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Abstract

Background: Cerebral blood flow (CBF) is an emerging biomarker for normal aging and
neurodegenerative diseases. Arterial spin labeling (ASL) perfusion MRI permits noninvasive
quantification of CBF. However, high-quality mapping of CBF from ASL imaging is challenging,
largely due to noise.

New Method: We demonstrate the ability of the recently introduced nonlocal estimation of
multispectral magnitudes (NESMA) filter to greatly improve determination of CBF estimates from
ASL imaging data. We evaluated the results of NESMA-ASL for CBF mapping from data
obtained on human brain (/7=10) across a wide age range (21-74 years) using a standard clinical
protocol. Results were compared to those obtained from unfiltered images or filtered images using
conventional and advanced filters. Quantitative analyses for different spatial image resolutions and
signal-to-noise ratios, SNRs, were also conducted.

Results: Our results demonstrate the potential of NESMA-ASL to permit high-quality high-
resolution CBF mapping. NESMA-ASL substantially reduces random variation in derived CBF
estimates while preserving edges and small structures, with minimal bias and dispersion in derived
CBF estimates.

Comparison with Existing Methods: NESMA-ASL outperforms all evaluated filters in terms
of noise reduction and detail preservation. Further, unlike other filters, NESMA-ASL is
straightforward to implement requiring only one user-defined parameter, which is relatively
insensitive to SNR or local image structure.

Conclusions: /n-vivo estimation of CBF in the human brain from ASL imaging data was
markedly improved through use of the NESMA-ASL filter. The use of NESMA-ASL may
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contribute significantly to the goal of high-quality high-resolution CBF mapping within a
clinically feasible acquisition time.

Keywords
CBF; ASL,; Filtering

1 INTRODUCTION

Cerebral blood flow (CBF), measured using arterial spin labeling (ASL), is a critical
physiological descriptor of brain health in normative aging, Alzheimer’s disease, and other
neurodegenerative conditions (Petcharunpaisan et al., 2010; Williams et al., 1992). CBF
quantification from single- phase ASL imaging generally requires a set of three images:
control image, labeled image acquired after magnetic labeling the blood in the feeding
vessels, and proton density (PD) image (Alsop et al., 2015). The difference between the two
former images is used to map the ASL signal, reflecting the amount of labeled blood that has
been delivered to the imaging region, while the PD image is used to scale the ASL signal to
absolute CBF units.

ASL is a subtraction technique, with relatively small signal differences between the control
and labeled images (Alsop et al., 2015). This places extreme demands on the signal-to-
noise-ratio (SNR) for image acquisition. Signal averaging is often used to improve SNR but
comes at the expense of increased acquisition time or acquisition of limited resolution
images. However, rapid whole-brain coverage is needed for clinical applications, especially
those involving patients with limited ability to remain stationary for the lengthy duration of
magnetic resonance imaging (MRI) studies (Pollock et al., 2009). In addition, high-
resolution (HR) mapping is required to define small regional CBF changes, as could be the
case in multiple sclerosis, and to reduce partial volume effects (Zhao et al., 2017).

Previous work has sought to improve CBF determination through application of
conventional and advanced noise reduction filters during post-processing (Spann et al., 2017;
Tan et al., 2009; Wells et al., 2010; Zhu et al., 2018). These include Gaussian averaging
(GA) (Wells et al., 2010), adaptive Wiener filtering (Spann et al., 2017; Wells et al., 2010),
total generalized variation (Spann et al., 2017), anisotropic diffusion (Wells et al., 2010),
nonlocal means (Liang et al., 2015; Petr et al., 2010), and wavelet-based filters (Bibic et al.,
2010). These filters are effective but suffer from a high level of complexity and the
requirement for supervised implementation for optimal performance; that is, performance
can be properly tuned in test cases, but is much more challenging in actual practice. In fact,
the required tuning parameters depend on the characteristics of the analyzed dataset (e.g.
SNR) adding further complexity in implementation.

In contrast, we have developed and implemented a new filter, denoted the Nonlocal
Estimation of multi-Spectral Magnitudes (NESMA), that is conceptually simple, easy to
apply, and, given its spatially adaptive capability, may be implemented in an essentially
unsupervised fashion. We have shown that NESMA, while simple, demonstrates excellent
noise reduction and quality of image feature preservation (Bouhrara et al., 2017a; Maring. et
al., 2017). The NESMA filter is nonlocal (NL), meaning that it incorporates information
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from non-adjacent voxels, and multispectral (MS), meaning that it incorporates image
intensities from different acquisition modalities or experimental parameter values.
Specifically, NESMA restores the intensity of an index voxel based on averaged voxel
intensities of M selected similar voxels. In the case of ASL datasets, the M selected voxels
can be defined as those that exhibit signal intensities similar to that of the index voxel within
the control, labeled, and PD images, with the criterion for similarity to be defined below.
NESMA filtering is very fast, rendering it suitable for routine use and analysis of large
datasets, and requires only one user-defined parameter that is straightforward to define and
has an optimal value that is relatively insensitive to image SNR.

The main objective of this study is to evaluate the performance of the NESMA-ASL filter
for CBF determination from single-phase ASL imaging of the human brain, and to compare
the results to those obtained from unfiltered images and from filtered images using
conventional and advanced filters. The plan of the paper is as follows. First, we describe and
detail the implementation of the NESMA-ASL filter. We then present numerical and /in-vivo
results for the evaluation of NESMA-ASL and the other filters. Next, we present CBF results
obtained from human brain, with and without NESMA-ASL filtering, acquired with
different image resolutions, SNRs, and in subjects of different ages. Finally, we discuss the
performance, advantages, and limitations of NESMA-ASL and the other filters evaluated.

2 METHODS
2.1 The NESMA-ASL image filtering algorithm

The underlying idea of quantitative noise reduction filters is to replace the observed intensity
of an index voxel 7with an improved unbiased estimate of its underlying amplitude. This
requires additional intensity information to be obtained from voxels that are selected as
being likely to come from similar tissue. The earliest filters, including the boxcar and
Gaussian averaging filters, incorporate intensities from adjacent voxels. This leads to loss of
image detail. Multispectral nonlocal filters, including NESMA, restore the amplitude of an
index voxel by incorporating the intensities of A/ voxels with similar multispectral signal
patterns, that is, intensities from different acquisition modalities or experimental parameter
values (Bouhrara et al., 2017a; Maring. et al., 2017). The CBF map is generally derived from
three different images, namely, the control image, S¢, the labeled image, S;, and the proton
density (PD) image, Spp, S0 that we may consider these image sets as multispectral. The
estimates A (i), A, (i), andA (i) of the true amplitudes in index voxel /are given by:

Ay =M YIS G [l
A =M Y,
App( =M Y Sp()

The similarity between two voxels 7and jacross the three images of the multispectral set is
calculated using the relative Euclidean distance, RED, given by:

J Neurosci Methods. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouhrara et al. Page 4

S = S + (S, = 8,0 + (Spp@) = Spp()’

RED (i, j) = 100 x - —
\/Sc(i) +52() + S2.(0)

(2]

The point of this normalization is to permit the incorporation of more or fewer voxels,
depending upon the local structure and intensity variation within the image. RED is
calculated between the index voxel, /, and every other voxel, j, within a large search window,
R, centered on /. The size of the window /R must be sufficiently large to ensure inclusion of
an adequate number of similar voxels, and sufficiently restricted to ensure that the
transmission and reception B fields and noise standard deviation (SD) are approximately
constant within the window. Voxels exhibiting RED < 5% are considered as being similar to
the index voxel. This results in the selection of a subset of M voxels designated to be similar
to /from which A (i). A, (). and A,(i) are computed using Eq. 1. In the following, we will

refer to this filter as NESMA-ASL.

2.2 CBF mapping

CBF was calculated for each voxel 7according to (Alsop et al., 2015):

A (Ic(i) - IL(i)) : exl’( PLD /Tl,Blood)

CBF (i) = 6000 X _
20- T giooa 1pp@ - (1 - exP(_T/Tl,Bzood))

[m L /100g/ min], [3]

where I, I;, and Ippare intensities within the control, labeled, and PD images; these
correspond to S, S; and Spp for the unfiltered (/e. original) images, or toA ., A, and A,

for the filtered images. Here, A is the partition coefficient between brain tissue and blood, set

to 0.9 mL/g, a is the labeling efficiency with value fixed t0 0.85, T'; 5, . =1.65 s (at 37T)

representing the longitudinal relaxation time of blood, and = and PLD are the label duration
and post labeling delay, respectively. In this work, and PLD were fixed to 1.8 sand 2 s,
respectively (c.f. “In-vivo analysis’ section). For more details, see Ref. 3. We note the
availability of other signal models for CBF, as well as uncertainties in the appropriate values
for the parameters within Eq. [3]. However, our focus here is on the improvement in
performance through use of NESMA-ASL-filtered images, which is independent of the
specifics of the model or parameters used.

2.3 Simulation analysis

Simulations were conducted to evaluate and compare the performance of NESMA-ASL to a
selection of conventional or advanced filters as described below. Noise-free control, labeled,
and PD images were constructed to create a reference CBF map. We applied noise reduction
filters to images obtained from Subject 2 to create realistic reference noise-free images and a
corresponding reference CBF map. Gaussian noise with SD, o, was then added to create
noisy images at two different SNRs of 225, corresponding to typical experimental values
(see In-vivo analysis section), or 450, corresponding to exceptionally high-quality data for
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further illustration. SNR was defined as the mean signal value calculated over large white
matter regions from the control image, divided by o. CBF maps were then derived using Eq.
3 from this dataset after processing using the indicated filters.

As noted above, many advanced filters require optimization through adjustment of tuning
parameters; this can have a major impact on the denoising performance. To ensure a fair
comparison, tuning parameters were first optimized for each filter, each SNR, and each
image (/.e. control, labeled and PD). Optimal tuning parameters were considered to be those
that maximized the structural similarity index (SSIM) between the reference CBF map and
the CBF map derived after filtering (Spann et al., 2017). The SSIM was computed voxel-
wise and then averaged over all parenchymal voxels defined through manual segmentation.
We used the MATLAB function “ssim” to compute SSIM with radius and regularization
factor set to default values. Further, it has been shown that the optimal tuning parameters can
differ between slices of the same subject, adding further complexity to the implementation
of most advanced filters (Spann et al., 2017). Therefore, analysis was restricted to the middle
slice of the generated dataset. The local or nonlocal filters evaluated are:

2.3.1. Local filters: - Boxcar averaging (BA) filter: The size of the local kernel was set
to 3 voxels x 3 voxels, with filtering implemented using the MATLAB function “imboxfilt”.

- Gaussian averaging (GA) filter: The size of the local kernel was set to 5 voxels x 5 voxels,
with filtering implemented using the MATLAB function “imgaussfilt”.

- Adaptive Wiener (AW) filter (Jin et al., 2003; Spann et al., 2017; Wells et al., 2010): The
kernel size was set to 5 voxels x 5 voxels, while the noise variance was optimized for each
SNR by maximizing the SSIM . Filtering was performed using the MATLAB function
“wiener2”.

2.3.2. Nonlocal filters: - NESMA-ASL: Rwas set to 11 voxels x 11 voxels, and voxels
with RED < 5% were considered similar to the index voxel.

- Anisotropic diffusion (AD) filter (Gerig et al., 1992; Perona and Malik, 1990; Wells et al.,
2010): Diffusion step time and the number of iterations were set to 0.25 and 5, respectively,
while the conduction coefficient K'was optimized for each SNR by maximizing the SSIM.
Filtering was performed using a MATLAB implementation available at: https://
www.mathworks.com/matlabcentral/fileexchange/14995-anisotropic-diffusion--perona---
malik.

- Nonlocal means (NLM) filter (Buades et al., 2005; Liang et al., 2015; Petr et al., 2010):
As recommended previously (Buades et al., 2005; Liang et al., 2015; Petr et al., 2010), the
size of the search window, R, was set to 11 voxels x 11 voxels and the size of the local patch
was set to 3 voxels x 3 voxels. The smoothing parameter, /4, was optimized for each SNR by
maximizing the SSIM. Filtering was performed using a MATLAB implementation available
at: https://www.mathworks.com/matlabcentral/fileexchange/13176-non-local-means-filter.

- Block matching 3D (BM3D) filter (Dabov et al., 2007): The filter profile was set to “high”
(Dabov et al., 2007; Spann et al., 2017), while the noise SD was optimized for each SNR by
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maximizing the SSIM. We used the MATLAB implementation available at: http://
www.cs.tut.fi/~foi/GCF-BM3D/.

- Total generalized variation (TGV) filter (Bredies et al., 2010; Spann et al., 2017): The
number of iterations was set to 5 while the balancing weights parameters were optimized for
each SNR by maximizing the SSIM. We used the following MATLAB implementation:
https://www.mathworks.com/matlabcentral/fileexchange/49717-image-denoising-by- total--
generalized--variation-via-fft.

For each filter and SNR, we assessed the bias, a measure of accuracy, and the dispersion, a
measure of precision, in CBF determination for each index voxel 7over /= 1001

noiserealizations according to:bias (i):N‘IZnN: 1‘C B F iH-CB Fref ()| and

est,n

_ 2
dispersi 0n(i)=\/N 1ZnN:l(c BF, ()-CB me(i)) where C B F,,, and
C B F, correspond to reference and estimated CBF maps, respectively. Representative CBF

maps were derived from a single noise realization of each of the two SNRs investigated,
before and after filtering. Maps of bias and dispersion in CBF values, as well as their means
and SD, calculated over all parenchymal voxels were also derived. All analyses were
performed using MATLAB software (MathWorks, Natick, MA, USA) on a 2.4-GHz
computer.

2.4. In-vivo analysis

Ten healthy and cognitively intact volunteers (Table 1) were scanned with a 2D pseudo-
continuous ASL (pCASL) sequence combined with single-shot echo-planar-imaging
acquisition on a 3TPhilips Achieva MRI system (Best, Netherlands), using an 8-channel
head coil. The experimental procedures were fully explained to the subjects and written
informed consent was obtained prior to participation. All examinations were performed in
compliance with the standards established by our local Institutional Review Board (IRB).
This comprehensive IRB approval process incorporates all current ethical standards
established by the National Institutes of Health for studies of human subjects. For each
participant S¢, S;, and Spp images were acquired at conventional resolution (CR): 2.8 mm x
2.8 mm x 5 mm, with reconstruction to 1.5 mm x 1.5 mm x 5 mm. High resolution (HR)
images, acquired with spatial resolution of 1.9 mm x 1.9 mm x 5 mm and reconstructed to 1
mm x 1 mm x 5 mm, were obtained from the brains of 4 participants (Table 1). Other
experimental parameters were: TE=13ms, TR=7.5s, z=1.8s, PLD =2 s, with
incorporation of background suppression. ASL images were acquired with different values
for the number of signal averages (NSA) of 3, 5, 10, 20, and 30. The acquisition time for one
NSA was~22 s. Four distinct analyses were performed.

Analysis #1: CBF maps derived from unfiltered and filtered ASL images, using each of
the filters described above, were compared. Analysis was performed on two CR /n-vivo
datasets obtained from the brain of the 21-year-old and 50-year-old participants with NSA of
30, and results were displayed for two different slices for each participant. Tuning
parameters were identical to those used in the simulations with SNR = 225.
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Analysis #2: CR and HR CBF maps derived from unfiltered images or from filtered
images using the NESMA-ASL filter were compared. Analysis was performed on the CR
and HR /n-vivo NSA = 30 datasets obtained from the brain of the 61-years-old participant,
and results were displayed for three different slices. To ensure similar window search
volume around the index voxels, the size of R was set to 15 voxels x 15 voxel x 1 voxels for
HR images, and to 11 voxels x 11 voxels x 1 voxel for CR images. For both HR and CR,
voxels with RED < 5% were considered similar to the index voxel. The SNR values were
~225 and ~160 for CR and HR, respectively.

Analysis #3: This analysis consisted of comparing CBF maps obtained for different NSAs
using the HR /n-vivo dataset from the brain of the 50-year-old participant and using
NESMA-ASL filtering. For each NSA, results were displayed for two representative slices
before and after the NESMA-ASL filtering. The mean and SD CBF values were also
calculated over large white or gray matter regions, defined through manual segmentation,
after setting voxels with negative CBF values to zero (Baskerville et al., 2012). For all
NSAs, the size of Rwas set to 15 voxels x 15 voxels x 1 voxel and the RED threshold was
again set to < 5%.

Analysis #4: This analysis consisted of comparing CBF maps derived from all
participants, representing a wide age range, before and after NESMA-ASL filtering.
Analysis was performed on the CR imaging datasets, with results displayed for two
representative slices. Moreover, the mean and SD CBF values were calculated in four
different white or gray matter regions-of-interest (ROIs) defined through manual
segmentation. The ROIs lay within the frontal, parietal, occipital, and temporal lobes.
Intensities of voxels with negative CBF values were set to zero.

3. RESULTS

Figure 1 shows simulation results for CBF maps derived from unfiltered and filtered ASL
data using different local (7.e. BG, BA, and AW) filters and the nonlocal filters described
above. Results are shown for both SNRs investigated. It is readily seen that, as expected, all
filters substantiallyreduce random variations in derived CBF maps. In addition, the local
filters introduce a much greater degree of blurring than do the nonlocal NESMA-ASL,
NLM, and TGV filters, especially in regions located between gray and white matter.
Furthermore, the bias maps, calculated as described above for each voxel independently, and
values for the mean and SD of these bias values, calculated over all parenchymal regions,
show that NESMA-ASL, GA, and TGV result in a much smaller degree of bias in derived
CBF estimates as compared to the other filters investigated. Moreover, NESMA-ASL shows
the greatest precision, that is, lowest dispersion, among all evaluated filters. Finally, at high
SNR, all evaluated filters performed well in term of precision, but with clear superiority of
NESMA-ASL, GA, and BM3D. The processing times to denoise the entire ASL data set for
one noise realization were 0.7 s, 0.3, 0.25,0.25,145,0.15, 0.1, and 0.4, for NESMA.-
ASL, AD, BA, BG, NLM, AW, BM3D, and TGV, respectively. These numerical results
clearly indicate the high degree of accuracy and precision in CBF determination from
images denoised using the NESMA-ASL filter as compared to conventional (/.. BA and
BG) or advanced filters.
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Figure 2 shows CBF maps derived from CR ASL imaging datasets acquired from the brain
of two participants before and after filtering using different filters described in the text.
Results show substantial random variation in CBF maps derived from unfiltered images.
This random variation was greatly decreased through filtering. However, CBF maps derived
from images filtered with NESMA-ASL exhibited preservation of detail as well as greatly
reduced random variation as compared to all evaluated filters; this is in good agreement with
the numerical simulation analysis results.

Figure 3 shows CBF maps derived from CR or HR ASL imaging datasets acquired from the
brain of the 61-year-old participant before and after filtering using the NESMA-ASL filter.
Here again, the results show substantial random variation in CBF maps derived from
unfiltered images. As expected, this variation was higher in CBF maps derived from HR as
compared to those derived from CR ASL images due to lower SNR. In contrast, CBF maps
derived from either CR or HR ASL images filtered with NESMA-ASL exhibited
preservation of detail as well as greatly reduced random variation. Furthermore, while CR
and HR CBF maps were generally similar, HR mapping allows greater depiction of the
small-scale details of CBF distribution.

Figure 4 shows CBF maps derived from HR ASL imaging datasets acquired with different
values of NSA from the brain of the 50-year-old participant. Results are shown for two
different slices before and after filtering using NESMA-ASL. Visual inspection shows
decreased random variation in CBF maps derived from unfiltered images with increasing
NSA, that is, decreasing SNR, as expected. In contrast, CBF maps derived from NESMA.-
ASL filtered images were overall similar for different NSAs, especially for NSA > 3.
Furthermore, quantitative analysis shows decrease in CBF mean and SD values calculated
over large white or gray matter regions from unfiltered images with increasing NSA, this is
due to the direct effect of reduced noise. In contrast, the CBF mean values derived from
NESMA-ASL -filtered images were overall consistent over the whole range of NSA, except
for a slightly larger value for the smallest NSA = 3. These results indicate the greatly
improved consistency and insensitivity to SNR of NESMA-ASL-derived CBF maps.

Figure 5 shows a comparison of CBF maps derived from unfiltered or NESMA-ASL-
filtered images from the CR datasets of the brains of the ten subjects, representing a wide
agerange, for two imaging slices. Again, CBF maps derived from the NESMA-ASL -filtered
images exhibited preservation of edges and small structures, as well as greatly reduced
random variation as compared to those derived from unfiltered images. Moreover, both
visual inspection (Fig. 5) and quantitative analysis (Fig. 6) indicate, overall, higher CBF
values, derived from filtered or unfiltered ASL images, in the middle-aged subject as
compared to values in the younger or the older subjects. This is seen in several white or gray
matter brain regions including the frontal, temporal, parietal, and occipital lobes. Here again,
the mean CBF values obtained from the unfiltered or filtered images were generally similar.
However, the SD of CBF values derived from unfiltered images were larger than those
derived from filtered images. In addition, our results indicate that using NESMA-ASL, it is
possible to detect small changes in CBF, spanning a range of 5 to 20 ml/100g/min. This may
be particularly important in relatively homogeneous white matter regions, where flow is
substantially smaller than in gray matter. Finally, the quantitative results indicate overall
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lower CBF mean values, obtained from the unfiltered or filtered images, in the GM regions
lying within the partial lobes as compared to the other lobes.

4. DISCUSSION

Regional alterations in CBF have been found to be associated with brain development
(Hagstadius and Risberg, 1989; Martin et al., 1991; Takahashi et al., 2005) and several
central nervous system diseases, including dementia (Chao et al., 2010; Schuff et al., 2009),
mild cognitive impairment (Luckhaus et al., 2008; Park et al., 2012), multiple sclerosis
(Marshall et al., 2016; Ota et al., 2013), schizophrenia (Ota et al., 2014; Ragland et al.,
2001), depression (Colloby et al., 2012; Wang et al., 2014), epilepsy (Appel et al., 2012;
Touchon et al., 1986), and others (Alsop et al., 2000; Devet al., 2015; Du et al., 2006;
Melzer et al., 2011). However, high-quality, HR MR imaging of CBF is challenging,
especially in a clinical setting. In this study, we introduced a new application of the NESMA
filter to improve determination of CBF from clinical ASL imaging data. Our analyses
showed that estimation of CBF was markedly improved through use of the NESMA-ASL
filter. Indeed, our results indicate that NESMA-ASL filtering results in CBF maps with
increased anatomic detail and delineation of local CBF patterns as compared to results
obtained from unfiltered images or filtered images using conventional or advanced filters.
Moreover, the use of NESMA-ASL permits high-quality determination of CBF from ASL
images obtained with HR or limited NSA. HR imaging permits greater depiction of details
of the CBF distribution, while reduced NSA permits substantial reduction in the acquisition
time.

A variety of filters have been used to improve CBF determination (Bibic et al., 2010; Spann
etal., 2017; Wells et al., 2010). However, while effective, these filters require optimal
selection of tuning parameters. For example, the TGV filter depends on model parameters
which are sensitive to local image features and SNR (Bredies et al., 2010; Spann et al.,
2017). Similarly, the AD filter is very sensitive to tuning parameters such as the diffusion
step time, the conduction coefficient, and the number of iterations, with limited filtering
performance (Spann et al., 2017; Wells et al., 2010) (Figs. 1-2). Further, the NLM filter
requires careful selection of the smoothing parameter which is challenging in practice
(Bouhrara et al., 2017a; Petr et al., 2010; Spann et al., 2017). Moreover, the wavelet-based
Wiener filter requires optimization of the threshold factor which is challenging in actual
practice, since the underlying pattern of image intensities is of course unknown (Bibic et al.,
2010; Spann et al., 2017). These filters, as seen, while effective, can be extremely complex
to implement and therefore are not likely to be adopted for routine clinical use. Advanced
methods based on deep learning have been recently suggested for ASL image
denoising(Kim et al., 2018; Ulas et al., 2018). While effective, these methods require
advanced programing skills, large training datasets and computing power. In contrast, the
NESMA-ASL filter is based on the established nonlocal filtering approach introduced by
Buades et a/. (Buades et al., 2005), and is a substantial simplification of the nonlocal
maximum likelihood approach of He (He and Greenshields, 2009) and its multispectral
extension presented by Bouhrara et a/. (Bouhrara et al., 2017a). NESMA relies only on
voxel selection followed by simple averaging and is distinct from other advanced ASL filters
in that its implementation is virtually unsupervised. The filter is self- adaptive across image
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regions with different levels of SNR and contrast. After establishing the appropriate
neighborhood size, only one user-specified parameter, the RED cutoff threshold, must be
specified, with results relatively insensitive to its exact value in the range of ~5%. The same
threshold value was successfully used to improve myelin water fraction (MWF) mapping
from MSE imaging datasets (Bouhrara et al., 2017b; Bouhrara et al., 2018b). Of note, as
both BZ and noise SD vary smoothly throughout the images (Aja-Fernandez and Vegas-
Sanchez-Ferrero, 2016; Bouhrara and Bonny, 2012; Bouhrara and Spencer, 2016; Rejimon
et al., 2018), we found that a neighborhood of £= 15 mm x 15 mm x 15 mm provided
excellent results through a range of spatial resolution, SNR, and CBF values.

In this work we analyzed two classes of filters: local and nonlocal. Depending upon the
distribution of voxel intensities in the image, nonlocal filtering can greatly extend filtering
capability by incorporating much more data into an intensity estimate. In addition, as shown
by Buades (Buades et al., 2005) and subsequent investigators (Bouhrara et al., 2017a; He
and Greenshields, 2009), nonlocal filters greatly lessen the tradeoff between resolution and
noise reduction that is characteristic of local filters.

Our analysis showed CBF values consistent with the literature and demonstrate the
sensitivity of the method to CBF changes with age (Chen et al., 2011; Parkes et al., 2004).
However, our analysis was conducted on a very limited cohort; a larger group of subjects
would be required for population-based regional comparisons. The present study indicates
the utility of multispectral nonlocal filtering in undertaking such larger studies.

Our results showed a systematic overestimation in derived CBF values from unfiltered
images at low SNR for both gray and white matter (Fig. 4b). We provisionally attribute this
bias to the non-Gaussian noise distribution in the composite magnitude images. The noise in
these images, obtained with multichannel coil acquisition and SENSE reconstruction, is
expected to follow a noncentral y-distribution (Bouhrara et al., 2015a; Bouhrara et al.,
2015b; Bouhrara and Spencer, 2018). At low SNR, the noncentral y-distribution deviates
significantly from the Gaussian distribution (Bouhrara and Spencer, 2018) and exhibits a
noise floor. However, this is not the case with filtered images, since the noncentral y-
distribution can be approximated by a Gaussian distribution at high SNR (Bouhrara and
Spencer, 2018).

Studies investigating the relationship between perfusion and myelination in normative aging
and neurodegeneration may provide insight into the processes underlying demyelination and
its potential role in neurodegenerative diseases (Bouhrara et al., 2018a; Mustapha Bouhrara;
David A. Reiter, 2017). Methods for high-quality HR myelin content mapping have recently
been introduced (Bouhrara et al., 2018a; Bouhrara and Spencer, 2015; Bouhrara and
Spencer; Bouhrara and Spencer, 2017; Mustapha Bouhrara; David A. Reiter, 2017). We
believe that the use of NESMA-ASL for CBF mapping, in conjunction with high-quality
MWF mapping, will permit voxel-wise statistical analyses to establish the potential
association between myelin content and CBF. Finally, we observed lower CBF values in the
parietal lobes; this is in good agreement with previous studies (Martin et al., 1991; Warach et
al., 1992) and is likely due to the relative inactivity of the parietal lobes, known to be
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modulated by sensation and perception, as compared to the other lobes during the resting
state.

In this work, we applied NESMA-ASL to pCASL imaging datasets obtained from single-
phase acquisition, that is, single PLD. This approach was based on the reasons put forward
in the ASL ISMRM White Paper (Alsop et al., 2015) for recommending single-phase
pCASL as a standard method in clinical practice. These include the relatively improved SNR
in the pCASL acquired images as compared to pulsed ASL, the efficiency of blood labeling,
the availability of the sequence in most MRI systems, and the simplicity of CBF
quantification (Eq. 4). However, NESMA-ASL is, in principle, readily applicable to all ASL
modalities for CBF determination, including multi-phase ASL acquisitions (Alsop et al.,
2015; Qin et al., 2014). In this case, images obtained at different PLD would serve as
multispectral images. In general, the NESMA algorithm is applicable to other quantitative
modalities, in which successive images are obtained leading to multispectral characterization
of individual voxels. One successful application has been to improve the determination of
MWF from multi-spin-echoes (MSE) imaging data (Bouhrara et al., 2017b).

In conclusion, we performed CBF mapping in the human brain using a novel nonlocal filter.
Although our analysis was performed on a limited cohort and a larger group of subjects
would be required for population-based regional comparisons, we found that high resolution
clinical mapping of CBF from ASL imaging data was markedly improved through use of the
NESMA-ASL filter.
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Highlights

. We applied the NESMA filter to improve cerebral blood flow (CBF) mapping
from ASL MRI data

. The NESMA-ASL filter outperforms other advanced filters in terms of noise
reduction and detail preservation

. NESMA-ASL is spatially adaptive, requires only one user-defined parameter,
and is straightforward to implement
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Figure 1.
Simulated cerebral blood flow (CBF) maps derived from arterial spin labeling imaging

datasets, generated at two SNRs, before and after filtering using the filters described in the
text. For each filter and SNR, the corresponding bias, a measure of accuracy, and dispersion,
a measure of precision, maps were calculated on a voxel-by-voxel basis and are displayed.
Furthermore, mean and SD bias and dispersion values calculated over all parenchymal
regions are also displayed. The NESMA-ASL filters show, overall, higher denoising
performance as compared to the other filters. Red arrows indicate example of regions where
NESMA-ASL shows higher performance and preservation of detail. [Color image]
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Figure 2.
In-vivo results. Cerebral blood flow (CBF) maps derived from two arterial spin labeling

imaging datasets, obtained from the brain of the 21-year-old and 50-year-old participants
with NSA = 30, before and after filtering using the different filters described in the text. For
each filter and participant, two representative CBF maps corresponding to different slice
locations were displayed. The NESMA-ASL filters show, overall, higher denoising
performance with greater preservation of details as compared to all evaluated filters. [Color
image]
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Figure 3.
In-vivo results. Cerebral blood flow (CBF) maps derived from high-resolution (HR) or

conventional-resolution (CR) arterial spin labeling (ASL) imaging datasets acquired from
the brain of the 61-year-old with NSA = 30 participant before and after filtering using the
NESMA- ASL filter. Results are shown for three different slices. [Color image]
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Figure 4.

In-vivo results. a) Cerebral blood flow (CBF) maps derived from high-resolution arterial
spin labeling (ASL) imaging datasets acquired with different degrees of signal averaging
(NSA) from the brain of the 50-year-old participant. Results are shown before and after
filtering using NESMA-ASL for two different slices. b) Mean and standard deviation (SD)
CBF values calculated over large white matter (WM) or gray matter (GM) regions as a
function of NSA from unfiltered or NESMA-ASL -filtered images. [Color image]
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Figure 5.
In-vivo results. Cerebral blood flow (CBF) maps derived from low-resolution arterial spin

labeling (ASL) imaging datasets acquired from the brains of ten participants of different
ages with NSA = 30. For each participant, CBF maps are shown for two representative
slices. [Color image]
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Mean and standard deviation of cerebral blood flow (CBF) values calculated from unfiltered
or NESMA-ASL filtered images in different gray matter (GM) or white matter (WM)
regions within the frontal, parietal, occipital and temporal lobes. Dotted trendlines were
obtained through a second order polynomial regression.
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Table 1.
Participants information.
Age (years) Sex CRimages HR images
Participant#1 21 Male Yes No
Participant #2 24 Male Yes Yes
Participant #3 40 Female  Yes No
Participant#4 46 Male Yes No
Participant #5 50 Male Yes Yes
Participant #6 53 Male Yes No
Participant #7 57 Female  Yes Yes
Participant #8 61 Female  Yes Yes
Participant #9 64 Female  Yes No
Participant #10 74 Male Yes No
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