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Development of respiratory
motion-resolved hepatobiliary
phase cine-magnetic resonance
Imaging for stereotactic body
radiotherapy in liver tumor

Ryuji Shimada'?, Keitaro Sofue'*?, Tianyuan Wang?, Takeaki Ishihara?, Eisuke Ueshima?,
Yoshiko Ueno?, Akiko Kusaka? & Takamichi Murakamit

Cine-magnetic resonance imaging (MRI) has been used to track respiratory-induced motion of the liver
and tumor and assist in the accurate delineation of tumor volume. Recent developments in compressed
sensitivity encoding (SENSE; CS) have accelerated temporal resolution while maintaining contrast
resolution. This study aimed to develop and assess hepatobiliary phase (HBP) cine-MRI scans using

CS. Phantom was imaged using cine-MRI and signal intensity (SI) and contrast ratio (CR) measured to
determine the optimal flip-angle turbo field echo (TFE) prepulse delay. We performed cine-MRI in 20
patients for one minute, with images taken every 0.5 s after administration of gadoxetic acid contrast
agent. Acquired images had three different acceleration factors (SENSE, CS without denoising [CS-no],
and CS with strong denoising [CS-strong]). The image quality of the HBP cine MRI was quantitatively
and qualitatively analyzed. In the phantom study, a flip angle of 30 °and TFE prepulse delay of 150 ms
were optimal for clinical imaging. In a clinical study, CS-strong showed the highest signal-to-noise ratio
and comparable contrast ratio among the three sequences. The CS-strong group showed a significantly
higher image quality (P < 0.01), except for motion smoothness (P=0.11). CS with denoising improved
the tumor-to-liver contrast and image quality in high-temporal-resolution HBP cine MRI.

Cine images are used to evaluate movement. Cine magnetic resonance imaging (MRI) of the abdomen is also used
in various situations!, such as to track respiratory-induced motion of the liver and tumor in radiation therapy,
assist accurate delineation of tumor volume, apply MRI-linac and cryotherapy®>, and in MRI-guided focused
ultrasound surgery for treatment planning and real-time monitoring of the degree of heating. For radiotherapy
of liver tumors, four-dimensional computed tomography (4D-CT) has been used as a cine image to evaluate the
movement and delineate the liver and tumor*°. However, CT has several drawbacks, such as radiation exposure,
occurrence of motion artifacts near the diaphragm owing to the ability to only obtain transverse images,, and
undetected tumors with non-contrast enhancement images®. Recently, respiratory motion-resolved cine MRI
has been used to assess the motions of the liver and tumors in radiation planning7‘9. However, liver tumors
frequently cannot be visualized using balanced steady-state free precession (SSFP) and single-shot T2-weighted
sequences because of poor tumor-to-liver contrast, although these have high temporal resolution!®.

Gadoxetic acid-enhanced MRI improves the contrast between normal liver tissue and focal liver lesions'!;
however, it is difficult to acquire cine-MRI with high temporal resolution. Recent developments in compressed
sensing have accelerated scanning while maintaining a high temporal and contrast resolution'>!3. A method
for acquiring cine-MRI while maintaining the contrast of hepatobilliary phase (HBP) images in gadoxetic acid-
enhanced MRI has not been investigated. Thus, we developed a motion-resolved HBP cine-MRI. In these images,
compressed SENSE (CS)-accelerated image acquisition using the reconstruction of sparse images from highly
undersampled data was implemented!*. We hypothesized that HBP cine MRI could be applied for radiotherapy
planning for liver tumors when used in routine clinical practice. HBP cine MRI can provide accurate spatial and
dynamic information on the abdominal organs, contributing to the intricate and comprehensive evaluation of
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the liver and focal liver lesions. This study aimed to develop and assess HBP cine MRI with CS using phantoms
and clinical cases.

Result

Phantom study

The signal intensity (SI) and contrast ratio (CR) results are shown in Fig. 1. The SI was larger when the FA was
increased, and the turbo field echo (TFE) prepulse delay was lengthened. The CR increased slightly with FA
between 20°and 30°, whereas it reached a peak value when an FA of 30° was applied for models with a higher
CR. Overall, there was little change in FA for the models with the lowest CR. There was a tendency for the CR to
improve as the TFE prepulse delay decreased in phantoms 1 and 2, but the overall CR was lower in phantom 3. A
section of the acquired phantom image is shown in Fig. 2. As the FA increased, the TFEs were delayed and blur
increased. For the assessment of the SI, increased FA and lengthened TFE prepulse achieved higher SI values.
The CR increased slightly as the TFE prepulse lengthened, reaching a peak value when the FA was set at 30°.
On the other hand, the TFE prepulse needed to be set to less than 200 ms to minimize blurring and maintain a
sub-second temporal resolution. Consequently, we determined that an FA of 30°and a TFE prepulse delay of 150
ms were optimal for clinical imaging based on the evaluation of SI, CR, and blurring of the acquired phantom
images.

Clinical study

The results of the signal-to-noise ratio (SNR) and CR in the clinical study are shown in Fig. 3. For the quantitative
analysis, the SNR of liver (SNR;, ) and tumor (SNR;, ) were 6.8+2.7 and 2.8+0.8 for SENSE, 6.7 +2.8 and
3.0+ 1.0 for CS without denoising (CS-no), and 14.4+3.9 and 5.7+2.8 for CS with strong denoising (CS-
strong), respectively (P<0.001). Cine-MRI with CS-strong demonstrated the highest SNR; . and SNR;  with
significant differences compared with cine-MRI with SENSE and cine-MRI with CS-no. On the other hand,
the CRLW/Tum was 0.47+0.13 for cine-MRI with SENSE, 0.43 +0.12 for cine-MRI with CS-no, and 0.49+0.16
for cine-MRI with CS-strong (P> 0.05). CS was able to acquire images without changing the image contrast of
HBP cine MRI. Table 1 presents the results of qualitative analyses. Qualitative analysis revealed significantly
higher quality images of cine-MRI with CS-strong with regards to lesion conspicuity, contrast enhancement,
image noise, and overall image quality (P<0.01) than those of cine-MRI with SENSE and cine-MRI with CS-
no (Fig. 4). Notably, CS had no negative impact on motion smoothness in the visual assessment (P=0.11). The
original cine-MR images of the three different imaging sequences are available as supplemental files.

Discussion

In the present study, we developed a motion-resolved HBP cine MRI using compressed SENSE, an accelerated
image acquisition method that reconstructs sparse images from highly undersampled data. To validate the
developed sequence, a phantom study was conducted to determine the optimal imaging parameters and a
clinical study was performed to evaluate the highest image quality of the developed HBP cine MRI in patients
with focal liver lesions. Our results suggest that the proposed HBP cine MRI using compressed SENSE is feasible
for accurately assessing liver movements while achieving a high tumor-to-liver contrast-to-noise ratio. To the
best of our knowledge, this is the first study to introduce an acceleration technique of compressed sensing into
HBP cine-MRI scans. This sequence was shown to reduce acquisition time while maintaining image contrast
and improving image quality, which has been impossible for clinical use because of significant image noise and
artifacts.
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Fig. 1. The SI and CR results in the phantom study. The SI was larger when the FA was increased, and the TFE
prepulse delay was lengthened. The CR increased slightly with FA between 20°and 30°. There was little change
in FA for the models with the lowest CR. There was a tendency for the CR to improve as the TFE prepulse delay
decreased in phantoms 1 and 2. S, signal intensity; CR, contrast ratio; FA, flip angle; TFE, turbo field echo.
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Fig. 2. Representative cine-magnetic resonance imaging phantom images with varying FA and TFE prepulse
delay. The larger blurring occur as FA is increased or TFE prepulse delay lengthen. The signal-to-noise ratio
and blurring are in the relationship of trade-off. FA, flip angle; TFE, turbo field echo.

Ina phantom study, Sl increased with an increase in FA, which concurs with previous clinical investigation!>1.

A TFE pre-pulse was used to suppress the background tissue and enhance the target object. However, as the TFE
pre-pulse increased, blurring was strongly observed in the images as a tradeoff. The decrease in CR and increase
in blurring artifacts with prolonged TFE prepulse delay are believed to be due to the reduced saturation effect
and detection of slower tissue movement due to the prolonged data acquisition time!”. CR is highly dependent
on contrast uptake, with the lowest uptake model indicating that contrast enhancement is difficult to achieve,
even with an FA or TFE prepulse delay. In clinical case selection, the uptake of the contrast agent in the liver
parenchyma should be considered, as the gadoxetic acid contrast agent is taken up by hepatocytes according to
the functional reserve of the liver'8-20.

In our clinical study, no significant differences in SNRs were observed between cine-MRI with SENSE
and cine-MRI with CS-no. This may be due to the fact that only the undersampling algorithm of the k-space
trajectory is different and only the noise distribution is unidentical depending on the image reconstruction
algorithm?!. In contrast, SNRs of cine-MRI with CS-strong were twice as high as those of cine-MRI with SENSE
and CS-no. The denoising process implemented using the compressed sensing algorithm might have contributed
to this result?!. In this study, there were no significant differences among the three different cine-MRI regarding
CR. These results indicate that CS does not affect the signal intensity or image contrast in this sequence, even
when a high temporal resolution is applied. Although there were no differences in CRs among the three images,
significant improvements in qualitative image analysis were found for cine-MRI with CS-strong with respect to
lesion conspicuity, contrast enhancement, and image noise. This may be due to the significant reduction in image
noise provided by the CS. In addition, the denoising algorithm did not affect motion smoothness, indicating that
noise may not have a significant influence on motion evaluation. CS can also suppress aliasing artifacts based on
the random undersampling of the k-space trajectory, thereby enabling the application of the wavelet denoising
algorithm?%. We believe that the denoising algorithm significantly increases the SNR and contributes to the
improvement of the contrast ratio and image quality in HBP cine MRI. Additionally, the implementation of a 3D
reconstruction and respiratory phase-sorting algorithm is expected to deal with irregular breathing patterns and
better simulate real clinical practice?*?,

This study has several clinical implications. Cine MRI can be used for radiotherapy of the liver, which may
lead to more accurate treatment planning, especially stereotactic body radiotherapy, which provides exceptional
local control, improves survival rates, and minimizes adverse effects*>?¢, Our proposed cine-MRI technique can
improve the accuracy of target margin setting and treatment planning, potentially increasing the effectiveness of
therapy and reducing its side effects. Previous studies for cine-MRI technique have mainly used balanced SSFP
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Fig. 3. Box plots of SNR and CR in the clinical study. Lower boundary of boxes indicates 25th percentile, line
within boxes indicates median, and higher boundary of boxes indicates 75th percentile. Error bars indicate
smallest and largest values within 1.5 box lengths of 25th and 75th percentiles. SNR;, = SNR of the liver,
SNR, . =SNR of the tumor, CRLMTum = liver-to-tumor contrast ratio, CRLMMuS = liver-to-muscle contrast
ratio. SNR, signal-to-noise ratio; CR, contrast ratio; SENSE, sensitivity encoding; CS, compressed SENSE.
SENSE | CS-no | CS-strong | P value
Lesion conspicuity 27+1.1 | 2.8+£1.0 |3.8+£04 <0.01
Contrast enhancement | 2.1+1.0 [ 22+0.8 | 3.3+0.8 <0.01
Image noise 15406 [ 15+0.5 | 3.1+£07 | <0.01
Motion smoothness 29406 |3.2+£05 | 3.3£05 0.11
Overall image quality | 1.9+0.7 | 20£0.7 | 3.3+£0.7 <0.01
Table 1. Qualitative analysis in the clinical study. NOTE-. Measurement data are presented as mean + standard
deviation. SENSE, sensitivity encoding; CS, compressed SENSE; CS-no, CS-strong
or single-shot T2-weighted sequences®*~2°. These sequences have the advantage of easily acquiring cine-MRI
in other fields"*’; however, they cannot clearly define the boundaries between the tumor and background liver
tissue!®!!. In contrast, T1-weighted imaging is one of the basic sequences in liver MRI and is used for HBP
images acquired approximately 20 min after the injection of a gadoxetic acid contrast agent'®!!, To address the
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Fig. 4. Example of clinical cine-MRI with various visual scores. (a) cine-MRI with SENSE shows poor lesion
conspicuity, excellent contrast enhancement, non-diagnostic image noise, good motion smoothness, and poor
overall image quality. (b) cine-MRI with CS-no shows good lesion conspicuity, poor contrast enhancement,
poor image noise, poor motion smoothness, and poor overall image quality. (c) cine-MRI with CS-strong
shows good lesion conspicuity, good contrast enhancement, good image noise, excellent motion smoothness,
and excellent overall image quality. (d) cine-MRI with CS-strong shows excellent lesion conspicuity, excellent
contrast enhancement, excellent image noise, excellent motion smoothness, and excellent overall image quality.

Previous paper®—! Present cine-MRI
. Balanced SSFP . R S
Applied sequence Single-shot T2-weighted Fat-suppressed T1-weighted after injection of gadoxetic acid
Signal-to-noise ratio Easy to secure Difficult to secure
Tissue contrast Good tissue contrast Good tissue contrast
Detection of focal liver lesion | Difficult to detect Easy to detect
Related image artifacts Banding artl.fact Faint blurring
Severe blurring

Table 2. Comparison of cine-magnetic resonance imaging (MRI) sequence between our work and previous
paper.

poor soft-tissue contrast in balanced SSFP or single-shot T2-weighted sequences for moving target detection
of focal liver lesions as well as the challenges of achieving sufficient temporal-spatial resolution, we developed
an HBP cine MRI that achieves high temporal-spatial resolution while maintaining optimal tumor-to-liver
contrast (Table 2). Additionally, patients with hepatocellular carcinoma have a history of chronic liver disease,
which poses a potential risk for liver decompensation following stereotactic body radiotherapy (SBRT). Recent
proposals suggest individualized adaptive SBRT using the indocyanine green retention test as an estimate of the
functional liver reserve®..

Our study has some limitations. First, this was a single-center, retrospective study with a relatively small
number of patients. However, significant differences were observed in most analyses and similar results will
be expected from studies with larger numbers of patients. Second, comparisons between our developed HBP
cine-MRI with CS and other cine-MRI sequences were not performed. Further studies are needed to determine
whether the HBP cine MRI sequence can be used instead of other sequences. Third, this study did not perform
specific measures to account for potential confounding factor in the clinical study. Consequently, the target
population included various types of liver tumors with different ages and genders. Forth, we did not evaluate
the clinical utility of the proposed method for detecting and delineating focal liver lesions for stereotactic body
radiotherapy planning, which warrants further clinical investigation. Finally, a single-vendor MRI scanner was
used. Future studies using other MRI scanners with different CS algorithms are required to determine whether
the results can be replicated using other MRI scanners.

In conclusion, the developed sequence of HBP cine-MRI using compressed SENSE with denoising improved
the tumor-to-liver visual contrast and image quality. For radiotherapy in the liver, our proposed method may
lead to more precise treatment planning by allowing the accurate assessment of both lesion boundaries and
respiratory-correlated motions. Future studies including large number of patients are required to focus on
validating and demonstrating utility of HBP cine-MRI for more accurate radiotherapy treatment planning.

Methods

Phantom study

Phantom preparation

Four phantoms of gadoxetic acid contrast agent diluted in saline were created and adjusted to different T1 values.
A commercial MRI phantom (Model 90-401enclosed phantom, NikkoFines, Japan), which measures 220 mm
in diameter and 130 mm in length, was employed to conduct the evaluation systematically. Four cylindrical

Scientific Reports|  (2024) 14:31347 | https://doi.org/10.1038/s41598-024-82860-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Phantom 2

Phantom 1

. Phantom 1: good uptake model ~ T1 value = 224 ms

Phantom 2: normal uptake model T1 value =412 ms

Phantom 4

Phantom 3: poor uptake model T1 value = 729 ms

Phantom 3

Phantom 4: liver model T1 value = 863 ms

Fig. 5. Example of for the phantom model. Four phantoms of gadoxetic acid contrast agent diluted in saline
were created and adjusted to different T1 values.

Sequence Phantom study Clinical study
Acquisition mode Cartesian Cartesian

Shot mode Single-shot Single-shot
Freq FOV (cm) / phase FOV | 256 X256 380% 300

Slice thickness / spacing (mm) | 1/0 3/0

Number of slice 1 2

Cross sectional image Coronal Sagittal

Voxel size (reconstructed) 1.0x1.0x 1.0 1.0x1.0x3.0
TR (ms) 2.7 3.1

TE (ms) 123 1.46

Flip angle (degree) 5/10/15/20/25/30/35/40/45/50 | 30

Bandwidth (Hz) 868.1 1083.5

Fat suppression SPIR SPIR

TFE factor 32 40

Shot interval Shortest Shortest

TFE prepulse / pulse type Saturate/ Composite Saturate / Composite
TFE prepulse delay (ms) 50/100/200/300/400 150

TFE shot duration (ms) 246.8 285
Accelarated factor CS4 SENSE 4/CS 4
Denoising level Strong No / Strong

Table 3. MRI Acquisition parameters in Phantom and Clinical Study. FOV, field of view; TR, repetition time;
TE, echo time; TFE, turbo field echo; SPIR, spectral presaturation with inversion recovery; SENSE, sensitivity
encoding; CS, compressed SENSE.

crystal carboy bottles 30 mm in diameter were prepared. In these bottles, several concentrations of solution (T1
values: phantom 1, 224 ms/ good uptake model; phantom 2, 412 ms/normal uptake model; phantom 3, 729 ms/
poor uptake model; phantom 4,863 ms/liver model; Fig. 5) were enclosed to estimate the different amount of
gadoxetic acid uptake. These bottles were then inserted into the commercial MRI phantom for the acquisition of
the MR images. T1 values were selected based on several clinical data in previous papers®? and measured using
the inversion recovery method.

MR imaging technique in the phantom study

The phantoms were imaged using 3.0T MRI scanner (Ingenia3.0T version5.4, Philips Medical Systems,
Netherlands) under different imaging conditions. Model 90-401enclosed phantom (NikkoFines, Japan) was
imaged using a torso 32 channel coil (anterior 16 channels + posterior 16 channels), which was used to image
the abdomen. The imaging parameters are listed in Table 3, and the sequence schema is shown in Fig. 6. In this
phantom study, MRI was performed without SENSE, because we emphasize on determining optimal imaging
parameters.

A sequence of 2D-T1- TFE (K-space order: low-high) with spectral pre-saturation with inversion recovery
(SPIR) and a saturation pulse was used, and images were acquired at the same slice position, assuming free
breathing. Images were acquired while varying the FA (5°-50° degree, 10 steps) and TFE prepulse delay (50,
100, 200, 300, 400 ms), and the one-shot duration was set to less than 0.5-1.0 s. Consequently, a total of 50

Scientific Reports |

(2024) 14:31347

| https://doi.org/10.1038/s41598-024-82860-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Saturate
pulse

TR _
SPIR «—> [Single Shot ] SPIR

[ shot duration

T BB 1~

. F g phasel F phase?2
4
Pre pulse delay Pre pulse delay

Fig. 6. Acquisition schema of cine-magnetic resonance imaging sequence in the phantom study. Prepulse

is applied to maintain image contrast to complement the phenomenon that continuous signal acquisitions
cause signal degradation due to insufficient recovery of longitudinal magnetization. TR repetition time; SPIR,
spectral presaturation with inversion recovery.

image datasets (ten types of FA X five TFE prepulse delay=>50 datasets) were obtained for the analyses in this
phantom study. The phantom was placed at the center of the magnetic field, and images were acquired 1 h later.
Subsequently, the receiver gain was fixed for each scan.

Evaluation methods

SI and CR were measured to evaluate image quality with regard to image contrast and quality in the 50 image
datasets. The SI was calculated as the average value of 10 consecutive images under each condition by placing
oval regions of interest on each phantom (phantom 1-4). The regions of interest (ROIs) in each region were
as large as possible. We used the following formula to calculate the CR for the subjective evaluation of image
contrast between the uptake models (phantom 1-3) and liver models (phantom 4), assuming liver-to-lesion
contrast, as used in previous papers>>33,

CR = (SIUptake model — SILiver model)/ (SIUptake model + SILiver model)

Clinical study

Study design

This study was a retrospective analysis of prospectively collected data from a single center and was approved by
the institutional review board of Kobe University (approval no. 197270). The requirement for written informed
consent was waived from the ethics committee of Kobe University Hospital because of the retrospective nature of
the study. In this study, all procedures were conducted in accordance with the ethical standards of our institution
and the National Research Committee, as well as with the Declaration of Helsinki.

Twenty patients (men: women=13:7, 39-84 years) who underwent gadoxetic acid-enhanced MRI with at
least one focal live lesion between February 2019 and April 2019 were included in the study to develop and assess
HBP cine-MRI clinically using CS. The HBP cine-MRI was performed as a part of routine clinical practice in
liver MR imaging protocol. The patients had hepatocellular carcinoma (1 =9), colorectal liver metastasis (n=>5),
hemangioma (n=4), or cholangiocarcinoma (n=2). Nine patients had normal liver function with no history
of chronic liver disease, whereas eleven had chronic liver function: hepatitis C virus (n=5), alcoholic chronic
hepatitis (n=2), hepatitis B virus (n=1), and cryptogenic disease (n=3). In patients with chronic liver disease,
nine and two patients were classified as Child-Pugh A and B. We compared three acceleration techniques to
identify the differences between SENSE and CS. “SENSE” indicates sequence with SENSE accelerate factor 4,
“CS-no” CS factor 4 without denoising, and “CS-strong” CS factor 4 with strong denoising level.

MR imaging technique in the clinical study

The patients underwent MRI using 3.0T MRI scanner (Ingenia3.0T ver5.4, Philips Medical Systems, Netherlands)
under three different imaging conditions. All images were acquired using a torso 32 channel coil (16 channel
anterior + 16 channel posterior), which is commonly used for normal abdominal imaging. A sequence of 2D-T1-
TFE (K-space order: low-high) with SPIR and a saturated pulse was used similar to the phantom scan. Imaging
parameter of cine-MRI was set at FA of 30° and TFE prepulse delay of 150 ms based on the aforementioned
phantom study to maintain signal intensity and temporal resolution, and images were acquired every 0.57 s
(0.285x 2 slice) under free breathing. The imaging parameters are listed in Table 3, and the sequence schema is
shown in Fig. 7. Three imaging conditions were used to achieve the same acquisition time.

Quantitative analysis

The SI of the tumor, normal liver, and paraspinal muscle were measured by placing regions of interest from 10
consecutive cine images. The SI value of each tumor was positioned as large as possible, and the SI value of the
liver parenchyma was measured in the average of the three 100-mm? circular ROIs adjacent to the tumor. The
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Fig. 7. Acquisition schema of cine-magnetic resonance imaging sequence in the clinical study. The sequence
is designed to accelerate the recovery of longitudinal magnetization and maintain signal to noise ratio by
acquiring two slice images simultaneously and creating a waiting time for each slice without changing the shot
interval. TR, repetition time; SPIR, spectral presaturation with inversion recovery.

CS - strong

Fig. 8. Representative cine-magnetic resonance imaging images with SENSE, CS-no, and CS-strong. Image
artifact caused by parallel imaging is evident in the center of the image with SENSE. Mild image artifact is
distributed through the whole range of the image with CS-no, whereas the artifact is reduced in the image with
CS-strong. SENSE, sensitivity encoding; CS, compressed SENSE.

signal-to-noise ratio of the liver and tumor (SNR_,, SNR |, ) and the liver-to-tumor and liver-to-muscle contrast
ratios (CR;, rum CRpias) Were calculated using the following formula®®*%. The mean SNR and CR of the 20
patients were calculated under these three conditions.

SNR = Sp/Np
CR = (Sp, — Sp,) /(Sp; + Spy)

Sp: signal intensity of each ROI, Np: standard deviation of each ROI, Sp,: signal intensity of ROI,, Sp,: signal
intensity of ROL,.

Qualitative analysis

For qualitative analysis, lesion conspicuity, contrast enhancement, image noise, motion smoothness, and overall
image quality were evaluated and scored by two radiologists (16 and 21 years of experience) on a 4-point scale
(excellent, 4; good, 3; poor, 2; non-diagnosis, 1) in consensus under the three conditions (Fig. 8).

Statistical analysis

Continuous variables are expressed as mean + standard deviation. The Shapiro-Wilk test was used to confirm the
normality of the data distribution. The calculated SNR and CR were compared among the three conditions using
repeated-measures analysis of variance, and post-hoc pairwise comparisons were performed using the Student-
Neuman-Keulstest for statistically significant parameters. The Kruskal-Wallis H-test was used for qualitative
analysis. Power calculations were performed to estimate the necessary sample size to detect a difference in
SNR,,, and SNRy, in each patient calculated from images with SENSE, CS-no, and CS strong. These were based
on a two-sided test with significance level a=0.05, and a power of 80%. It was assumed that the means were
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normally distributed and the variances of the two groups were the same. The power calculation revealed that a
10% difference can be observed with 15 and 18 subjects in SNR; and SNR,, , respectively.

All statistical analyses were performed using commercially available software (SPSS version 20.0, IBM,
Chicago, IL). P values were considered statistically significant at P <0.05.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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