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An Off-Resonance Insensitive Orthogonal CSPAMM sequence (ORI-O-CSPAMM) for the acquisition of CSPAMM and MICSR grids in half scan time
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Purpose: To develop an Off-Resonance Insensitive Orthogonal CSPAMM sequence for the acquisition of CSPAMM and MICSR grids in half of the acquisition time.

Methods:

Phantom and mid-level LV short-axis tagged images were acquired using CSPAMM, ORI-CSPAMM, O-CSPAMM, and the proposed ORI-O-CPAMM sequences to interrogate and compare its behavior under off-resonance effects produced by vegetable oil and subcutaneous and epicardial fat.

The images were compared in terms of signal and the capacity to obtain complex difference and MICSR images. Results: Like ORI-CSPAMM, the proposed ORI-O-CSPAMM sequence removed almost completely the off-resonance artifacts produced during the tagging preparation. Tagging grids without DC components were obtained with ORI-O-CSPAMM using complex difference and MICSR from only two complementary images, which reduced the scan time to a half compared to CSPAMM and ORI-CSPAMM. The removal of off-resonance effects and the capacity to obtain MICSR images are advantages of ORI-O-CSPAMM over the O-CSPAMM sequence.

Conclusion:

We developed a novel and fast tagging sequence designed to remove off-resonance effects during the tagging preparation, and to obtain complex difference and MICSR grids in half of the scan time compared to CSPAMM and ORI-CSPAMM sequences, which could allow its application to clinical protocols.

1) INTRODUCTION

Tagged Magnetic Resonance Imaging has been used extensively to study the function of the heart as well as other organs. After its introduction, several techniques have been proposed to improve the original idea, leading to new sequences with improved image quality [START_REF] Ibrahim | Myocardial tagging by Cardiovascular Magnetic Resonance: evolution of techniques--pulse sequences, analysis algorithms, and applications[END_REF][START_REF] Axel | Tagged magnetic resonance imaging of the heart: A survey[END_REF]. The first and still widely used tagging technique was Spatial Modulation of Magnetization (SPAMM) [START_REF] Axel | MR imaging of motion with spatial modulation of magnetization[END_REF], which employed a spatial encoding gradient and two non-selective RF pulses to rapidly modulate the magnetization. One of the most notable improvements was the development of the Complementary SPAMM (CSPAMM) sequence [START_REF] Fischer | Improved myocardial tagging contrast[END_REF], which was introduced to improve the tagging contrast in later phases of the cardiac cycle and remove the unwanted DC signal of SPAMM images, leading to a zero mean sinusoid suitable for motion estimation techniques such as Harmonic Phase-based analysis (HARP) [START_REF] Osman | Cardiac motion tracking using CINE harmonic phase (HARP) magnetic resonance imaging[END_REF][START_REF] Osman | Imaging heart motion using harmonic phase MRI[END_REF][START_REF] Tecelão | Extended harmonic phase tracking of myocardial motion: Improved coverage of myocardium and its effect on strain results[END_REF][START_REF] Liu | Shortest path refinement for motion estimation from tagged MR images[END_REF][START_REF] Liu | HARP tracking refinement using seeded region growing[END_REF][START_REF] Mella | HARP-I: A Harmonic Phase Interpolation Method for the Estimation of Motion from Tagged MR Images[END_REF], Sine-Wave Modeling (SinMod) [START_REF] Arts | Mapping displacement and deformation of the heart with local sine-wave modeling[END_REF][START_REF] Wang | Cardiac deformation analysis using 3D SinMod from 3D CSPAMM tagged MRI[END_REF][START_REF] Wang | Cardiac motion tracking with multilevel B-splines and SinMod from tagged MRI[END_REF], and Gabor filter banks [START_REF] Qian | Extraction and tracking of MRI tagging sheets using a 3D gabor filter bank[END_REF][START_REF] Chen | Using gabor filter banks and temporal-spatial constraints to compute 3D myocardium strain[END_REF]. A Magnitude Image CSPAMM Reconstruction (MICSR) [START_REF] Nessaiver | Magnitude image CSPAMM reconstruction (MICSR)[END_REF] method was introduced later as an alternative reconstruction procedure to combine SPAMM acquisitions using only magnitude images. The resulting signal shared similar characteristics with CSPAMM (zero mean sinusoid) but with improved tag persistence and enhanced contrast during most of the acquisition window. Moreover, MICSR cancelled out any spurious phase gained during the readout from complex SPAMM data. However, due to the doubled acquisition time, the use of both CSPAMM and MICSR remain restricted for clinical applications, and both CSPAMM and MICSR images are prone to off-resonance effects during the tagging preparation, which can impact the motion estimation in presence of tissue with fat content [START_REF] Fahmy | Inherent fat cancellation in complementary spatial modulation of magnetization[END_REF][START_REF] Reyhan | Off-resonance insensitive complementary SPAtial Modulation of Magnetization (ORI-CSPAMM) for quantification of left ventricular twist[END_REF].

To overcome the acquisition time issue, Wang et al. [START_REF] Wang | Orthogonal CSPAMM (OCSPAMM) MR tagging for imaging ventricular wall motion[END_REF][START_REF] Wang | Cardiac deformation analysis from orthogonal CSPAMM (OCSPAMM) tagged MRI[END_REF] introduced the Orthogonal CSPAMM sequence (O-CSPAMM), which allowed to obtain a CSPAMM image with orthogonal taglines using only two acquisitions instead of four. By rotating in 90° the tagging gradient in the complementary SPAMM acquisition, O-CSPAMM removed the DC component while generating an orthogonal grid after complex subtraction (i.e., O-CSPAMM is the sum of two orthogonal zero-mean sinusoids).

While this methodology allowed the acquisition of data that can be optimally used for motion estimation [START_REF] Wang | Cardiac deformation analysis from orthogonal CSPAMM (OCSPAMM) tagged MRI[END_REF], O-CSPAMM is not compatible with MICSR reconstructions and is prone to offresonance effects. To fix the off-resonance sensitivity issue, Fahmy et al. [START_REF] Fahmy | Inherent fat cancellation in complementary spatial modulation of magnetization[END_REF] proposed a new method to cancel the off-resonance effects of the fat in CSPAMM acquisitions by inverting the tagging gradient of the second SPAMM image and adjusting its duration. However, this approach was limited to one chemical specie (fat) and was inapplicable at field strengths bigger than 1.5T, especially for closely spaced tag lines. Reyhan et al. [START_REF] Reyhan | Off-resonance insensitive complementary SPAtial Modulation of Magnetization (ORI-CSPAMM) for quantification of left ventricular twist[END_REF] introduced an Off-Resonance Insensitive CSPAMM (ORI-CSPAMM) sequence to compensate for all forms of off-resonance, in which the tagging gradient was split into two parts separated by a 180° refocusing hard pulse, removing the off-resonance effects of any chemical specie at the cost of some intensity changes. Nonetheless, the last two approaches share the same time restrictions than conventional CSPAMM.

In this work, we propose an Off-Resonance Insensitive O-CSPAMM (ORI-O-CSPAMM) sequence, which takes the best of O-CSPAMM and ORI-CSPAMM. The proposed sequence allows the obtention of orthogonally tagged CSPAMM images free of off-resonance artifacts and suitable for MICSR reconstructions in half of the acquisition time compared to CSPAMM and ORI-CSPAMM. In the ORI-CSPAMM sequence, the spurious phase gained during the tagging preparation is rewound by splitting the tagging gradient into two parts separated by a 180° refocusing hard pulse.

2) METHODS

2.1) Sequence development

Figure 1 shows the pulse sequence diagram for the CSPAMM, O-CSPAMM, ORI-CSPAMM, and the proposed ORI-O-CSPAMM sequences. For CSPAMM, the transversal magnetization of each image after the readout is given by:

, = ( , 1, , ) -( , 1, ) ( + ) sin , ( 1a 
) , = ( , 1, , ) + ( , 1, ) ( + ) sin , (1b) 
where and are increasing and decreasing functions (respectively) which depend on the time , the relaxation time 1, the magnetization in the thermal equilibrium , and the flip angle of the imaging RF pulse (in following equations, the dependency on , 1, , and will be dropped to simplify the equations); = √-1 the complex unit, the encoding frequency produced by the tagging gradient, the tissue position at a reference frame (usually at end-diastole in cardiac imaging), and and denote spurious phases induced due to off-resonance effects during the application of the tagging gradient and the read-out, respectively. Then, the complex difference and MICSR images are obtained by: 

In the previous expressions, the complex difference taken in Eq. 2a does not remove the spurious phase gained during the readout, while the MICSR does.

The magnetization expression for each image in a O-CSPAMM scan are given by:
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In Eq. 3c, the image obtained by complex difference is a grid consisting of the sum of two sinusoids, while in Eq. 3d, the MICSR image contains unwanted higher order terms.

In ORI-CSPAMM, the tagging gradient during each image's preparation is split into two parts with opposite polarities and separated by a refocusing hard RF pulse (see Figure 1C). The last makes that the spurious phase gained during the first gradient application be completely rewound after applying the second gradient. Thus, the longitudinal magnetization after the third pulse of each SPAMM acquisition is:

, = { - ( )} sin( ), (4a) 
, = { + ( )} sin( ), (4b) 
In this investigation, we could not reproduce the results of (18), as the spurious phase gained during the read-out was not transformed into a cosine modulation by the subtraction operation (as will be demonstrated later). Therefore, the complex difference and MICSR images obtained with ORI-CSPAMM are:

= 2 sin( ) ( ), (5a) 
= 4 sin ( ) ( ), (5b) 
which contain motion in one direction without off-resonance effects.

With both O-CSPAMM and ORI-CSPAMM, a tagging grid without DC frequencies can be obtained by acquiring 2 and 4 images, respectively. In both cases, the magnetization is shifted by , which induces a distortion in the complex image that can be removed by taking its magnitude or using MICSR. However, the first procedure generates low (DC component) and high harmonic frequencies, and the second is restricted only to ORI-CSPAMM because of the presence of higher order terms (see Eq. 3d).

To overcome these issues, in ORI-O-CSPAMM we applied the ORI preparation used in ORI-CSPAMM (see Figure 1C) twice in two orthogonal directions to obtain a SPAMM grid within each image (see Figure 1D). The pair of images obtained with ORI-O-CSPAMM follows:

, = { -cos( ) ( )} sin( ), (6a) 
, = { + cos( ) ( )} sin( ), (6b) 
which can be combined taking the complex difference or using MICSR, obtaining:

= 2 sin( ) cos( ) ( ), (7a) 
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In Eq. 7a, still contains the phase shift gained during the read-out, but this is fixed in Eq. 7b by the MICSR reconstruction. In both Eqs. 7a and 7b the obtained result is a grid.

The expressions given in Eq. 7 can be re-written using the identity cos sin = (sin( + )sin( -))/2, as:

= sin( ) ( ( + ) - ( - )), (8a) 
= 2 sin ( ) ( ( + ) - ( - )). (8b) 
From Eq. 8, three important observations can be done: It is important to notice that using the two complementary images scanned with CSPAMM and ORI-CSPAMM sequences, only 1D motion information can be obtained, while with the same data scanned with O-CSPAMM and ORI-O-CSPAMM, 2D motion information can be recovered.

2.2) Phantom and in-vivo data acquisition

A phantom consisting of a bottle filled with the same amount of water and vegetable oil was scanned.

For the in-vivo acquisition, three healthy male volunteers with age 27, 28, and 35 years old, weight 60, 74, and 68 kg, and heart rate 51, 68, and 71 beats/min were studied. Each volunteer provided a written informed consent approved by the local institutional review board. ECG triggered images were acquired at end-expiration in a bread-hold condition. Mid-level short-axis views of the heart were obtained using a four-element cardiac coil. The phantom and in-vivo protocols consisted of the acquisition of bSSFP, CSPAMM, ORI-CSPAMM, O-CSPAMM and ORI-O-CSPAMM images. For the ORI-O-CSPAMM scans, tagging gradients 1/√2 times weaker were applied in the directions X+Y and X-Y to achieve the user-defined tag-period in the directions and .

All the sequences for both phantom and in-vivo acquisitions were acquired on a 1.5T Achieva system (Philips, Best, The Netherlands) using a multi-shot Turbo-Field-Echo (TFE) with imaging parameters listed in the Table 1, setting the shortest trigger delay time and the maximum number of cardiac phases. Abbreviations: ETL, echo-train-length; FA, flip angle.

2.3) Image analysis

To compare the signal characteristics of ORI-O-CSPAMM, we normalized the signal of each complementary image before the complex difference and MICSR reconstructions and compared the normalized mean signals of ORI-O-CSPAMM and ORI-CSPAMM in both fat and water regions of the phantom. The images were normalized by the of the fat, which has the biggest magnitude at the first cardiac phase (see Figure 2). was estimated by calculating the mean signal inside a ROI in the fat region of one of the complementary acquisitions of the ORI-CSPAMM sequence (see Figure 1b and Eq. 1), as proposed by NessAiver et al. [START_REF] Nessaiver | Magnitude image CSPAMM reconstruction (MICSR)[END_REF].

To obtain the normalized mean signal, two rectangular ROIs with the same dimensions were placed in the fat and water regions. Then, the maximum signal of the magnitude of the complex difference images inside each ROI was found and used to define a threshold. This procedure was applied to the first cardiac phase, masking the pixels where the signal was greater than 0.65 times the maximum value obtained inside each rectangular ROI, obtaining the fat and water masks shown in Figure 2.

Finally, the normalized mean signal was calculated with the pixels inside the fat and water masks. 3) RESULTS Figure 3 shows the first frame of the complex difference and MICSR images obtained from CSPAMM, ORI-CSPAMM, O-CSPAMM, and ORI-O-CSPAMM data. The differences in the trigger delay time between acquisitions is due to the different duration of the preparation pulses. The resulting images show that those acquired without using the ORI preparation (see Figures 3B and3D), presented a shift at the fat-water interface. Images obtained using complex difference showed a higher signal than MICSR, which is the expected behavior. MICSR images were possible to obtain using CSPAMM, ORI-CSPAMM, and ORI-O-CSPAMM scans, while using O-CSPAMM was not possible.

3.1) Phantom acquisition

The complex difference and MICSR images obtained with O-CSPAMM showed distorted grids in the water region produced by high-frequency spectral peaks. water part of the phantom image (see Figure 3). Although 45° rotated and weaker gradients were applied using ORI-O-CSPAMM, the same encoding frequency (tag period) was achieved compared to the other sequences (see blue vertical arrows in (B)).

Figure 4 shows the k-spaces of the first complementary image and the complex difference reconstructions (see Figure 3) obtained in the phantom with the four acquisition sequences. Highfrequency spectral peaks are present in all the k-spaces of the first complementary images, but their intensity is reduced with ORI-O-CSPAMM (see Figure 4A). The additional spectral peaks are generated by the reduced k-space in the phase direction (see Table 1). In the case of O-CSPAMM, the most energetic high-frequency peaks were not removed after taking the complex difference (see Figure 4B), which curiously only distorted the water part of the phantom image (see Figure 3D). For the acquisition of the ORI-O-CSPAMM data, the tagging gradients were rotated in 45° into the direction X+Y and X-Y and made weaker by a factor of 1/√2. However, the same period and direction of the tagging lines was observed as stated by the Eq. 8.

Figure 5 shows the normalized mean signal for the fat and water regions. The signal curves obtained from complex-difference showed the expected behavior in both fat and water, with the highest signal in the first cardiac phase and decaying through the acquired temporal window. The signals measured from MICSR images also behaved as expected although there were evident differences between fat and water curves. In the fat (see Figure 5A), the MICSR signals increased at the very beginning of the acquisition window, reaching higher values than those obtained by complex difference, and decaying until the end, which follows the characteristic signal behavior of MICSR images. In the water (see 

3.2) In-vivo acquisition

Figure 6 shows the first cardiac phase of complex difference and MICSR images obtained with O-CSPAMM and ORI-O-CSPAMM for the three volunteers. MICSR images obtained from O-CSPAMM acquisitions produced distorted grid as predicted by the Eq. 3d, which was not the case of ORI-O-CSPAMM acquisitions. The signal of complex difference images was higher than MICSR images for the three volunteers, which was also observed in the phantom (see Figures 3 and5) and it is the expected behavior. The three volunteers presented epicardial and subcutaneous fat (see bSSFP images in Figure 6), which distorted the tagging grids in O-CSPAMM (see red arrows in Figure 6) but not in ORI-O-CSPAMM images.

Figure 7 shows the same results described for the Figure 6 but for an end-systolic cardiac phase. The signal of MICSR obtained from ORI-O-CSPAMM was higher than complex difference images in all the cases, which was also observed in the phantom (see Figure 3 and5) and it is the expected behavior. 

DISCUSSION AND CONCLUSIONS

Although the CSPAMM sequence provides images that are suitable to assess not only the cardiac function but also to evaluate other organs, its use remains limited for clinical applications due to the prolonged scan times. Additionally, images obtained from CSPAMM data can suffer from offresonance effects generated during the tagging preparation. In this investigation a new acquisition sequence called ORI-O-CSPAMM was proposed to tackle these issues. ORI-O-CSPAMM allows the acquisition of a tagging grid free of DC frequencies and free of off-resonance effects in half of the acquisition time compared to the CSPAMM and ORI-CSPAMM sequences. Furthermore, ORI-O-CSPAMM is suitable to obtain MICSR images, which cannot be obtained with O-CSPAMM and could be beneficial to improve the tagging contrast for some clinical applications.

In healthy people, the primary source of off-resonance artifacts in cardiac tagged MR images is the epicardial fat, which can bias the cardiac twist's estimation regardless of ORI tagging sequences.

However, in patients with fatty infiltration of the LV, ORI sequences could improve the cardiac motion and strain estimations. Moreover, a recent study has demonstrated that the strain estimated from tagged MR images is a valuable marker for staging non-invasively liver fibrosis [START_REF] Lefebvre | MRI cine-tagging of cardiac-induced motion for noninvasive staging of liver fibrosis[END_REF] in Non-Alcoholic Fatty Liver Disease (NAFLD) patients. As the NAFLD stages are an inflammatory process in the presence of fat, we hypothesize that the use of ORI sequences can be helpful at the early stages of the disease. Even more, ORI-O-CSPAMM can be used in clinical protocols without excessively increasing the scan time than commonly used SPAMM sequences.

In phantom and in-vivo data, ORI-CSPAMM and the proposed ORI-O-CSPAMM sequences corrected the distortions generated by the vegetable oil and epicardial and subcutaneous fat (see Figures 3,[START_REF] Osman | Imaging heart motion using harmonic phase MRI[END_REF][START_REF] Tecelão | Extended harmonic phase tracking of myocardial motion: Improved coverage of myocardium and its effect on strain results[END_REF]. Also, we found that O-CSPAMM was particularly sensitive to unwanted highfrequency spectral peaks, which distorted the grid in the water part of the phantom images (see Figure 3). The same behavior was not observed on in-vivo data. We hypothesize that although the complex difference did not remove these spectral peaks, the distortion generated in the water part of the phantom was not visible in tissues with shorter relaxation times such as those scanned in the in-vivo experiments due to the signal decay. Additionally, we demonstrated that the signal obtained with the ORI-O-CSPAMM sequence was comparable to ORI-CSPAMM and no major differences were observed (see Figure 5).

In this investigation we could not reproduce the results obtained in [START_REF] Reyhan | Off-resonance insensitive complementary SPAtial Modulation of Magnetization (ORI-CSPAMM) for quantification of left ventricular twist[END_REF] for ORI-CSPAMM in which the spurious phase gained during the readout was converted into a cosine modulation in complex difference images. However, this was also an issue with the three other sequences. In Figure 8, the phase of the complex difference phantom images is non-zero due to the off-resonance effects and nonidealities during the readout. Here we showed that this adverse condition can only be corrected using MICSR. In complex difference images the phase is always non-zero while in MICSR images the phase is zero and (the last is due that MICSR images have only real part that varies from positive to negative values).

When the maximum gradient of an MR system is limited by the hardware, ORI-O-CSPAMM also allowed the reduction of the gradient amplitude (or duration) into a 70% of the strength needed to generate the same tag periods with the other sequences. This was predicted by Eqs. 8a and 8b and confirmed by the phantom and in-vivo acquisitions (see Figures 3,[START_REF] Fischer | Improved myocardial tagging contrast[END_REF][START_REF] Osman | Imaging heart motion using harmonic phase MRI[END_REF][START_REF] Tecelão | Extended harmonic phase tracking of myocardial motion: Improved coverage of myocardium and its effect on strain results[END_REF].

For the imaging parameters described in Table 1 for the acquisition of the volunteers, the average breath-hold duration with O-CSPAMM and ORI-O-CSPAMM sequences was 16 seconds, which is tolerable for almost any person, including patients with cardiopathies. With the CSPAMM and ORI-CSPAMM sequences, on the other hand, the average breath-hold needed to obtain 2D information would be around the 32 seconds (twice the time needed for the CSPAMM and ORI-CSPAMM scans in this investigation). The 16 seconds breath-hold duration could be further reduced using acceleration techniques such as half-scan [START_REF] Feinberg | Halving MR imaging time by conjugation: Demonstration at 3.5 kG[END_REF][START_REF] Macfall | Correction of spatially dependent phase shifts for partial Fourier imaging[END_REF], SENSE [START_REF] Pruessmann | SENSE: Sensitivity encoding for fast MRI[END_REF], and compressed sensing [START_REF] Lustig | Sparse MRI: The application of compressed sensing for rapid MR imaging[END_REF], or using faster readouts such as spirals [START_REF] Ahn | High-Speed Spiral-Scan Echo Planar NMR Imaging-I[END_REF][START_REF] Börnert | Improvements in spiral MR imaging[END_REF].

It must be noticed that the tagging preparation time needed to acquire ORI-O-CSPAMM data is a few milliseconds longer than with the other sequences due to the duplicated preparation. This is better appreciated in Figures 3,6, and 7, were the trigger delay time of the first cardiac phase of the data acquired using ORI-O-CSPAMM was 5 ms longer than the CSPAMM and ORI-CSPAMM sequences. The total duration of the ORI-O-CSPAMM preparation for the imaging parameters given in Table 1 was 7.8 ms, whereas for CSPAMM, ORI-CSPAMM, and O-CSPAMM was 3.1, 3.9, and 3.1 ms respectively.

Although not considered in this study, ORI-O-CSPAMM can be made more robust by adding sliceselective RF pulses during the tagging preparation to obtain a Slice-Following sequence [START_REF] Fischer | True myocardial motion tracking[END_REF], which handles the through-plane motion of the heart during the acquisition. Additionally, variable flip angle strategies can be used in the readout to improve the tagging contrast at the end of the scanned temporal window.

In conclusion, we introduced a novel and fast sequence designed to remove off-resonance effects during the tagging preparation, obtain complex difference grids, and obtain MICSR grids in half of the scan time, which could allow its application to clinical protocols. The proposed ORI-O-CSPAMM sequence could be especially useful to study the function of organs suffering from diseases involving fat, such as fatty LV infiltration or NAFLD. 
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 1 Figure 1: (A) CSPAMM, (B) O-CSPAMM, (C) ORI-CSPAMM, and (D) ORI-O-CSPAMM tagging preparations. In all the figures, M, P, and S denote the measurement, phase, and slice axes.

  (a) ORI-O-CSPAMM gives images with the same contrast as CSPAMM and O-CSPAMM (considering that the absolute value of the sum of two sinusoids is bounded from above by 2. See Eq. 3c, 3d, and 8). (b) Although the tagging gradients were applied towards the X and Y directions, the tagging patterns obtained with ORI-O-CSPAMM are rotated in 45° into the X+Y and X-Y directions (i.e., to obtain tag lines pointing towards the directions X and Y, the ORI-O-CSPAMM gradients must be applied in the directions X-Y and X+Y). And (c), in ORI-O-CSPAMM smaller tagging gradient areas (by a factor of 1/√2), i.e. tagging encoding frequencies, are needed to generate the same tag period as in CSPAMM, ORI-CSPAMM, and O-CSPAMM (this is more evident if we consider the frequency of the wave sin( ⋅ ), where = ( , ), = ( , ), and ‖ ‖ = √2 ).

Figure 2 :

 2 Figure 2: Fat and water masks used for the estimation of the Normalized Mean Signal in (a) ORI-CSPAMM and (b) ORI-O-CSPAMM images.

Figure 3 :

 3 Figure 3: Water and fat phantom images obtained using complex difference (CD. Upper row) and MICSR (bottom row). The images were acquired using (A) bSSFP, (B) CSPAMM, (C) ORI-CSPAMM, (D) O-CSPAMM, and (E) ORI-O-CSPAMM sequences. The trigger delay of each image is shown in the figures and varies due to the different duration of the preparation pulses. The images acquired without ORI preparation showed a shift in the tagging pattern at the water-fat interface. The MICSR image obtained from O-CSPAMM lost the grid pattern as predicted in Eq. 3d.

Figure 4 :

 4 Figure 4: k-spaces of the (A) first complementary image acquired by each sequence and (B) the complex difference (CD) reconstructions. High-frequency spectral peaks are present on all the images in (A) although are less visible with ORI-O-CSPAMM (see red arrows). In the complex difference images, the most energetic high-frequency peaks are completely removed with all the sequences but not with O-CSPAMM (see red arrows in (B)), which generate distortions in the

Figure

  Figure5B), however, the decaying part of the MICSR signals are not appreciable in the acquisition

Figure 5 :

 5 Figure 5: Normalized mean signal in the fat (A) and water (B) obtained from images reconstructed using complex difference (CD) and MICSR, from data acquired using ORI-CSPAMM and ORI-O-CSPAMM sequences. The normalized signal from an ORI-CSPAMM acquisition is shown using a blue and red continuous line respectively, while curves obtained from an ORI-O-CSPAMM acquisition are displayed using blue and red square markers.

Figure 6 :

 6 Figure 6: Images acquired using the O-CSPAMM (second column) and ORI-O-CSPAMM (third column) sequences and reconstructed using complex difference (CD) and MICSR for (A) volunteer 1, (B) volunteer 2, and (C) volunteer 3. Each volunteer has a bSSFP image as reference. The displayed images correspond to the end-diastolic cardiac phase. The discrepancies in the trigger delay times are due to the difference in the duration of the preparation pulses. The red arrows show the places where the grid is distorted by the presence of epicardial and subcutaneous fat. The images acquired with ORI-O-CSPAMM did not show any distortion in the places indicated by arrows.

Figure 7 :

 7 Figure 7: Images acquired using the O-CSPAMM (second column) and ORI-O-CSPAMM (third column) sequences and reconstructed using complex difference (CD) and MICSR for (A) volunteer 1, (B) volunteer 2, and (C) volunteer 3. Each volunteer has a bSSFP image as reference. The displayed images correspond to the end-systolic cardiac phase. The discrepancies in the trigger delay times are due to the difference in the duration of the preparation pulses and the cardiac cycle. The red arrows show the places where the grid is distorted by the presence of epicardial and subcutaneous fat. The images acquired with ORI-O-CSPAMM did not show any distortion in the places indicated by arrows.

Figure 8 :

 8 Figure 8: Phase of the complex difference (upper row) and MICSR images (bottom row) obtained from (A) CSPAMM, (B) ORI-CSPAMM, (C) O-CSPAMM, and (D) ORI-O-CSPAMM sequences.
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Figure 2 :

 2 Figure 2: Fat and water masks used for the estimation of the Normalized Mean Signal in (a) ORI-CSPAMM and (b) ORI-O-CSPAMM images.

Figure 3 :

 3 Figure 3: Water and fat phantom images obtained using complex difference (CD. Upper row) and MICSR (bottom row). The images were acquired using (A) bSSFP, (B) CSPAMM, (C) ORI-CSPAMM, (D) O-CSPAMM, and (E) ORI-O-CSPAMM sequences. The trigger delay of each image is shown in the figures and varies due to the different duration of the preparation pulses. The images acquired without ORI preparation showed a shift in the tagging pattern at the water-fat interface. The MICSR image obtained from O-CSPAMM lost the grid pattern as predicted in Eq. 3d.
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 4 Figure 4: k-spaces of the (A) first complementary image acquired by each sequence and (B) the complex difference (CD) reconstructions. High-frequency spectral peaks are present on all the images in (A) although are less visible with ORI-O-CSPAMM (see red arrows). In the complex difference images, the most energetic high-frequency peaks are completely removed with all the sequences but not with O-CSPAMM (see red arrows in (B)), which generate distortions in the water part of the phantom image (see Figure3). Although 45° rotated and weaker gradients were applied using ORI-O-CSPAMM, the same encoding frequency (tag period) was achieved compared to the other sequences (see blue vertical arrows in (B)).
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 5 Figure 5: Normalized mean signal in the fat (A) and water (B) obtained from images reconstructed using complex difference (CD) and MICSR, from data acquired using ORI-CSPAMM and ORI-O-CSPAMM sequences. The normalized signal from an ORI-CSPAMM acquisition is shown using a blue and red continuous line respectively, while curves obtained from an ORI-O-CSPAMM acquisition are displayed using blue and red square markers.
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 6 Figure 6: Images acquired using the O-CSPAMM (second column) and ORI-O-CSPAMM (third column) sequences and reconstructed using complex difference (CD) and MICSR for (A) volunteer 1, (B) volunteer 2, and (C) volunteer 3. Each volunteer has a bSSFP image as reference. The displayed images correspond to the end-diastolic cardiac phase. The discrepancies in the trigger delay times are due to the difference in the duration of the preparation pulses. The red arrows show the places where the grid is distorted by the presence of epicardial and subcutaneous fat. The images acquired with ORI-O-CSPAMM did not show any distortion in the places indicated by arrows.

Figure 7 :

 7 Figure 7: Images acquired using the O-CSPAMM (second column) and ORI-O-CSPAMM (third column) sequences and reconstructed using complex difference (CD) and MICSR for (A) volunteer 1, (B) volunteer 2, and (C) volunteer 3. Each volunteer has a bSSFP image as reference. The displayed images correspond to the end-systolic cardiac phase. The discrepancies in the trigger delay times are due to the difference in the duration of the preparation pulses and the cardiac cycle. The red arrows show the places where the grid is distorted by the presence of epicardial and subcutaneous fat. The images acquired with ORI-O-CSPAMM did not show any distortion in the places indicated by arrows.

Figure 8 :

 8 Figure 8: Phase of the complex difference (upper row) and MICSR images (bottom row) obtained from (A) CSPAMM, (B) ORI-CSPAMM, (C) O-CSPAMM, and (D) ORI-O-CSPAMM sequences. In complex difference images the phase is always non-zero while in MICSR images the phase is zero and (the last is due that MICSR images have only real part that varies from positive to negative values).

Table 1 :

 1 Imaging

		Phantom	Volunteers
	ETL (TFE		
		5	5
	Factor)		
	Acq. Matrix	160 × 120	160 × 75
	Recon. Matrix	160 × 160	160 × 160
	FOV (mm 2 )	175 × 175	260 × 260
	Tag-period		
		17.5	17.5
	(mm)		
	Slice thickness		
		8	8
	(mm)		
	FA	10°	10°
	Cardiac phases	21	23, 24, 31
	TR/TE (ms)	7.0/3.4	5.3/2.6

parameters used during the acquisition of the in-silico and in-vivo data. All the volunteers shared the same imaging parameters, only differing in the number of cardiac phases.
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