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A B S T R A C T   

Purpose: The consensus for the clinical implementation of arterial spin labeling (ASL) perfusion imaging rec-
ommends a segmented 3D Gradient and Spin-Echo (GRASE) readout for optimal signal-to-noise-ratio (SNR). The 
correction of the associated susceptibility-induced geometric distortions has been shown to improve diagnostic 
precision, but its impact on ASL data has not been systematically assessed and it is not consistently part of pre- 
processing pipelines. Here, we investigate the effects of susceptibility-induced distortion correction on perfusion 
imaging by pseudo-continuous ASL (pCASL) with a segmented 3D GRASE readout. 
Methods: Data acquired from 28 women using pCASL with 3D GRASE at 3T was analyzed using three pre- 
processing options: without distortion correction, with distortion correction, and with spatial smoothing 
(without distortion correction) matched to control for blurring effects induced by distortion correction. Maps of 
temporal SNR (tSNR) and relative perfusion were analyzed in eight regions-of-interest (ROIs) across the brain. 
Results: Distortion correction significantly affected tSNR and relative perfusion across the brain. Increases in tSNR 
were like those produced by matched spatial smoothing in most ROIs, indicating that they were likely due to 
blurring effects. However, that was not the case in the frontal and temporal lobes, where we also found increased 
relative perfusion with distortion correction even compared with matched spatial smoothing. These effects were 
found in both controls and patients, with no interactions with the participant group. 
Conclusion: Correction of susceptibility-induced distortions significantly impacts ASL perfusion imaging using a 
segmented 3D GRASE readout, and this step should therefore be considered in ASL pre-processing pipelines. This 
is of special importance in clinical studies, reporting perfusion across ROIs defined on relatively undistorted 
images and when conducting group analyses requiring the alignment of images across different subjects.   

1. Introduction 

Arterial spin labeling (ASL) is a Magnetic Resonance Imaging (MRI) 
technique that enables imaging brain perfusion non-invasively, by 
magnetically labeling arterial blood water protons to obtain an endog-
enous blood flow tracer [1]. Since it is completely non-invasive, ASL 
may provide a good alternative to conventional techniques such as dy-
namic susceptibility contrast (DSC) MRI that rely on the intravenous 
injection of a paramagnetic contrast agent [2]. Given its great potential 

in various clinical applications [3], a consensus paper was published 
with recommendations for the clinical implementation of ASL perfusion 
imaging [4]. For optimal signal-to-noise ratio (SNR) of the intrinsically 
small perfusion-weighted signal given by the difference between control 
and label images, the current recommendation [4] is to combine pseudo- 
continuous ASL (pCASL) with background suppression (BS) and 3D 
readout schemes such as multi-echo stack-of-spirals 3D Rapid Imaging 
with Refocused Echoes (RARE) or 3D Gradient and Spin-Echo (GRASE). 
In fact, BS has been shown to improve temporal SNR (tSNR), while 3D 
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acquisition improves spatial SNR compared with 2D readouts [5]. 
Not only do 3D sequences provide higher SNR than multi-slice 2D 

sequences, but they also allow much more efficient BS, and in this way 
considerably enhance the ASL perfusion SNR [5]. However, single-shot 
3D acquisitions may suffer from severe through-plane blurring and 
susceptibility induced geometric distortions, due to the inherently 
longer readout times with associated T2(*) weighting and increased 
sensitivity to B0 field inhomogeneities. While blurring is a result of the 
widening of the point-spread function (PSF) with T2(*) decay, geometric 
distortions happen due to T2(*) weighting in the presence of field in-
homogeneities. In general, blurring and geometric distortions can 
happen in both the through-plane and in-plane phase encoding di-
rections. However, in sequences like 3D GRASE where refocusing is 
performed between planes, only T2 decay occurs along the slice direc-
tion and hence distortion happens mostly in the in-plane direction. On 
the other hand, the readout time is longer between planes, leading to 
greater blurring through-plane than in-plane. This is considerably 
reduced by using segmented 3D acquisitions, due to their shorter 
effective echo times and readout durations [6]. For this reason, 
segmented 3D sequences are recommended to achieve an appropriate 
balance between SNR, susceptibility effects and through-plane blurring. 
However, the number of segments used can affect the balance between 
these three factors and should be considered in the acquisition planning 
[7]. 

Although commonly implemented segmented 3D sequences such as 
3D GRASE do not produce significant through-plane blurring, they may 
still exhibit considerable in-plane magnetic field inhomogeneities due to 
susceptibility effects [6]. These effects are typically observed at tissue/ 
air or tissue/bone interfaces and they are characterized by geometric 
deformations with hyper/hypo intensities introduced along the phase 
encoding (PE) direction [8,9]. Besides impairing ASL data quality, such 
distortions may compromise analysis over regions-of-interest (ROIs) 
defined based on other (relatively undistorted) images or atlases, or 
group analyses requiring image alignment between subjects (with 
different distortions). In fact, one of the recommendations of the ASL 
consensus paper was that the description of the distortion correction 
methods should be provided to ensure an accurate comparison between 
different sites [4]. 

Several techniques have been developed to correct for susceptibility 
distortion artefacts induced by field inhomogeneities, including the 
commonly used FMRIB’s Utility for Geometrically Unwarping echo- 
planar imaging (FUGUE) [10]; an algorithm proposed by Jezzard et al. 
[11] that uses a residual fieldmap to characterize field inhomogeneities; 
a tool for estimating and correcting susceptibility induced distortions 
(TOPUP) [12]; and deep learning methods such as a 2D neural network 
(U-net) [13].The correction of susceptibility distortions is routinely 
performed in blood oxygenation level-dependent (BOLD) functional 
MRI (fMRI) studies [14], and it is essential in the pre-processing of 
diffusion MRI data, where distortions are additionally aggravated by 
eddy currents induced by the strong diffusion-weighting gradients [15]. 
In terms of ASL analysis tools, considering the ASL pipeline inventory list 
made available by the OSIPI Task Force 1.1 (https://osipi.org/task-f 
orce-1-1/), distortion correction is included as a pre-processing step in 
some (namely Bayesian Inference for Arterial Spin Labeling (BASIL) [16] 
MRI, Quantiphyse [17] and ExploreASL [18]), but not others (ASL- 
MRICloud [19] and ASLtoolbox [20]). Additionally, several studies 
reporting perfusion in different brain regions do not indicate distortion 
correction as part of their data analysis procedure [21–23]. Moreover, in 
pathology it is often desirable to assess perfusion in ROIs defined on 
relatively undistorted images (tissue ROIs as well as ROIs related with 
lesions, e.g., white matter hyperintensities, stroke, or tumor) [3,24,25]. 

To our knowledge, only two studies have evaluated the effect of 
distortion correction on ASL data [26,27] to date. Madai et al. [26] 
compared ASL with or without distortion correction with DSC, in terms 
of the relative perfusion measurements in the anterior, middle and 
posterior cerebral artery territories of patients with chronic steno- 

occlusive disease. They found that distortion correction improved 
diagnostic accuracy and made ASL more comparable to DSC, and rec-
ommended this step in ASL analysis pipelines. Gai et al. [27] proposed a 
modification of a non-segmented 3D echo planar imaging (EPI) readout 
to include alternating k-space coverage along phase encoding direction 
for alternating dynamic acquisitions of control and label pairs. Although 
their main goal was to show the benefit of their sequence modification in 
terms of distortion correction, they did observe an improved match 
between perfusion maps and corresponding non-distorted gray matter 
(GM) masks after distortion correction. Although both studies showed 
significant effects of distortion correction on ASL perfusion images, its 
impact on ASL data quality (in terms of the temporal SNR) and ensuing 
regional perfusion measurements was not systematically assessed, and 
the importance of this pre-processing step has yet to be clearly estab-
lished [18]. Besides, neither of the studies completely followed the 
consensus recommendations, with one using a non-segmented 3D EPI 
rather than a segmented 3D GRASE readout, which is proposed to reduce 
susceptibility effects as previously stated. 

Here, we systematically investigate the effects of susceptibility 
distortion correction on perfusion imaging by pCASL with a segmented 
3D GRASE readout, in terms of tSNR as well as perfusion measurements 
across different brain regions. 

2. Materials and methods 

2.1. Image acquisition 

A group of 28 women (31±8 years) were recruited in the scope of a 
study on migraine, including 11 patients with episodic menstrually- 
related migraine without aura and 17 healthy controls. 

The study was approved by the Hospital da Luz Commission of Ethics 
for Clinical Investigation. This study was carried out in accordance with 
the Declaration of Helsinki and all subjects provided written informed 
consent. 

Volunteers were studied on a 3T Siemens Vida MRI system (Siemens, 
Erlangen, Germany) using a 64-channel receive head RF coil. Perfusion 
imaging was performed using pCASL (TR/TE = 5600.00 /18.40 ms, 
labeling duration = 1800.00 ms, post-labeling delay = 1800.00 ms, BS 
(BS-normal: 2 BS pulses, implemented in Siemens software version 
XA20A), 4 repetitions, total acquisition time = 3.06 min) with a 
segmented 3D GRASE readout (4 segments, 32 nominal partitions in the 
slice-encoding direction (z-direction) with 12.5% oversampling with 
centric encoding scheme, field of view (FOV) = 240 × 240 × 128 mm3, 
voxel size = 3.8 × 3.8 × 4.0 mm3, bandwidth = 3256 Hz/px, echo 
spacing = 0.40 ms, turbo factor = 10, EPI factor = 31, in-plane PE di-
rection = P–A, Generalized Autocalibrating Partial Parallel Acquisition 
(GRAPPA) acceleration factor 2), following the consensus paper rec-
ommendations [4]. A 3D gradient-echo fieldmap (TE1/TE2 = 4.92 / 
7.38 ms, FOV = 220 × 220 × 192 mm3, voxel size = 3.4 × 3.4 × 3.0 
mm3) and a T1-weighted structural image (3D magnetization-prepared 
rapid gradient echo (MPRAGE), TI = 900 ms, TR/TE = 2300.00 / 
2.98 ms, FOV = 256 × 240 × 128 mm3, voxel size = 1.00 mm isotropic) 
were also acquired. The study from which the data used in this paper 
was retrieved encompassed various acquisitions, with an overall dura-
tion of approximately one hour, including an average 40-min interval 
between the acquisition of the fieldmap and the ASL data. 

2.2. Image analysis 

Image analysis was performed using FSL (fsl.fmrib.ox.ac.uk) [28], 
particularly FSL’s BASIL toolbox [16], and MATLAB in-house tools 
(www.mathworks.com). Motion correction was performed using FSL’s 
MCFLIRT [29]. One of the middle ASL control images was used as a 
reference, also for registration (below). To ensure that data were not 
corrupted by motion artefacts, we computed the mean absolute 
displacement for each subject and considered unacceptable motion if 
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this exceeded 1.00 mm [30]. We found average mean displacements 
between 0.11 mm and 0.71 mm (mean 0.46 mm), and therefore no 
subject was excluded. Furthermore, visual inspection was performed to 
verify that no severe motion, susceptibility, labeling or vascular arte-
facts were present in each perfusion map [4,18]. 

After motion correction: three pre-processing options were consid-
ered: i) no distortion correction (nocorr); ii) distortion correction based 
on a fieldmap using FSL’s PRELUDE&FUGUE [31] (corr); and iii) 
without distortion correction but considering different degrees of spatial 
smoothing to control for potential effects of blurring induced by 
distortion correction (smooth) [32]. Spatial smoothing was performed 
using a 1D Gaussian filter along the in-plane PE direction, with different 
values of full width at half maximum (FWHM) [33], from 2.4 to 5.9 mm 
in steps of 0.2 mm, following the procedure employed by Renval et al. 
[33] The pre-processing pipeline is displayed in Fig. 1. 

For each subject and pre-processing pipeline, pairwise subtraction of 
control and label images was performed to yield a time series of control- 
label subtraction images. The temporal mean (tMean) and the temporal 
standard deviation (tSD) were calculated voxelwise, and tSNR maps 
were obtained by dividing the tMean by tSD in each voxel. Perfusion 
maps were obtained by averaging the control-label subtraction images 
in the following conditions: i) without spatial regularization (noreg); ii) 
with spatial regularization using FSL’s BASIL (reg) [34]; and iii) with 
spatial regularization and partial volume correction using FSL’s BASIL 
(regpvc) [35]. 

The T1-weighted structural image was segmented using FSL’s FAST 
[36] to obtain GM and white matter (WM) masks by thresholding the 
respective partial volume estimates (PVE) at 70% [23] and 90%, 
respectively. Furthermore, FSL’s FIRST [37] was used to segment 
subcortical GM and brainstem regions. The T1-weighted structural 

image of each subject was co-registered with the Montreal Neurological 
Institute (MNI) standard space using FSL’s tool FNIRT [38]. In total, the 
following eight anatomical ROIs were defined: frontal, temporal, pari-
etal and occipital cortical GM, subcortical GM, cerebellum, brainstem, 
and WM (see Supplementary Material: Supporting Fig. S1). The four 
cortical GM and the cerebellum ROIs were obtained by the intersection 
of each subject’s GM mask with regions defined in FSL’s MNI structural 
atlas [39] (atlas probability >10%). 

Registration was performed between the relatively distortion-free 
T1-weighted structural images and the pre-processed ASL images 
(without and with distortion correction), by using FSL’s tool FLIRT [29] 
to estimate a linear (affine) registration with 12 degrees of freedom. The 
estimated registration transformations were then applied to transform 
the ROI images into the ASL space (without and with distortion 
correction). For each ROI, the average tSD, tSNR and relative perfusion 
values were obtained, for each of the three pre-processing options 
(nocorr, corr, smooth) and the three perfusion mapping methods (noreg, 
reg, regpvc) (in the case of perfusion). 

To illustrate the effects of distortion correction on the image geom-
etry, the overlap between a GM mask obtained from the relatively un-
distorted T1-weighted structural image (Structural GM) and a GM mask 
obtained based on the ASL perfusion map (Perfusion GM) (with or 
without distortion correction) was evaluated. The Structural GM mask 
was defined by including the cortical GM, brainstem, cerebellum, and 
subcortical masks, obtained from the segmentation of the T1-weighted 
structural image. The Perfusion GM mask was defined by thresholding 
the ASL perfusion map to exclude WM [27] (the threshold value was 
manually determined for each subject). After registration of the Struc-
tural GM (using FSL’s tool FLIRT [29]) to the ASL space of each subject 
(with or without distortion correction), we quantified the geometric 

Fig. 1. Representation of the pre-processing pipeline followed in this study.  
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distortion effects by computing the number of voxels belonging to the 
intersection between the Structural and Perfusion GM masks (the 
matching voxels) in each case (with and without distortion correction), 
and then obtained the percent difference between them. A paired t-test 
was applied to test whether this difference was significant across 
subjects. 

2.3. Statistical analysis 

Statistical analysis was carried out using JASP 0.14.1 (jasp-stats.org). 
We analyzed the results for tSNR and perfusion (noreg, reg, regpvc) using 
a three-way repeated-measures analysis of variance (ANOVA) to test for 
effects of within-subjects’ factors: ROI, Correction (nocorr, corr, smooth) 
and Group (controls, patients). For statistically significant main effects 
and interactions (P < 0.05), post-hoc t-tests were performed with Bon-
ferroni correction for multiple comparisons. 

3. Results 

3.1. Effects on geometric distortions 

The effects of susceptibility distortion correction on the perfusion 
images are illustrated in Fig. 2. Distortion correction improved the 
alignment between the structural GM borders and the underlying gray- 
to-white matter border in the perfusion image (as indicated by the ar-
rows). Consistently with this visual appreciation, we also found that the 
number of mismatching voxels between the GM masks obtained from 
the two images decreased with distortion correction (number of blue 
voxels in the right images). A t-test showed a significant increase in the 
number of matching voxels between the T1- and perfusion-based GM 

masks when performing distortion correction (median of 0.8% across 
subjects, P < 0.001). Overall, Fig. 2 indicates that distortion correction 
improved the alignment between the perfusion image and the relatively 
undistorted structural image. Geometric distortions are more evident in 
the frontal and inferior temporal lobes, and brainstem, in the majority of 
the subjects (21 out of 28), which is consistent with the greater sensi-
tivity to susceptibility effects caused by nearby air-tissue interfaces in 
these regions. 

The effects of distortion correction on the perfusion-weighted images 
are illustrated in Fig. 3, compared with no distortion correction as well 
as with the different levels of spatial smoothing tested. By subtracting 
the images with no distortion correction from the one with distortion 
correction, we can clearly observe changes across the brain, which are 
mostly located in the frontal lobe. Interestingly, although specific 
smoothing levels were found to match the effects of distortion correction 
in terms of tSD in specific brain regions (next section), we can see in 
Fig. 3 that none of them yields perfusion images that are more similar to 
the distortion-corrected image than the one without smoothing. Indeed, 
increasing smoothing levels are found to produce mostly increased loss 
of detail (tissue border / high frequencies) in the images. 

Based on Figs. 2 and 3, we may conclude that distortion correction 
was effective in better aligning perfusion images with relatively undis-
torted structural images, while spatial smoothing did not produce 
similar effects to distortion correction. 

3.2. Effects on temporal SD 

Fig. 4 shows the results of tSD of the ASL control-label time series 
data in each ROI compared between distortion correction and different 
levels of spatial smoothing. The smoothing FWHM level that yielded the 

Fig. 2. Matching between the GM masks obtained from the relatively undistorted T1-weighted structural image (Structural GM) and the ASL perfusion image 
(Perfusion GM), without and with distortion correction: illustration for three representative slices of an illustrative subject and group results. Left: Thresholded 
perfusion images (Perfusion GM) registered to the structural space, with the gray-to-white matter (GM-to-WM) borders of the Structural GM overlaid (in red); the 
arrows highlight regions where distortion correction improved the alignment between the two GM masks. Middle: Thresholded perfusion images (Perfusion GM) in 
their native space, overlaid on top of the Structural GM mask (in blue); only mismatching voxels (belonging to the Structural GM mask but not the Perfusion GM) are 
visible. Right: The boxplot shows the distribution across subjects of the percent increase with distortion correction in the number of matching voxels between the 
Structural and Perfusion GM masks. * indicates a significant increase (P < 0.001). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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median tSD value closest to the one of the respective distortion corrected 
data, for each ROI, is highlighted. This varies across ROIs, consistently 
with the impact of susceptibility artefacts. For example, in the brain-
stem, an area more affected by B0 inhomogeneities, a higher FWHM was 
found. 

3.3. Effects on temporal SNR 

The values obtained for tSD and tSNR using the three pre-processing 
pipelines (nocorr, corr, smooth) were then compared, as presented in 
Fig. 5. Although for the tSNR analyzes only the level of FWHM that 
matched with the tSD of the distortion correction was considered, the 
variations of the tSNR with the level of smoothness can also be found in 
Fig. S2 in the Supplementary Material. 

Three-way repeated measures ANOVA showed a significant main 
effect of ROI and Correction, as well as a significant interaction between 
them, with no effects of Group, for both tSD and tSNR. 

Post-hoc tests revealed a significant tSD decrease when performing 
distortion correction, for all ROIs except the parietal area. As expected, 
this significant decrease was also observed when performing spatial 
smoothing, with no significant differences between distortion correction 
and spatial smoothing. 

In contrast, significant differences in tSNR were found when per-
forming distortion correction, even compared with spatial smoothing, in 

the frontal and temporal ROIs, with an average change of 10.2±3.5% 
and 8.4±2.4%, respectively, between with and without distortion 
correction. This is consistent with the greater susceptibility effects in 
these regions. 

3.4. Effects on perfusion 

The group results for the mean relative perfusion values obtained 
with the three perfusion estimation methods (noreg, reg, regpvc), using 
the three pre-processing pipelines (nocorr, corr, smooth), in each ROI, are 
presented in Fig. 6. For comparison with the smooth pipeline, the 
matched FWHM was selected based on the tSD results. However, 
perfusion variations (noreg) with the level of smoothing can also be 
found in Fig. S3 and Table S1 of the Supplementary Material, showing 
the ROI average perfusion values obtained with the three pre-processing 
pipelines. 

Significant main effects of Correction and ROI were found for 
perfusion obtained with all estimation methods, with significant in-
teractions between them and with no effects of Group. 

When compared to no correction, spatial smoothing produced small 
but significant changes in perfusion (average change of 1.9±0.7%) in all 
ROIs except subcortical GM, for all estimation methods. Specifically, 
smoothing decreased perfusion in the cortical GM and brainstem ROIs 
and increased perfusion in the WM ROI: these effects are consistent with 

Fig. 3. Effects of distortion correction and spatial smoothing on perfusion-weighted images: example for one representative slice of one illustrative subject. The 
image obtained with distortion correction (top row, orange box) is compared with the images without distortion correction below (middle row): with no smoothing 
(left, green box), and with different degrees of spatial smoothing (right, purple box). To emphasize differences, the subtraction images between the image with 
distortion correction (top row) and each of the images without correction (middle row) are also shown below (bottom row). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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the partial volume effects between GM and WM resulting from 
smoothing across the borders between tissues. 

When comparing distortion correction with no correction, the only 
significant perfusion changes that could not be explained by spatial 
smoothing were increases in the subcortical GM (average change of 
1.0±0.9%) and the temporal cortex (only with spatial regularization 
with an average change of 1.3±1.7%), if not performing partial volume 
correction. Significantly decreased perfusion was also found in the oc-
cipital cortex and the cerebellum for all estimation methods; however, 
these decreases could be explained by spatial smoothing (since they 
were already present with spatial smoothing, and no significant differ-
ences were found between this and distortion correction). 

4. Discussion 

The results obtained show that distortion correction has an impact on 
ASL data analysis, not only increasing the tSNR but also significantly 
affecting perfusion values in various brain regions. 

4.1. Effects on geometric distortions 

The image geometric distortions produced by the susceptibility ef-
fects associated with the segmented 3D GRASE readout used in our study 
were more evident in the frontal and inferior temporal lobe, brainstem, 
caudate and putamen (subcortical ROI) regions. This is consistent with 
the study by Vidorreta et al. [6], reporting distortions in orbito-frontal 
regions and signal loss in inferior–temporal lobe regions when using a 
similar sequence. Other studies using a 3D GRASE sequence, also re-
ported geometric distortions in the frontal sinus [27,40]. Using an EPI 

sequence, susceptibility artefacts are present in similar regions (frontal 
and temporal lobes and ventricles) even more pronouncedly, as ex-
pected since EPI is more susceptible to these distortions than 3D GRASE 
[26,41]. 

4.2. Effects on temporal SNR 

We observed a systematic and significant increase in tSNR, when 
performing distortion correction across all brain regions. This increase 
was found in each individual subject, and not only on average. This is 
consistent with previous reports [32,42], and may be at least partly 
associated with spatial blurring induced by the correction algorithm. 
Indeed, this hypothesis was corroborated by a consistent reduction in 
tSD with distortion correction. To clarify to what extent tSD reductions 
and tSNR increases could be explained by blurring effects, we followed 
the approach suggested by Renvall et al. [33] and generated ASL data 
without distortion correction but with spatial smoothing. 

We found that indeed it was possible to find a specific level of spatial 
smoothing that produced decreases in tSD that were not significantly 
different from those produced by distortion correction. Consistently 
with the interpretation of blurring induced by distortion correction, we 
found that the level of spatial smoothing required to produce matching 
tSD decreases varied across brain regions in agreement with the spatial 
heterogeneity of susceptibility effects, i.e., with larger values found in 
more affected regions such as the frontal lobe or the brainstem. 
Although the tSNR values increases could also be explained by spatial 
smoothing in some regions, that was not the case in the frontal and 
temporal lobes. The distinct alterations in these regions could be related 
with the fact that they are more affected by geometric distortions and 

Fig. 4. Temporal standard deviation (tSD) in eight ROIs, obtained with and without distortion correction (right) and with different degrees of spatial smoothing (left, 
FWHM). Boxplots represent distributions across subjects, for ASL data without distortion correction (green), with spatial smoothing (purple), and with distortion 
correction (orange). The black box identifies the value of FWHM that matches the tSD obtained for distortion correction, in each ROI. This varies across ROIs, 
consistently with the impact of susceptibility artefacts. For example in the brainstem, an area more affected by B0 inhomogeneities, a higher FWHM was found. The 
horizontal lines indicate the median of the values with distortion correction. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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hence more prone to effects of distortion correction. 

4.3. Effects on perfusion 

Having found that distortion correction led to increases of tSNR in 
some brain regions that were not fully explained by reductions in tSD 
induced by the associated blurring, we hypothesized that these would 
reflect increases in the measured perfusion values in those regions. 
Indeed, we found increases of perfusion in the temporal lobe and the 
subcortical GM that could not be explained by spatial smoothing. 
Although they were not significant, small increases were also found in 
the frontal lobe. Not only could spatial smoothing not explain such in-
creases, but in fact it produced decreases instead. These alterations 
could be explained by the voxels shifting between ROIs upon 
registration. 

Spatial regularization is often applied in the estimation of the 
perfusion image; it involves the application of an adaptive spatial 
smoothing prior to the data that effectively reduces the appearance of 
noise in the final perfusion map [34]. Given the effects of blurring 
associated with distortion correction, we sought to analyze how this 
could interact with spatial regularization. In general, the effects of 
spatial smoothing and distortion correction on the ROI perfusion values 
did not differ between applying spatial regularization or not. 

Another option in the estimation of perfusion maps that could 
interact with the effects of distortion correction is the correction for 
partial volume effects. This aims to estimate the contributions of 
perfusion to the ASL signal separately for GM and WM in every voxel, 
based on each tissue’s volume fraction within the voxel obtained from 
the segmentation of a structural image. This estimation is based on a 

local linear regression, that quantifies the proportion of GM and WM in 
each voxel. Because there is no coherent ASL difference signal arising 
from cerebrospinal fluid (CSF), the CSF magnetization variation is 
considered to be zero and is not taken into account [35]. The variations 
with partial volume correction were similar to those previously reported 
[23], in particular showing a large perfusion increase in the subcortical 
GM. Probably as a consequence of this effect, the perfusion increase 
produced by distortion correction in this region was no longer observed 
with this estimation method. Nonetheless, it is recommended to always 
present results both with and without partial volume correction [43]. 

4.4. Relation with the literature 

Only two studies have previously investigated the effects of suscep-
tibility distortion correction on ASL perfusion measurements [26,27]. 
The former showed that performing correction improved diagnostic 
accuracy in steno-occlusive disease, and that the relative perfusion 
measurements in large arterial territories were more similar to those 
obtained with DSC. However, the extent to which these changes may be 
attributed to the increased tSNR produced by the associated blurring 
were not investigated. Our study provides a detailed analysis of these 
effects, showing that perfusion changes observed across the brain are 
indeed partly explained by spatial smoothing. By combining our findings 
with the ones by Madai et al. [26], we may conclude that distortion 
correction significantly changes perfusion values across the brain, and 
may improve diagnostic accuracy when compared with conventional 
techniques. 

Moreover, although the results of Madai et al. [26] strongly support 
the use of distortion correction in ASL data analysis, they only pertain to 

Fig. 5. Temporal standard deviation (tSD, top) and temporal SNR (tSNR, bottom) in eight ROIs, obtained with and without distortion correction and with matching 
spatial smoothing (FWHM). Boxplots represent distributions across subjects, for ASL data without distortion correction (green), with spatial smoothing (purple), and 
with distortion correction (orange). Three-way repeated measures ANOVA showed a significant main effect for ROI and Correction, as well as a significant interaction 
between them. The asterisk indicates significant differences obtained by post-hoc tests, corrected for multiple comparisons The horizontal lines indicate the median of 
the values with distortion correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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perfusion averaged across large brain regions and therefore cannot be 
directly compared with our results nor can they be more generally 
extrapolated to studies analyzing perfusion across multiple ROIs. Also, 
the sequence used in this study differed from the consensus recom-
mendations (PASL rather than pCASL, and multi-delay rather than 
single-delay); however, these differences should not affect the results 
considerably. 

4.5. Limitations 

Here we employed an ASL acquisition using the recommended 
segmented 3D GRASE readout for clinical applications. The suscepti-
bility distortions and their impact on perfusion measurements would 
certainly vary when using different readout schemes. Therefore, our 
results cannot be directly generalizable to studies employing different 
readout schemes. They can, however, be generalized to other studies 
using the same sequence, which is the sequence recommended by the 
consensus paper and the product sequence implemented on the main 
MRI systems, and therefore the most used in clinical studies. Never-
theless, it is important to note that studies investigating pathologies such 
as stroke or concussion may yield different results due to the typical 
characteristics of hemorrhage associated with these types of pathol-
ogies, which may disturb the field and increase susceptibility distortions 
[44]. Studies at higher field strengths will also suffer from increased 
susceptibility artefacts, and the effects of distortion correction would 
have to be evaluated specifically [45]. 

To perform distortion correction, we used the FUGUE tool from FSL 
which performs a fieldmap-based correction. However, other distortion 
corrections methods could be used, such as TOPUP, which is based on 

images with opposite PE directions [12]. In the presence of large 
amounts of motion, using a method that corrects for the PE and the 
reserved direction, or incorporating dynamic distortion correction 
techniques [31], can be advantageous, because geometric distortions 
may no longer correspond to the original direction due to inter-scan in 
plane rotations. Previous studies have indicated that the effectiveness of 
distortion correction is similar when utilizing either a fieldmap (e.g., 
using FSL’s FUGUE tool) or TOPUP [13]. Consequently, FUGUE can be 
considered as an appropriate alternative in cases where the acquisition 
of images with opposite PE direction is not possible, as was the case of 
our study. With BASIL [16] and Quantiphyse ASL [17] analysis tools, it 
is possible to perform the correction using either of the two methods 
(FUGUE or TOPUP), although Explore ASL [18] only has TOPUP 
implemented. 

The relatively long time difference between the ASL and fieldmap 
acquisitions may impact the effectiveness of the distortion correction 
results due to potential instability in the fieldmap, for example as a 
result of head motion. The most prominent distortions were corrected in 
our data, as assessed by the improved alignment with the relatively 
distortion-free structural images, suggesting that the fieldmap was suf-
ficiently stable during the study. Nevertheless, we further assessed the 
stability of the fieldmap indirectly, by comparing the geometric distor-
tions in our ASL data with those observed in a functional MRI dataset 
with a 2D EPI readout recorded immediately after the fieldmap (results 
not shown). A simple visual comparison showed generally similar dis-
tortions in both datasets. Furthermore, we also registered the fMRI and 
ASL datasets with each other using linear rigid body transformations, 
after distortion correction, and found good alignment. Overall, these 
findings suggest that, in your dataset, the geometric distortions were 

Fig. 6. Perfusion relative values in eight ROIs, obtained with and without distortion correction and with matching spatial smoothing (FWHM), for different perfusion 
estimation methods: without spatial regularization (top), with spatial regularization (middle), and with spatial regularization and partial volume correction (bottom). 
Boxplots represent distributions across subjects, for ASL data without distortion correction (green), with spatial smoothing using matched FWHM (purple) and with 
distortion correction (orange). Three-way repeated measures ANOVA showed a significant main effect for ROI and Correction, as well as a significant interaction 
between them. The asterisk indicates significant changes obtained by post-hoc tests, corrected for multiple comparisons. The horizontal lines indicate the median of 
the values with distortion correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sufficiently stable for an effective correction. 
We did not acquire a calibration image and perfusion images were 

therefore obtained only in arbitrary units (relative perfusion). To obtain 
quantitative perfusion images in absolute units of perfusion, ml/100 g/ 
min, the relative perfusion maps should be normalized by the equilib-
rium magnetization of the arterial blood (M0a) which can be estimated 
based on a proton density image acquired with a similar readout to the 
ASL data to obtain a map of M0t – the calibration image [46]. Two op-
tions may be considered to estimate M0a from M0t: a voxelwise approach 
to estimate M0a in each voxel, or an ROI approach to estimate a single 
M0a value from the average M0t value in a specific brain compartment 
[46]. In the ROI approach, a region within the lateral ventricles is 
usually chosen because it can be robustly defined with minimal partial 
volume effects and geometric distortions. In this case, distortions of the 
calibration image are therefore not expected to affect the M0a value. If a 
voxelwise approach is chosen, then the proton density image would be 
affected by the same susceptibility effects suffered by the ASL image 
[46], However, this image usually undergoes spatial smoothing before 
conversion into M0a, which should minimize the impact of those effects 
on the final calibrated perfusion image. For these reasons, we believe 
that our results regarding the effects of distortion correction on the 
relative perfusion images should be largely applicable to calibrated 
perfusion images as well. 

Registration between the ASL and structural spaces is usually per-
formed based on a proton density image. In our study, since this was not 
acquired, we performed registration using an ASL control image instead. 
Although the tissue contrast of the image is reduced relative to a proton 
density image, it was nevertheless sufficient to obtain an accurate 
registration to the T1-weighted structural image of the subject. 

5. Conclusion 

To conclude, we demonstrated that susceptibility distortion correc-
tion has a significant impact on ASL perfusion measurements using a 
segmented 3D GRASE readout in several brain regions, which cannot be 
fully explained by the associated blurring effects. Our findings 
contribute to the ASL perfusion imaging literature, by helping clarify the 
often-neglected step of susceptibility distortion correction in the pre- 
processing pipeline. This is of special importance when considering 
clinical applications where protocol and data harmonization are most 
critical. 
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