing (CS) [8,9,12-14] instead of CAIPIRINHA (Controlled Aliasing in
Parallel Imaging Results in Higher Acceleration) acceleration [15]. A
first step was to iteratively obtain clinically practical acceleration and
regularization values as neither the vendor or literature could provide
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guidance for 3D imaging in an RT setting at the time of the study [9,10].
This was followed by the presented phantom and patient study to
quantify differences.

2. Materials and methods
2.1. Sequences and patient setup

The SPACE (Sampling Perfection with Application optimized Con-
trasts using different flip angle Evolution) sequence is a 3D Turbo Spin
Echo (TSE) technique using a variable flip angle during the echo train
[16]. CAIPIRINHA acceleration is a k-space-based parallel imaging
technique which uses both undersampled k-space data and calibration
lines acquired in the center of the k-space. A fit is performed between the
data from all coil elements and calibration lines and is then used to fill in
the missing k-space data for the individual coil images [17,18], but can
lead to unexpected artefacts [8,19]. CS applies random k-space under-
sampling in phase encoding directions in order to measure incoherently
in k-space: as of such, artifacts become noise-like in the transformed
domain. CS is best applicable in images which are sparse in a transform
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domain, such as the wavelet domain or temporal fourier domain
[9,12-14,20]. Regularization factors which regulate data consistency,
are also application specific. The CS implementation was based on a
Sensitivity Encoding optimization using a fast iterative shrinkage-
thresholding and a Haar wavelet transform for spatial regularization
[21,22]. The undersampling pattern was based on a Poisson-disc pattern
and a spiral trajectory was applied.

CS acceleration can result in different artifacts [8]: wax layer,
streaky-linear, (types A, B, and C), and starry sky artifacts. Higher
“conventional” acceleration can result in the loss of high-contrast de-
tails, whereas with CS, this tradeoff is different. Instead of resolution, CS
can lead for example to loss of low-contrast details. In vivo iterations
were performed (resolution, CS and turbo acceleration factors, denois-
ing factor, repetition time...) until the qualitative best result was ob-
tained with respect to artifacts or the appearance of “blocky” images for
CS images. After multiple parameter iterations in vivo and on phantom
(SNR), acquisitions with optimal values were applied in vivo and on
phantom for this study. The goal was to “use” improved CS SNR to
improve contrast but also resolution/bandwidth whilst the acquisition
time was maintained as a constant. For T1, contrast was improved
through repetition time (TR) reduction whereas for T2-Fluid-Attenuated
Inversion Recovery (FLAIR) Echo Train Length (ETL) reduction was
applied.

CS acquisitions applied higher acquired resolutions, but not always
the reconstructed resolution: when the reconstructed voxel is smaller
than the acquired voxel, streaking artifacts may occur (type A artifact for
CS [8]). Immobilization devices, sequence parameters and flexible coils
are detailed in the Supplementary Table 1. MRI scans were performed on
a 1.5 T Sola MRI scanner (Siemens, Erlangen, Germany).

2.2. Phantom acquisitions and SNR evaluation

Relative SNR of CS-to-CAIPI was evaluated on a Magphan 170
phantom (the phantom laboratory, NY, USA) filled with CuSO4 solution
by applying the NEMA difference method [23]. Two acquisitions were
performed for each acceleration technique in order to create both a
mean and a subtracted/background image. u corresponds to the mean
signal intensity in the region-of-interest (ROI) of the mean image
whereas o4 corresponds to the noise in the ROI of the difference image.
The SNR was then evaluated using:

H
Oaiff

SNRNgmAL aiff = V2

in seven different ROIs (center, left, right, superior, inferior, anterior,
and posterior), in order to reflect the g factor [17,24]. Owing to parallel
imaging acceleration, the noise can be located in specific regions. For
example, in brain studies with k-space based acceleration, noise can be
concentrated in the posterior fossa especially when using neck immo-
bilization support. For the T2-FLAIR sequence, the SNR in the inserts
was also evaluated as otherwise, mainly noise was evaluated due to the
fluid attenuation. The SNR evaluation in a CS acquisition was also
influenced by the denoising algorithm. Therefore, the SNR was also
evaluated by reconstruction of the images with a denoising factor of 1
(regularization A = 0.00001*DEN?). Accuracy of SNRygva was not
evaluated in detail for all sequence types, but the mean relative SNR
(CS)/SNR(CAIPI) for each ROI of three reproductions on different days
was reported with appropriate uncertainty intervals from the literature
[25].

2.3. Patient acquisitions

During a three-month-period, a CS and CAIPIRINHA-based sequence
was acquired for patients. This concerned for intracranial T1 images ten
patients representing 17 metastasis. For T2-FLAIR this concerned eight
patients representing three gliomas and seven metastasis. Finally, T2
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pelvic MRI was acquired for seven patients. T2-FLAIR aids in contouring
as it can be used for evaluation of edema, infiltration, leaky blood-brain
barrier and has higher (lepto)meningeal metastasis sensitivity [26,27].
Contrast enhancement in the intracranial images was influenced by the
timing after contrast agent administration. Thus, the timing of the
CAIPIRINHA and CS sequences was randomized for each patient, at least
4 min after contrast agent injection. Patient consent was obtained for
anonymous use of the data.

2.4. Quantitative lesion contrast evaluation

Contrast Ratios (CR) were evaluated between the mean signal in-

tensity (SI) of the enhanced lesion and the brainstem:
Slle:[rm - SIbra[n.uem

R = SI, brainstem
The CR for each acceleration technique was compared using Bland-
Altman plots [28]. A paired one-sided t-test was also applied on a p =
0.05 level using the R project [29]. A one-sided t-test could be justified as
improved contrast due to TR reduction for T1 and ETL reduction for T2-
FLAIR could be expected. The contrast-to-noise ratio (CNR) was not
evaluated: CS denoising results in an artificial lower noise, thus resulting
in a higher CNR. Repeated acquisitions for noise evaluations were
ethically unjustified for patients.

2.5. Qualitative rater evaluation

Three expert radiologists and four expert radiation oncologists
evaluated eight T1, seven T2-FLAIR and seven T2 prostate MRIs of both
acceleration techniques in the PACS, (Telemis, Louvain-La-Neuve,
Belgium) in an anonymized and randomized alternative choice test
that tested the preference for image A vs. B or equivalent. No informa-
tion on the differences between the images was provided before. Pref-
erence for CS scored 1, for CAIPIRINHA-1 or O for equivalent. The results
were analyzed using the R project [29] for significance by a Wilcoxon
signed rank test, and agreement between raters was evaluated by a
pairwise Cohen Kappa test. A contouring study was not performed as
contouring is based on a set of images, but also the inter/intra rater
variability was very large [30].

3. Results

Fig. 1 shows more uniform SNR throughout the phantom with CS,
especially for the otherwise noisy posterior fossa region, combined with
smaller voxel size and contrast improvements (TR/ETL) for both CS-T1
and CS-T2-FLAIR. Pelvic CS-T2 could not improve considerably SNR and
as of such voxel size or contrast were not improved considerably.

An increase in CRs for patient T1 and T2-FLAIR images can be
observed in the Bland-Altman plots of Fig. 2a and b. The CRs were sta-
tistically significant increased on a one sided paired t-test: 0.1 (95% CI
[0.04;00], p = 0.004) for T1 and 0.1 (95% CI [0.01;c0], p = 0.03) for T2-
FLAIR. 95% ClIs for two sided t-test, corresponding to the 95% Bland-
Altman confidence interval of the mean difference were [0.03;0.16]
and [-0.006;0.2]. This corresponded to relative signal gains (lesion-to-
brainstem) of 7% and 4% for T1 and T2-FLAIR respectively.

Mean qualitative ratings, shown in Fig. 2c with examples in Sup-
plementary Figs. 1-3, in the interval [1,-1] with positive values favoring
CS were: T1 = 0.5 (p < 0.05), T2-FLAIR = -0.2 (p > 0.05), and T2
prostate = 0 (p > 0.05). Concordance between raters was, however, low
as pairwise Cohen kappa results were respectively < 0.31, <0.33 and <
0.4 for the three sequences. No two raters had good interrater reliability.

4. Discussion

This study compared two acceleration techniques for radiotherapy
MRI, using flexible coils and immobilization devices. CS was favored for
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Fig. 1. Relative SNR, compared to CAIPIRINHA acquisition, for the different regions in magphan phantom. The dashed green line represents the theoretical SNR for
the CAIPIRINHA acceleration if the voxel size and bandwidth were equivalent to the CS acquisition. Results are the mean of three reproductions and uncertainty bars
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Fig. 2. Bland-Altman plots of Contrast Ratios for both CS and CAIPIRINHA accelerated sequences, post-contrast agent (T1: a, T2: b). Fig. 2c represents the visual

scoring of expert readers.

intracranial T1 and T2-FLAIR, but not for pelvic T2. CS-T1 and CS-T2-
FLAIR obtained more homogeneous SNR throughout the phantom
compared to CAIPIRINHA acceleration, resulting in a better homoge-
neous control of noise. However, this was not the case for pelvic T2. The
gain in SNR not only allowed a higher resolution but also better contrast
for T1 images by lowering the TR. This was confirmed in the overall
contrast gain for almost all lesions, even when the CS sequence being
performed first. Comparison with literature was difficult, as most studies
were in a diagnostic setting, focus on time gains or 2D-CS, and compare
to other acceleration techniques. The CS-T1 factor of 4.4 was higher
than the value obtained by [31] most likely due to the dedicated Head-
and-Neck coil use.

The CS-T2-FLAIR sequence delivered a slightly better contrast most
likely due to ETL lowering, but this was only borderline statistically
significant on a one sided test. There was also a bias in sequencing, i.e.,
the CAIPIRINHA sequence was performed more often first. T2-FLAIR
ratings showed interrater variability: one expert rater specifically
preferred the texture of the CAIPIRINHA acceleration over the CS
texture. This resulted in a general equivalent note, but offered a higher
3D resolution with CS which was perhaps not necessary. In practice,
following these results, an intermediate was taken using an inbetween
3D resolution, TR at 8000 ms, and reduction of 1 min acquisition time.
Other studies obtained both higher [8] or lower [32] CS-T2-FLAIR
factors.

T2 pelvic results resulted in a mean 0 score. It should be noted that
blood vessels appeared better with CS, but detailed bone structures were
visualized better with CAIPIRINHA acceleration. Raters reported that
visual hypo intense contrast of lesions was often better with CS accel-
eration. However, visual inferior anatomical information made them
rate CAIPIRINHA as often as superior. No significant gain in SNR and
thus possible resolution/contrast gain was possible. This indicates that
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other techniques, such as SR techniques [3] or direct denoising tech-
niques could be better approaches. A recent study [33] applied CS to
radiotherapy MRI for prostate 3D-T2. Slightly higher CS factors of 7.3
were used, but they compared to 2D imaging. Their study focused
further on time reduction, 2D imaging and was compared to Sensitivity
Encoding. The current study used CAIPIRINHA-k-space based acceler-
ation as baseline which could possibly perform better.

A study limit is that rating can show variability depending on the
software and screens used. The number of the studied images was
limited, which might lead to limited statistical power. However the
discordance between the seven raters was found to be high, which is
expected to persist: the CS texture was different which leads to rater
differences. This confirms in more detail the results of another CS study
with two raters [33]. Radiomics or conversion to pseudo-CT images
[34,35] from CS accelerated MRI will also require quality control as the
texture is different.

In conclusion, CS acceleration was evaluated as superior both
numerically and by visual rating for 3D intracranial T1. Brain T2-FLAIR
MRI for RT was numerically superior with CS, but rated visually as equal
to CAIPIRINHA. Pelvic T2 was evaluated as equivalent. Finally, visual
rating of CS versus CAIPIRINHA acceleration suffered from large inter-
rater variability.
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