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A B S T R A C T
This document includes supplementary material that complements the main body of the paper. In
Section S1, we provide additional figures with results of the whole brain Monte Carlo simulation
experiment, for the simulations without motion (Section S1.1) and with motion (Section S1.2).
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S1. Whole brain simulation experiment
S1.1. Simulations without motion

As discussed in section 3.1.1 of the main body, noise settings for 𝜎0 and 𝑐 in the simulated datasets were tuned
to match the temporal SNR (tSNR) values observed in the conventional HR in vivo dataset (see Table 2 of the main
body). Fig. S1 shows the voxel-wise tSNR map obtained from the conventional HR in vivo data alongside the tSNR
maps of the datasets used in the simulation experiment, as well as a comparison in overall tSNR value. Note that for
datasets 1 and 3, the tSNR increased approximately 4-fold as a result of the increased slice thickness of those images
when using the SRR forward model (Eq. (1) of the main body), as signal scales linearly with the imaged volume. In
addition, the process of simulating one noise realization of the single-PLD pCASL dataset for SRR (dataset 1) without
unwanted motion is illustrated in Fig. S2.

Orthogonal slice views of the simulated 2D control images are visualized in Fig. S3, both for the pCASL data
with high through-plane resolution (HR) and low through-plane resolution (LR), with or without the use of multiband
(MB). For the LR data, two of the 24 slice orientation angles (0° and 90°) are shown, as defined in Fig. 1 of the main
body. For comparison, and to appreciate resolution enhancements, the corresponding HR CBF map that was estimated
from the simulated control-label images is also shown for each method. Furthermore, to ease a qualitative and visual
comparison of the CBF map estimated by each method, Fig. S4 shows zoomed image regions to indicate noticeable
CBF estimation differences compared to the ground truth CBF map (Ref). Finally, Fig. S5 and Fig. S6 show axial slices
of the relative absolute bias and relative standard deviation maps, respectively, corresponding with the slice locations
of Fig. 5 of the main body.

Figure S1: Coronal views and transverse slices of the voxel-wise temporal SNR maps of the simulated datasets 1-4, and
as calculated from the conventional HR in vivo 2D EPI dataset (see Table 2 of the main body). Dashed lines are used to
indicate transitions between multibands. Note that for the HR Datasets 2 and 4, and the Conventional HR Dataset, only
a selection of 24 out of the 40 transverse slices is shown. For each dataset, the overall tSNR measure is indicated, which
was calculated by taking the spatial mean inside a whole-brain mask of each voxel-wise tSNR map.

Q. Beirinckx et al.: Supplementary Material Page 2 of 14



Supplementary Material

Figure S2: A flowchart of the data simulation process for single-PLD pCASL data using SRR, in correspondence with
the procedure outlined in Section 3.1. Coronal slices are shown for four slice-encoding directions, illustrating the forward
modelling of HR ground-truth parameter maps to LR MS images. Signal intensities of the control and label images are
shown in arbitrary units.
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Figure S3: Orthogonal slice views of simulated HR 2D control images with high through-plane resolution (3 × 3 × 3 mm3),
without multiband (top panel, column 1) and with multiband (top panel, column 4), and simulated LR 2D control images
with low through-plane resolution (3 × 3 × 12 mm3), without multiband (bottom panel, columns 1-2) and with multiband
(bottom panel, columns 4-5). For illustration purposes, only two slice orientation angles (0° and 90°) are shown for the 2D
LR control images (see also Fig. 1). Simulated control images are compared to the corresponding HR CBF map estimates
reconstructed with BASIL (top panel, column 2), C-pCASL (top panel, column 3), BASIL-MB (top panel, column 5),
C-pCASL-MB (top panel, column 6), and the proposed SRR-pCASL (bottom panel, column 3) and SRR-pCASL-MB
(bottom panel, column 6), respectively.
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Figure S4: Orthogonal slice views with zoomed close-ups showing the high-resolution CBF map estimated with BASIL
(column 3), C-pCASL (column 4), BASIL-MB (column 6), C-pCASL-MB (column 7), and the proposed SRR-pCASL
(column 5) and SRR-pCASL-MB (column 8), compared to the ground truth CBF map as a reference (columns 1-2) for
the whole brain simulation experiment without motion.
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Figure S5: Absolute value of relative bias maps for CBF, calculated from the reconstruction results of the synthetic whole
brain simulations without motion. For each method, five transverse slices are shown, corresponding with the slice letter
convention in Fig. 5 of the main body.
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Figure S6: Relative standard deviation maps for CBF, calculated from the reconstruction results of the synthetic whole
brain simulations without motion. For each method, five transverse slices are shown, corresponding with the slice letter
convention in Fig. 5 of the main body.
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Table S1
Acquisition settings for the synthetic data set using 2D MS readout, that was used for the additional simulation experiment
with adjusted resolution. A slice orientation angle of 0° corresponds with the slice-encoding axis directed from left to right,
and with the phase-encoding axis perpendicularly directed from anterior to posterior. Each angle listed below is a rotation
of the slice-encoding axis around the phase-encoding direction counterclockwise. Therefore, a 90° angle is consistent with
an ascending slice order. These rotations are consistent with the rotations visualized in Fig. 1 of the main body.

Extra Dataset
LR 2D MS

Number of slices per slab 𝑁slice 12
Acquisition matrix 120 × 120
FOV [mm3] 240 × 240 × 192
Voxel size [mm3] 2 × 2 × 16
Labeling duration 𝜏 [ms] 1800
PLDbase [ms] 1800
PLD range [ms] 1800-2350
Number of control-label pairs 𝑁 24
Number of slice encoding directions 24
Slice orientation angles [°] 0, 7.5, . . . , 172.5
Multiband factor 𝜔 n.a.

Next, to demonstrate that the potential of super-resolution reconstruction (SRR) is not confined to a particular
resolution, an additional simulation experiment was performed where a 2 × 2× 2 mm3 CBF map was super-resolution
reconstructed from LR images with a resolution of 2 × 2 × 16 mm3. Acquisition settings for this addition simulation
experiment are summarized in Table S1. Fig. S7 shows the result of this extra simulation experiment side-by-side with
the original simulation experiment where a 3 × 3 × 3 mm3 CBF was reconstructed.
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Figure S7: Orthogonal slice views of simulated LR 2D control images with low through-plane resolution compared to
the HR CBF map estimates reconstructed with SRR-pCASL, for the original acquisition protocol using LR images with a
resolution of 3×3×12 mm3 as input (left), and the new acquisition protocol using LR images with a resolution of 2×2×16
mm3 as input (right), as summarized in Table S1. For illustration purposes, only the slice orientation angles corresponding
with a slice orientation of 0° and 90° are shown for the 2D LR control images (see also Fig. 1).
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S1.2. Simulations with motion
To ease a qualitative and visual comparison of the CBF map estimates for each method in the whole brain simulation

experiment with motion, Fig. S8 shows zoomed image regions to indicate noticeable CBF estimation differences
compared to the ground truth CBF map (Ref). Furthermore, Fig. S9 and Fig. S10 show axial slices of the relative
absolute bias and relative standard deviation maps for the simulation experiment with motion, corresponding with the
slice locations of Fig. 5 of the main body.
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Figure S8: Orthogonal slice views with zoomed close-ups showing the high-resolution CBF map estimated with BASIL
(column 3), C-pCASL (column 4), BASIL-MB (column 6), C-pCASL-MB (column 7), and the proposed SRR-pCASL
(column 5) and SRR-pCASL-MB (column 8), compared to the ground truth CBF map as a reference (columns 1-2) for
the whole brain simulation experiment with motion.
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Figure S9: Absolute value of relative bias maps for CBF, calculated from the reconstruction results of the synthetic whole
brain simulations with motion. For each method, five transverse slices are shown, corresponding with the slice letter
convention in Fig. 5 of the main body.
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Figure S10: Relative standard deviation maps for CBF, calculated from the reconstruction results of the synthetic whole
brain simulations with motion. For each method, five transverse slices are shown, corresponding with the slice letter
convention in Fig. 5 of the main body.
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Fig. S11 and Fig. S12 summarize the motion parameter estimates for the simulation experiment with motion, both
without and with the use of multiband. Each figure shows the true reference motion component values 𝜽𝑛 = {𝜃𝑛𝑘}6𝑘=1being used to corrupt each image number, 𝑛 = 1…2𝑁 , in the whole brain simulations with added motion. To guarantee
realistic head movement, the reference motion set 𝜽𝑛 was obtained from the in vivo LR SRR data using a procedure that
involved three repetitions of: (i) upsampling of the LR SRR data by applying the adjoint operator 𝑨𝑇

𝑛 = 𝑴𝑇
𝜽𝑛
𝑮𝑇

𝑛 𝑩
𝑇𝑫𝑇

to each LR control and label image, (ii) calculation of the average HR control and rCBF maps from this upsampled
data using the recommended quantification formula in Eq. (2) of the main body paper and averaging over the number
of control-label pairs 𝑁 , and (iii) motion estimation using subproblem (P.2) in the main body in which the HR control
and rCBF map remained fixed. The motion parameters that resulted from this procedure were then used as reference
motion component values. Next, Fig. S11 and Fig. S12 also show the mean motion parameter component 𝜃𝑛𝑘, where the
mean was calculated over the 𝑁MC estimates for each image number 𝑛. In addition, for each component and framework
combination, the RMSE was plotted using a barplot, where the RMSE value was calculated per motion component as:

RMSE(𝜃𝑛𝑘) =
(

(

𝜃𝑛𝑘 − 𝜃𝑛𝑘
)2

)
1
2

, (S1)

where 𝜃𝑛𝑘 denotes the sample mean of the 𝑁MC estimates of the motion component 𝑘 for image number 𝑛, and where
(⋅) denotes the element-wise sample mean operator over the 𝑁MC estimates. Note that, in line with the definitions
in Section 2.2 of the main body paper, pCASL images 𝒓𝑛 were pairwise ranked in alternating order as control-label-
control-label-… . As highlighted by the red bars in Fig. S11 and Fig. S12, the control-label image pair corresponding
with image numbers 39 and 40 was discarded from the CBF quantification routine in BASIL and BASIL-MB due to
consistent outliers of the estimated motion parameter components that resulted from the pre-registration routine using
FSL’s mcflirt.
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Figure S11: Graphs of the mean motion component estimate and associated RMSE, for each image number and respective
framework without the use of multiband, calculated over the 𝑁MC = 100 results for the whole brain simulation experiment
with motion. The true reference values for each motion component are shown in column 1. The outlier discarded control-
label image pair for BASIL is annotated in red.
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Figure S12: Graphs of the mean motion component estimate and associated RMSE, for each image number and respective
framework using multiband, calculated over the 𝑁MC = 100 results for the whole brain simulation experiment with motion.
The true reference values for each motion component are shown in column 1. The outlier discarded control-label image
pair for BASIL-MB is annotated in red.
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