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Purpose: To achieve high spatial resolution (isotropic-2 mm) perfusion imaging using 2D simultaneous multi-slice (SMS) pseudo-continuous arterial spin labeling (pCASL) and slice dithered enhanced resolution (SLIDER) technique for super-resolution reconstruction.

Methods: The SLIDER-SMS pCASL with a multiband factor of 4 was implemented at 3T with three numbers of slice shift (2/3/4) for the slice thickness of 4/6/8 mm, respectively. Super-resolution reconstruction was performed with singular value decomposition and different levels of Tikhonov regularizations. Temporal and spatial signal-to-noise ratio (SNR) as well as spatial blurring effects of super-resolution ASL images were measured in five healthy subjects and compared with those of reference high-resolution ASL images.

Results: Compared to conventional 2D SMS ASL, super-resolution ASL images with isotropic-2-mm resolution yielded 42, 61, and 88% higher spatial SNR, and 18, 55, and 105% higher temporal SNR with slice shift number of 2/3/4, respectively. Spatial blurring effect increased for SLIDER reconstruction from two to four slice shifts.

Conclusion: The proposed SLIDER-SMS pCASL technique can achieve whole-brain high-resolution perfusion images with ∼15-min scan time and improved SNR compared to standard 2D SMS pCASL. Caution needs to be exercised on quantifying and controlling blurring effects of SLIDER reconstruction.
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INTRODUCTION

Arterial spin labeling (ASL) is a perfusion imaging technique that can quantitatively measure cerebral blood flow (CBF) without using an exogenous contrast agent. Due to the relatively low signal-to-noise ratio (SNR), existing ASL methods generally have a coarse resolution of 3–4 mm resulting in partial volume effects when analyzing perfusion of small brain structures and cerebral cortex with a thickness of a few mm. Segmented 3D acquisitions and pseudo-continuous ASL (pCASL) are recommended for ASL imaging to achieve a sufficient SNR(Alsop et al., 2015). However, there remain challenges for achieving a high spatial resolution with 3D ASL including spatial blurring along the slice direction due to the modulation of k-space signals by the transverse (T2) relaxation and susceptibility to (intersegment) head motion.

Simultaneous multi-slice (SMS) is a fast imaging technology that simultaneously excites multiple slices and resolves each slice with parallel imaging techniques (Feinberg et al., 2010; Setsompop et al., 2012). When applied to ASL imaging, SMS can reduce the effect of signal decay due to longitudinal (T1) relaxation and improve spatial coverage and/or resolution compared to standard 2D ASL (Feinberg et al., 2013; Kim et al., 2013; Li et al., 2015; Wang et al., 2015). Compared to 3D imaging, 2D SMS has the potential benefits of reduced spatial blurring and improved robustness to head motion. Furthermore, a constrained slice-dependent background suppression (CSD-BS) scheme has been proposed to suppress the background signal in brain tissue to improve the SNR for 2D SMS pCASL (Shao et al., 2018).

Super-resolution techniques achieve high spatial resolution from one or multiple low-resolution images with reconstruction algorithms, which have been proven effective in MRI (Ben-Eliezer et al., 2010; Setsompop et al., 2018; Vu et al., 2018; Greenspan et al., 2002). The SLIce Dithered Enhanced Resolution (SLIDER) (Setsompop et al., 2015) technique is a super-resolution technique that utilizes sub-voxel spatial shifts in the slice direction to achieve a √n fold gain (n is the number of spatially shifted thick slices) in SNR efficiency, given the same number of measurements and without considering physiological noise or parallel imaging factors. SLIDER has been successfully applied for SMS diffusion MRI and BOLD fMRI to achieve submillimeter spatial resolutions (Setsompop et al., 2015; Vu et al., 2018). This method may provide a potential technique for high-resolution ASL by increasing both resolution and SNR efficiency while still achieving a wide imaging coverage.

The purpose of this study was to present a super-resolution (iso-2-mm) perfusion imaging technique by integrating SLIDER with 2D SMS pCASL and CSD-BS, herein termed as SLIDER-SMS pCASL. We first presented the theoretical framework and then demonstrated in vivo experimental results by comparison with a reference high-resolution 2D SMS pCASL.



MATERIALS AND METHODS


Theoretical Framework

Figure 1 shows the diagram for SLIDER-SMS pCASL which combined SMS imaging, SLIDER super-resolution with the optimized CSD-BS scheme (Shao et al., 2018). In this study, six SMS slice groups with a multiband (MB) factor of 4 were employed to achieve whole-brain coverage. The detailed SMS scheme is shown in Figure 2. In SLIDER, N sets of 2D slices are acquired with sub-voxel spatial shifts in the slice direction, and high-resolution thin-slice images are reconstructed by applying a “deblurring” algorithm. Three options for SLIDER acquisition are shown in Figure 1B, namely, SLIDER2, SLIDER3, and SLIDER4 for two, three, and four sets of shifted slices with the thickness of 4, 6, and 8 mm, respectively. In our study, the reference high-resolution SMS pCASL images with 2-mm slice thickness (termed as reference ASL images hereafter) were acquired in two scans, each with a 100% inter-slice gap, to match the image acquisition time of super-resolution scans and to minimize cross talk between thin slices. The CSD-BS method employs slice-dependent pre-modulation MB RF pulses for each group of SMS slices before the pCASL pulse train as well as two inversion pulses during the post-labeling delay (PLD), so that the longitudinal magnetization (Mz) of each group of SMS slices reaches the nulling point just before the readout of each respective slice group.
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FIGURE 1. SLIDER acquisition scheme. (A) SMS-EPI pCASL acquisition sequence for each set of low-resolution images, with constrained slice dependent background suppression. (B) Acquisition scheme for SLIDER2, SLIDER3, and SLIDER4; different numbers of scans with slice shift are needed, 2 for SLIDER2, 3 for SLIDER3, and 4 for SLIDER4. Then, high-resolution images can be reconstructed.
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FIGURE 2. Diagram of the SMS scheme. Six slice groups with a total slice number of 24 are acquired in each TR. The band spacing is adjusted according to the slice thickness to avoid slice cross talk. The center is aligned in different conditions, so that the slice thickness of (A) 4 mm and (B) 8 mm will have different coverages in the slice direction.


The theoretical SNR for the super-resolution images (SNRSLIDER–SMS) reconstructed with this method compared to the SNR of reference ASL images (SNRref) with the same number of measurements and without considering physiological noise or parallel imaging factors can be expressed by the following equation:

[image: image]

where Nset is the number of shifted image sets, since the potential thin slices have been sampled for Nset times.

However, this equation only applies to non-SMS-accelerated acquisitions. For SLIDER-SMS pCASL, image noise caused by g-factor should be considered and can be expressed as the following equation:
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where gSLIDER–SMS is the g-factor for SLIDER-SMS reconstruction (Breuer et al., 2009), var represents noise variance, and the subscript represents the respective physiological and thermal noise. When N measurements (Nmeas) are averaged for ASL, the image noise variance can be expressed by
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where N′meas is between 1 and Nmeas depending on the temporal correlation of physiological noise. The labeling duration and PLD of an ASL scan are much longer than the image acquisition time. In order to keep the total scan time constant for SLIDER2/3/4 and reference ASL scans (for fair comparison of SNR efficiency), we used fewer repetitions for SLIDER acquisitions with more shifted slices (Nset). For example, in SLIDER2, two scans were acquired with 40 repetitions in each scan, whereas in SLIDER4, four scans were acquired with only 20 repetitions in each scan. Therefore, the SNR efficiency for the proposed SLIDER-SMS pCASL can be expressed by

[image: image]

where Nfull is the number of measurements of the reference ASL scan, N′full is between 1 and Nfull depending on the temporal correlation of physiological noise, and gref,SMS is the g-factor for the SMS acquisition of the reference ASL images. Because the coil g-factor generally decreases with larger spacing between slice groups for SMS reconstruction and physiological noise cannot be suppressed as effective as thermal noise by averaging, Eq. (4) predicts that the SNR efficiency of SLIDER ASL will increase with thicker acquired slices and a higher number of shifted slices (Nset). This hypothesis will be tested by in vivo experiment below.

The reconstruction of SLIDER acquisition can be viewed as solving an inverse problem of the following equation:
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where Ilr is the combined low-resolution images acquired, A is the forward model constructed according to the acquisition, and Ihr is the high-resolution images to be reconstructed. In this study, a Toeplitz matrix was used as the forward model, which assumes a perfect slice profile, and singular value decomposition with Tikhonov regularization was used to calculate the pseudo-inversion of the A matrix (Setsompop et al., 2018).
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The regularization parameter λ was chosen between 0.1, 0.3, and 0.5 to serve as different regularization levels. A larger regularization parameter will cause less noise amplification but more spatial blurring in the reconstructed images, which will be evaluated below.



MRI Experiments

Five healthy subjects (age = 24.6 ± 1.7 years, four males) were scanned on a Siemens 3T Prisma scanner using a 32-channel head coil, after they provided written consent according to the protocol approved by the institutional review board of the University of Southern California. The imaging parameters for SLIDER-SMS pCASL included the following: in-plane resolution of 2 mm × 2 mm, field of view (FOV) of 192 mm, matrix size of 96 × 96, TR = 5,000 ms, TE = 20 ms. The MB factor was 4, and the number of slice groups was 6 with 24 total slices acquired for each TR. The acquisition of each SMS slice group took 45 ms, i.e., total 270 ms for six slice groups. Blipped CAIPI was applied to avoid voxel tilting (Setsompop et al., 2012). The labeling duration for pCASL was 1,500 ms, and the PLD was 1,800 ms. The labeling plane was placed 90 mm below the center of the most superior slice group and was adjusted in acquisitions of the shifted slices so that the labeling plane was at the same location across all the conditions. The optimized parameters for CSD-BS including the timing of the two inversion pulses were calculated according to (Shao et al., 2018). Two/three/four sets of low-resolution images with slice thickness of 4, 6, and 8 mm were acquired for SLIDER2/3/4 scans, respectively. The spacing between bands was adjusted according to the slice thickness (20, 30, and 40 mm for slice thickness of 4, 6, and 8 mm, respectively) to avoid inter-slice cross talk. A detailed SMS scheme is shown in Figure 2. A single-band reference scan was acquired before each of the SMS pCASL scans for SMS image reconstruction. For SLIDER2, each of the two SMS pCASL scans had 40 measurements with a duration of 6 min 45 s. For SLIDER3, each of the scan had 26 measurements and the total scan time was 4 min 35 s × 3 = 13 min 45 s. For SLIDER4, each of the scan had 20 measurements and the total scan time was 3 min 20 s × 4 = 13 min 20 s. In this way, the total scan time for each of the SLIDER methods was about 14 min. Reference ASL images were acquired by two interleaved high-resolution SMS pCASL scans (2 mm × 2 mm × 2 mm) with a 100% slice gap in each scan and, with the same background suppression parameters, were acquired as the benchmark. M0 images were acquired before each ASL scan with the same resolution. A high-resolution (iso-0.8 mm) structural MRI was acquired using a T1-weighted MPRAGE scan in each subject.

The raw k-space data of the SMS scans were processed offline using custom Matlab programs. First, raw data were corrected for N/2 phase shift caused by EPI acquisition. Second, the unaliased MB images were reconstructed using slice-GRAPPA (Setsompop et al., 2012) with a kernel size of 5 × 5 derived from the single-band references. Then, each scan was corrected for rigid head motion using SPM121 and combined into a full data matrix. SLIDER reconstruction was applied to achieve 2-mm isotropic M0 and perfusion images according to Eq. 6 with three different λs (0.1, 0.3, and 0.5). The numbers of 2-mm slices reconstructed were 48, 48, 72, and 96 for reference ASL and SLIDER2/3/4 scans, respectively. A principal component analysis (PCA)-based denoising algorithm (Shao et al., 2017) was further applied for both super-resolution and reference ASL scans. In our experiment, PCA reduced the overall noise level in all conditions but did not impact the comparison of super-resolution reconstructions. The spatial SNR (sSNR) and temporal SNR (tSNR) values with and without PCA denoising are listed in Supplementary Table 1. In addition, the g-factor maps for each SMS reconstruction of the SLIDER condition were calculated using the definition in Breuer et al. (2009) with the slice-GRAPPA kernel and the measured noise-covariance matrix.



Data Analysis

Both the reference ASL images and the reconstructed super-resolution images were evaluated by SNR in the gray matter (GM) region of interest (ROI). The GM probability map was obtained by segmentation of the MPRAGE structural images using SPM12, which was co-registered to the reference ASL M0 images. A threshold of 0.9 was applied on the probability map to obtain the GM mask. We used the definition in Feinberg et al. (2013) to calculate SNR. Even- and odd-numbered perfusion images were averaged, and then added and subtracted to generate the sum and difference images. The sSNR was calculated as the mean of the sum image divided by 1/√2 of the standard deviation (SD) of the difference image within the GM ROI. This definition of SNR calculation can reduce the effect of inhomogeneous noise distribution. tSNR was calculated by the mean signal divided by the SD across time frames within the GM ROI. To evaluate the spatial blurring effect of SLIDER reconstructions, Pearson correlation coefficients of the reconstructed image volumes and the volumes shifted one slice (2 mm) down were calculated by collapsing all voxels into a vector. Furthermore, sSNR and tSNR measurements were repeated with intentionally applied spatial smoothing along slice direction on SLIDER2, 3 and reference ASL images to match the spatial blurring of SLIDER4. A nonparametric Kruskal–Wallis test with post hoc Wilcoxon signed-rank test was performed to compare SNR measurements between SLIDER and reference ASL scans, while two-way ANOVA and post hoc Wilcoxon signed-rank test were performed to compare slice blurring effects.

Pixel-wise correlations were performed between the reconstructed SLIDER images and reference ASL image within the brain mask. Difference images between the SLIDER and reference ASL images were obtained along with histograms of pixel values within the brain mask for each SLIDER condition. One sample t-test and Kolmogorov–Smirnov test were performed to test whether the difference images had zero mean and normal distribution, respectively.

Cerebral blood flow maps were calculated for each SLIDER and reference ASL images, respectively. Slice-dependent PLD correction was performed before quantification. Seven small brain regions (caudate, putamen, etc.) were segmented from the T1-weighted image by Freesurfer v7.1.1 and then co-registered to the M0 image of each condition. The mean CBF values were extracted from these ROIs and were compared across experimental conditions using two-way repeated measures ANOVA and post hoc Wilcoxon signed-rank test.



RESULTS


Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Pseudo-Continuous Arterial Spin Labeling Perfusion Images

Figure 3 shows the center 40 axial slices of the reconstructed super-resolution perfusion images with SLIDER2/3/4 and reference ASL images of a representative subject, respectively. All SLIDER reconstructions shown in Figure 3 used a regularization parameter of λ = 0.1. The reconstructed perfusion images for SLIDER2/3/4 scans show good quality without visible artifacts and with clear contrast between gray and white matter as the reference ASL perfusion images. Scatter plots of pixel-wise correlations between the reconstructed SLIDER and reference ASL images are shown in Supplementary Figure 1. There were good correlations with reference ASL images in all three SLIDER conditions (0.73 for SLIDER2, 0.76 for SLIDER3, and 0.73 for SLIDER4, p < 0.0001). Supplementary Figure 2 shows the difference images and associated histograms between the SLIDER and reference ASL images. The difference images had zero mean and followed normal distribution (p > 0.05 for all three conditions).
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FIGURE 3. SLIDER super-resolution reconstructed ASL images and acquired reference ASL images in the axial direction. The reconstructed images follow the reference images well, with an improved SNR. The red and green boxes and zoomed images show two slices with SNR improvement.


The zoomed slices show that the SNR of SLIDER reconstructions is higher than the reference ASL images. Figure 4 shows the reconstructed super-resolution perfusion images in sagittal and coronal views with different regularization parameters, respectively. Using our experimental paradigm, the three SLIDER methods had different coverages in the slice direction with the largest coverage in SLIDER4 (96 slices), and narrower coverages in SLIDER3 (72 slices) and SLIDER2 (48 slices). SLIDER4 can even cover the labeling plane, as shown by the red arrow. Figure 4 also shows that as the regularization parameter λ increases, the SNR of the perfusion image increases, but there is more spatial blurring. The full slices of SLIDER2/3/4 ASL images are shown in Supplementary Figure 3.
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FIGURE 4. SLIDER super-resolution reconstructed image in the sagittal and coronal direction. SLIDER2 has a brain coverage of 96 mm, SLIDER3 has a brain coverage of 144 mm, and SLIDER4 has a brain coverage of 192 mm. SLIDER4 can reach the labeling plane, as marked by the red arrow. Larger regularization parameters will lead to more spatial blurring.




Signal-to-Noise Ratio Comparison Between Super-Resolution and Reference Arterial Spin Labeling

Figure 5 shows the spatial and temporal SNR values of the reconstructed images for all five subjects (λ = 0.1) (the details of each subject are included in Table 1). Figure 6 shows the sSNR and tSNR map of a typical subject. The Kruskal–Wallis test showed significant differences in spatial and temporal SNR across the reconstructed super-resolution images and the reference ASL images (p < 0.01 for sSNR and p < 0.005 for tSNR). SLIDER4, 3, and 2 improved sSNR by 88, 61, and 42%, respectively, compared to the reference ASL images. TSNR was increased by 105, 55, and 18% using SLIDER4, 3, and 2, respectively, compared to reference ASL images. The trend of such SNR improvement is stable across the five subjects. Post hoc Wilcoxon signed-rank test showed that SLIDER can significantly improve sSNR (p < 0.05) and tSNR (p < 0.01).
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FIGURE 5. Spatial and temporal SNR before and after controlling slice blurring. (A) Spatial SNR (sSNR) and (B) temporal SNR (tSNR) of SLIDER2/3/4 and reference scans before (left) and after applying a Gaussian kernel to control slice blurring (right). *p < 0.05; **p < 0.01. Error bars stand for standard deviation.



TABLE 1. Spatial and temporal SNR of the super-resolution reconstructed images and reference images for all five subjects.
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FIGURE 6. Spatial SNR (sSNR) map and temporal SNR (tSNR) map of a representative subject in different SLIDER conditions and reference ASL scan.


The g-factor maps in the sagittal plane for the three SMS acquisitions are shown in Supplementary Figure 4. The mean g-factor value in the brain across five subjects for SLIDER2 is 1.28 ± 0.06, that for SLIDER3 is 1.38 ± 0.07, and that for SLIDER4 is 1.34 ± 0.06.

The calculated regional CBF values in seven small regions (including four subcortical structures and three cortical areas) of the brain are shown in Figure 7. The mean CBF values of SLIDER2/3/4 and reference across seven ROIs were 57.46 ± 6.89, 53.12 ± 7.57, 51.41 ± 6.74, and 56.51 ± 6.61 ml/100 g/min, respectively. Two-way ANOVA showed significant differences between these four conditions (p < 0.0001). The post hoc Wilcoxon signed-rank test showed no significant difference between SLIDER2 and reference (p = 0.59). There were significant differences between SLIDER3/4 and reference (p < 0.05 for SLIDER3 and p < 0.005 for SLIDER4.


[image: image]

FIGURE 7. Cerebral blood flow values in seven small brain structures acquired under different SLIDER and reference conditions. ACC, anterior cingulate cortex; PCC, posterior cingulate cortex. Error bars stand for stand deviation.




Spatial Blurring Evaluation

Table 2 shows the spatial blurring effect of SLIDER reconstructions, indicated by the correlation coefficient of the reconstructed image volume and the volume shifted one slice down in each subject. Two-way ANOVA showed that both SLIDER reconstructions and increased λ caused blurring in the slice direction, compared to the reference ASL images (p < 0.0001 for both factors). The post hoc Wilcoxon signed-rank test showed that SLIDER2 with the regularization parameter of λ = 0.1 had a minimum blurring effect with no statistical difference compared to the reference image (p = 0.88). SLIDER3 with λ = 0.1 slightly increased the slice correlation (p < 0.05), and SLIDER4 increased more (p < 0.01). The post hoc Wilcoxon signed-rank test also showed that the regularization parameter λ had influences on the slice blurring effects, with greater blurring effects induced by a larger regularization parameter (p < 0.01 was found between two λs in all SLIDER conditions).


TABLE 2. Slice blurring evaluation using autocorrelation of the reconstructed volume.

[image: Table 2]
To further investigate the relationship between spatial blurring and SNR, additional slice blurring was applied using a Gaussian kernel with the full width at half maximum (FWHM) of 1.16 voxels for SLIDER2, 1.06 voxels for SLIDER3, and 1.18 voxels for the reference ASL image along the slice direction on SLIDER2/3 and reference ASL images to match that of SLIDER4 (see Supplementary Table 2 for burring evaluation before and after applying Gaussian kernel). Figure 5 shows the spatial and temporal SNR before and after applying the Gaussian kernel (the details of subjects are included in Table 1). As shown in Figure 5, SLIDER2/3/4 have similar sSNR after matching the level of spatial blurring, which still outperforms that of the reference ASL scan (p < 0.001). For tSNR, SLIDER4 still has the highest tSNR, while SLIDER3, SLIDER2, and reference scans have lower tSNR (p < 0.01).



DISCUSSION


Advantages of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

In this work we presented super-resolution perfusion imaging using SLIDER and SMS pCASL with an optimized CSD-BS scheme. The SLIDER-reconstructed super-resolution images had significantly higher spatial and temporal SNR compared to the reference ASL images. The results are consistent with the theoretical estimation of SNR efficiency improvements due to super-resolution acquisitions of thicker slices. Since the number of slices that can be acquired for ASL is limited by TR and T1 relaxation, using a thicker slice will result in not only higher SNR but also a larger spatial coverage in the slice direction. This is shown in Figure 4, where SLIDER2/3/4 had a coverage of 96, 144, and 192 mm, respectively.

In this study, SLIDER reconstruction is found to improve the spatial and temporal SNR of reference ASL images, and the SNR improvement is greater with increased number of shifted slice groups. We also controlled the total scan time (∼14 min) to be identical across the three SLIDER methods and reference ASL for a fair comparison of SNR efficiency. The calculated g-factors were similar for SLIDER2, 3, and 4 with 20, 30, and 40 band spacing, respectively, suggesting a minor role the g-factor plays in determining the SNR of SLIDER ASL techniques in our study (see Eq. 4). While thermal random noise can be effectively suppressed by averaging following the rule of square root of N measurements, physiological noise is more complex with temporal correlations at specific frequencies. Therefore, noise reduction through averaging is less effective for physiological noise than thermal noise. These factors may have contributed to a higher SNR efficiency for SLIDER reconstructions with a high number of shifted slice groups. However, we did not systematically characterize thermal and physiological noise during ASL scans which should be performed in future studies (Moeller et al., 2006).

One advantage of the proposed SLIDER4 ASL technique is its wide coverage of 192 mm in the slice direction. There are some potential applications that may take advantage of such large coverage. For example, the labeling plane can be visualized with this method in coronal and sagittal images, which is not available for most of the ASL scans. In addition, B0 field inhomogeneity may distort the labeling plane; therefore, there is value to directly visualize the labeling plane. On the other hand, such large coverage would potentially allow measurement of perfusion in deep brain structures such as the brain stem, cerebellum, and even the spinal cord. These deep brain structures are key hubs of the structural and functional networks of the human brain, but so far very few perfusion measurements have been performed in these key deep brain structures.



Spatial Blurring of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

The spatial blurring effect should be taken into consideration when evaluating the results. Table 2 shows that SLIDER reconstructions resulted in a small degree of slice blurring which increased with a greater number of shifted slice groups. A larger regularization parameter λ also caused a greater degree of slice blurring and reduced slice resolution as well as data fidelity. When additional slice blurring was applied, the improvement of sSNR of all the three SLIDER methods reached a similar level. For tSNR, however, SLIDER4 remained superior to SLIDER2/3 with matched slice blurring. This is because tSNR is prone to be affected by temporal fluctuation such as physiological noise while spatial blurring has more impact on sSNR. In a previous study on SLIDER, the authors suggested using λ∼0.1 which will not cause much blurring effect (Setsompop et al., 2015). Based on our experience, we also recommend the use of λ∼0.1 for SLIDER ASL as a tradeoff between imaging resolution and SNR.

Supplementary Figure 5 shows American College of Radiology (ACR) phantom images reconstructed with SLIDER2/3/4 (λ = 0.1) in comparison with reference phantom images. A small degree of spatial blurring can be observed in SLIDER3/4 reconstructed phantom images, which is consistent with our in vivo results on SLIDER ASL. From the quantitative CBF results in seven small brain structures, we found that the mean CBF values were reduced using SLIDER3/4 compared to the reference scan, likely due to blurring effects of SLIDER3/4 reconstructions. Although there was no significant difference between SLIDER2 and reference, the small sample size of our study may be a factor. Therefore, we recommend caution on quantifying and controlling blurring effects of SLIDER reconstruction for CBF quantification using the proposed SLIDER ASL method.



Limitations of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

There are several limitations of our study. First, as a pilot study our sample size is small. There are some restrictions with the imaging protocol, e.g., there was no slice gap applied as the SLIDER reconstruction requires overlapping thick slices to resolve the thin slices. This may potentially induce slice cross talk and saturation effects. An alternative approach to solve this problem would be to improve the slice profile with longer RF duration or using Shinnar–Le-Roux (SLR) pulse design (Setsompop et al., 2018). We only acquired six MB slice groups within a TR in all of ASL scans, resulting in two passes for the reference high-resolution ASL scan. The main reason is that the efficiency of the CSD-BS scheme for suppressing background signals will decrease with more MB slice groups. Also, the total scan time of our method is around 14 min, making it susceptible to motion artifacts. This problem could be addressed with advanced imaging acceleration methods and image denoising methods such as deep learning (Xie et al., 2020). We also acknowledge that absolute CBF quantification using the proposed SLIDER ASL method awaits further validation since we observed variations in CBF across scan conditions in small brain structures. We also notice that MB factors higher than 4 can be used for larger number of slices and alternative methods for SNR calculation such bootstrapping (Riffe et al., 2007).



Future Directions

In this work, we utilized SLIDER for the super-resolution reconstruction of ASL images to achieve isotropic-2-mm resolution perfusion images. Other more advanced super-resolution techniques such as gSLIDER (Setsompop et al., 2018) have been proposed for diffusion MRI. gSLIDER uses Hadamard encoding to achieve orthogonal basis; therefore, no regularization is needed for image reconstruction. For ASL, SLIDER SMS offers the technical simplicity and advantage for rapidly acquiring whole-brain images. The comparison of SLIDER and gSLIDER ASL may be included in future works. Further studies may also compare SLIDER reconstruction with high-resolution 3D ASL acquisitions, since 3D data tend to have higher SNR with larger FOV but with more slice blurring (FWHM on the order of 1.5 voxel size) (Vidorreta et al., 2014).



CONCLUSION

We presented super-resolution perfusion imaging using SLIDER with 2D SMS pCASL. In conjunction with optimized CSD-BS, this technique can push the resolution of whole-brain ASL imaging to isotropic-2 mm and higher for fine-grained studies on brain perfusion. Caution needs to be exercised on quantifying and controlling blurring effects of SLIDER reconstruction.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board of the University of Southern California. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

QS designed the experiments and conducted data processing and analysis. XS helped with data processing and provided support for improvements on experiments. DW designed and supervised the experiments. All authors drafted the manuscript.



FUNDING

This work was supported by the National Institute of Health (NIH) grant UH3-NS100614, R01-NS114382, and R01-EB028297.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.737525/full#supplementary-material


FOOTNOTES

1
fil.ion.ucl.ac.uk/spm/software/spm12


REFERENCES

Alsop, D. C., Detre, J. A., Golay, X., Guenther, M., Hendrikse, J., Hernandez-Garcia, L., et al. (2015). Recommended implementation of arterial spin-labeled perfusion MRI for clinical applications: a consensus of the ISMRM perfusion study group and the European consortium for ASL in dementia. Magn. Reson. Med. 73, 102–116. doi: 10.1002/mrm.25197

Ben-Eliezer, N., Irani, M., and Frydman, L. (2010). Super-resolved spatially encoded single-scan 2D MRI. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 63, 1594–1600. doi: 10.1002/mrm.22377

Breuer, F. A., Kannengiesser, S. A., Blaimer, M., Seiberlich, N., Jakob, P. M., and Griswold, M. A. (2009). General formulation for quantitative G-factor calculation in GRAPPA reconstructions. Magn. Reson. Med. 62, 739–746. doi: 10.1002/mrm.22066

Feinberg, D. A., Beckett, A., and Chen, L. (2013). Arterial spin labeling with simultaneous multi-slice echo planar imaging. Magn. Reson. Med. 70, 1500–1506. doi: 10.1002/mrm.24994

Feinberg, D. A., Moeller, S., Smith, S. M., Auerbach, E., Ramanna, S., Gunther, M., et al. (2010). Multiplexed echo planar imaging for sub-second whole brain FMRI and fast diffusion imaging. PLoS One 5:e15710. doi: 10.1371/journal.pone.0015710

Greenspan, H., Oz, G., Kiryati, N., and Peled, S. (2002). MRI inter-slice reconstruction using super-resolution. Magn. Reson. Imaging 20, 437–446. doi: 10.1016/S0730-725X(02)00511-8

Kim, T., Shin, W., Zhao, T., Beall, E. B., Lowe, M. J., and Bae, K. T. (2013). Whole brain perfusion measurements using arterial spin labeling with multiband acquisition. Magn. Reson. Med. 70, 1653–1661. doi: 10.1002/mrm.24880

Li, X., Wang, D., Auerbach, E. J., Moeller, S., Ugurbil, K., and Metzger, G. J. (2015). Theoretical and experimental evaluation of multi-band EPI for high-resolution whole brain pCASL imaging. Neuroimage 106, 170–181. doi: 10.1016/j.neuroimage.2014.10.029

Moeller, S., Van de Moortele, P. F., Goerke, U., Adriany, G., and Ugurbil, K. (2006). Application of parallel imaging to fMRI at 7 Tesla utilizing a high 1D reduction factor. Magn. Reson. Med. Off. J. Int. Soc. Magn. Reson. Med. 56, 118–129. doi: 10.1002/mrm.20934

Riffe, M. J., Blaimer, M., Barkauskas, K. J., Duerk, J. L., and Griswold, M. A. (2007). SNR estimation in fast dynamic imaging using bootstrapped statistics. Proc. Intl. Soc. Mag. Reson. Med. 16:1879.

Setsompop, K., Bilgic, B., Nummenmaa, A., Fan, Q., Cauley, S., Huang, S., et al. (2015). SLIce dithered enhanced resolution simultaneous multislice (SLIDER-SMS) for high resolution (700 um) diffusion imaging of the human brain. Proc. ISMRM 24:339.

Setsompop, K., Fan, Q., Stockmann, J., Bilgic, B., Huang, S., Cauley, S. F., et al. (2018). High-resolution in vivo diffusion imaging of the human brain with generalized slice dithered enhanced resolution: simultaneous multislice (gSlider-SMS). Magn. Reson. Med. 79, 141–151. doi: 10.1002/mrm.26653

Setsompop, K., Gagoski, B. A., Polimeni, J. R., Witzel, T., Wedeen, V. J., and Wald, L. L. (2012). Blipped-controlled aliasing in parallel imaging for simultaneous multislice echo planar imaging with reduced g-factor penalty. Magn. Reson. Med. 67, 1210–1224. doi: 10.1002/mrm.23097

Shao, X., Tisdall, M. D., Wang, D. J., and van der Kouwe, A. J. W. (2017). Prospective motion correction for 3D GRASE pCASL with volumetric navigators. Proc. ISMRM 25:680.

Shao, X., Wang, Y., Moeller, S., and Wang, D. J. J. (2018). A constrained slice-dependent background suppression scheme for simultaneous multislice pseudo-continuous arterial spin labeling. Magn. Reson. Med. 79, 394–400. doi: 10.1002/mrm.26643

Vidorreta, M., Balteau, E., Wang, Z., De Vita, E., Pastor, M. A., Thomas, D. L., et al. (2014). Evaluation of segmented 3D acquisition schemes for whole-brain high-resolution arterial spin labeling at 3 T. NMR Biomed. 27, 1387–1396. doi: 10.1002/nbm.3201

Vu, A. T., Beckett, A., Setsompop, K., and Feinberg, D. A. (2018). Evaluation of SLIce dithered enhanced resolution simultaneous multislice (SLIDER-SMS) for human fMRI. Neuroimage 164, 164–171. doi: 10.1016/j.neuroimage.2017.02.001

Wang, Y., Moeller, S., Li, X., Vu, A. T., Krasileva, K., Ugurbil, K., et al. (2015). Simultaneous multi-slice turbo-FLASH imaging with CAIPIRINHA for whole brain distortion-free pseudo-continuous arterial spin labeling at 3 and 7 T. Neuroimage 113, 279–288. doi: 10.1016/j.neuroimage.2015.03.060

Xie, D., Li, H., Yang, H., Bai, L., Wang, T., Zhou, F., et al. (2020). Denoising arterial spin labeling perfusion MRI with deep machine learning. Magn. Reson. Imaging 68, 95–105. doi: 10.1016/j.mri.2020.01.005


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Shou, Shao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-15-737525-g004.jpg
SLIDER 2

SLIDER 3

SLIDER 4

labeling plane





OPS/images/fnins-15-737525-e001.jpg
2
VarsLIDER-sMS = &SLIDER-sMs X VATthermal + Varphysio  (2)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Super-Resolution Arterial Spin Labeling Using Slice-Dithered Enhanced Resolution and Simultaneous Multi-Slice Acquisition



		INTRODUCTION



		MATERIALS AND METHODS



		Theoretical Framework



		MRI Experiments



		Data Analysis







		RESULTS



		Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Pseudo-Continuous Arterial Spin Labeling Perfusion Images



		Signal-to-Noise Ratio Comparison Between Super-Resolution and Reference Arterial Spin Labeling



		Spatial Blurring Evaluation







		DISCUSSION



		Advantages of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling



		Spatial Blurring of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling



		Limitations of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling



		Future Directions







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-15-737525-g003.jpg
% hiavd 23] P 7. “ i &5 A%
57"?‘ 3"' N s i 5., 0 e 1

O Y B
w %% R G W X é:% étié‘

1

SLIDER 4 reference






OPS/images/fnins-15-737525-e002.jpg
Yalthermal | V& physio
Nineas N,

meas

3)

2
VArSLIDER—SMS,Nmeaw = 8SLIDER X





OPS/images/fnins-15-737525-g002.jpg
3

I 1stecho train

I 2nd echo train
e 3'rd echo train
4th echo train
[ 5th echo train
6th echo train

SMS groups
A

slice thickness {
band spacing.=
slice thickne
(slice group™ 1)

I 1st echo train
[ 2nd echo train
I 3fd echo train
4th echo train

[0 5th echo train
6th eche train






OPS/images/fnins-15-737525-g001.jpg
Inversion pulses

A Pre-modulation
(6 slice group)

Readout
pCASL Control/Label (6 slice groups)

SLIDER 2 SLIDER 3 .t SLIDER 4
pass  2nd

High resolution slices

IIr=T>< Ihr






OPS/images/fnins-15-737525-e000.jpg
(0]

SNRSLIDER-sMs =





OPS/images/fnins-15-737525-e005.jpg
Iy = ATA+ 2D 7ATY,

Ainy_tikllr ©)





OPS/images/fnins-15-737525-g007.jpg
CBF (ml/100g/min)
N w S ()]
o o o o

—
o

thalamus

caudate

putamen

1
pallidum
structures

caudalACC

PCC

rosteral ACC

Bl reference
IESLIDER2
[ISLIDER3
I SLIDER4






OPS/images/fnins-15-737525-g006.jpg
SLIDERZ2 SLIDERS3 SLIDER4 high res






OPS/images/fnins-15-737525-e003.jpg
SNRsLIDER—sMs =

Varphysio Vaipermal

2
Snsms X "N
V/Niet x SNRref sn1s % S )
il






OPS/images/fnins-15-737525-g005.jpg
SNR value

spatial SNR B temporal SNR

2 : .
B sLIDER2
1.8} [ SLIDER3
[ sLIDER4
16F I reference
14+ *k q
| — | *k
1.2+ *% *k *‘ *k 1 g
r I 1 f 10 1

tSNR after blurred

sSNR sSNR after blurred tSNR





OPS/images/fnins-15-737525-e004.jpg
AX Iy =1

)





OPS/images/cover.jpg
, frontiers
In Neuroscience

Super-Resolution Arterial Spin
Labeling Using Slice-Dithered
Enhanced Resolution
and Simultaneous Multi-Slice
Acquisition









OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/cross.jpg
3,

i





OPS/images/fnins-15-737525-t001.jpg
sSNR sSNR (after tSNR tSNR (after
blurred) blurred)

Sub1 (SLIDER2) 3.06 3.89 0.49 0.59
Sub1 (SLIDER3) 3.19 3.58 0.62 0.68
Sub1 (SLIDER4) 3.68 3.68 0.81 0.81
Sub1 (reference) 2.13 2.72 0.39 0.44
Sub?2 (SLIDER2) 3.17 4.01 0.51 0.60
Sub2 (SLIDER3) 3.36 3.77 0.69 0.75
Sub?2 (SLIDER4) 3.45 3.45 0.82 0.82
Sub2 (reference) 2.06 2.62 0.40 0.45
Sub3 (SLIDER2) 2.18 2.82 0.37 0.43
Sub3 (SLIDER3) 2.76 3.1 0.48 0.52
Sub3 (SLIDER4) 2.74 2.74 0.59 0.59
Sub3 (reference) 1.35 1.71 0.32 0.35
Sub4 (SLIDER2) 3.28 4.25 0.48 0.58
Sub4 (SLIDER3) 3.77 4.24 0.65 0.72
Sub4 (SLIDER4) 4.84 4.84 0.95 0.95
Sub4 (reference) 2.4 3.04 0.40 0.46
Sub5 (SLIDER2) 237 2.81 0.38 0.44
Sub5 (SLIDER3) 2.63 2.96 0.50 0.54
Sub5 (SLIDER4) 3.66 3.66 0.73 0.73
Subb (reference) 1.83 2.30 0.37 0.42
Mean + SD (SLIDER2) 2.77 £ 0.55 3.56 +£0.69 0.45+0.07 0.583+0.09
Mean + SD (SLIDER3) 3.14 +£0.46 3.53+0.51 0.59+0.10 0.64+0.11
Mean + SD (SLIDER4) 3.67 £0.76 3.67 £0.76 0.78+0.13 0.78 +£0.13
Mean =+ SD (reference) 1.95 +£0.40 2.48+0.50 0.38+0.03 0.42+0.05

“After blurred” means additional Gaussian smoothing in the slice direction has been
applied to the image to match the blurring level of SLIDERA4.
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\ is the regularization parameter used in SLIDER reconstruction.





