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Test-retest reliability of resting-state cerebral blood flow quantification 
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A B S T R A C T   

Arterial Spin Labeling is a valuable functional imaging tool for both clinical and research purposes. However, 
little is known about the test-retest reliability of cerebral blood flow measurements over longer periods. In this 
study, we investigated the reliability of pulsed Arterial Spin Labeling in assessing cerebral blood flow over a 3 (n 
= 28) vs 8 (n = 19) weeks interscan interval in 47 healthy participants. As a measure of cerebral blood flow 
reliability, we calculated voxel-wise, whole-brain, and regions of interest intraclass correlation coefficients. The 
whole-brain mean resting-state cerebral blood flow showed good to excellent reliability over time for both pe-
riods (intraclass correlation coefficients = 0.85 for the 3-week delay, intraclass correlation coefficients = 0.53 for 
the 8-week delay). However, the voxel-wise and regions of interest intraclass correlation coefficients fluctuated 
at 8-week compared to the 3-week interval, especially within cortical areas. These results confirmed previous 
findings that Arterial Spin Labeling could be used as a reliable method to assess brain perfusion. However, as the 
reliability seemed to decrease over time, caution is warranted when performing correlations with other variables, 
especially in clinical populations.   

1. Introduction 

Arterial Spin Labeling (ASL) is a non-ionizing magnetic resonance 
imaging (MRI) technique that uses magnetically labeled arterial blood 
water as a tracer to quantify cerebral blood flow (CBF) (Alsop et al., 
2015). A rise in CBF occurs in a precise spatial and temporal manner to 
provide an adequate oxygen supply to working neurons (Buxton and 
Frank, 1997; Golay et al., 2004; Grade et al., 2015). Even if CBF is not a 
direct measure of neural activity, it is a closely coupled correlate (Bor-
ogovac and Asllani, 2012). ASL consists of a differential technique 
during which two acquisitions are carried out: one with the labeling of 
arterial protons and one without labeling which serves as control 
acquisition. Different ASL acquisition methods can be used to 

magnetically label arterial blood water: including continuous ASL 
(cASL), pseudocontinous ASL (pcASL), and pulsed ASL (PASL), 
depending on the frequency and amount of radiofrequency (magnetic) 
pulses applied (continuous/ ray of pulses/singular pulse) (Alsop et al., 
2015). These methods differ regarding the signal-to-noise ratio and the 
image resolution. PASL has been developed to overcome the caveats of 
the cASL technique, and pcASL offers a better signal-to-noise ratio than 
the two other methods (Alsaedi et al., 2018). The clinical applications of 
ASL acquisition in assessing brain perfusion as a diagnostic tool, are 
manifold, with the main focus on vascular diseases, such as stroke and 
arteriovenous malformations and neurodegenerative diseases, mainly in 
Parkinson`s, Alzheimer`s disease, and other types of dementia (Alsop 
et al., 2015; Claassen et al., 2021; Haller et al., 2016; Hernandez-Garcia 
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et al., 2019; Ho, 2018). However, in order to use resting-state CBF 
(rs-CBF) as measured by ASL as a biomarker of a condition or an 
outcome marker of treatment effects, the measure needs to be highly 
reliable. Currently, the rs-CBF fluctuations over time are largely un-
known. Quantifying the range of normal fluctuation is needed. 

Reliability of brain signals can be measured using different metrics. 
In functional neuroimaging, one crude way to evaluate the consistency 
of brain activation relies on the comparison of the amplitude and spatial 
extent of the activated areas between time points on a group level. This 
easy method fails to evaluate intra-individual variability. Reliability 
could also be assessed through the within-subject coefficient of variation 
(wsCV), which is typically calculated with the ratio of the standard 
deviation of the difference between repeated measurements to the mean 
of repeated measurements (Bland and Altman, 1996). For example, 
Bland-Altman plots could be used to evaluate agreements between two 
measurements. Finally, intraclass correlation coefficients (ICC) can 
assess the amplitudes or weights of activations within voxels or regions 
of interest (ROIs) over time and have become a standard method to 
evaluate reliability over time (Giraudeau et al., 2000; Shrout and Fleiss, 
1979). 

Previous studies on rs-CBF measurements yielded conflicting results 
in predominantly small samples. Most studies exploring short-term 
changes of less than 1 week suggested overall good reliability for both 
whole-brain and regions of interest (ROIs) rs-CBF quantification. In 31 
participants, Almeida et al. showed good reliability (ICC ranging from 
0.42 to 0.81) of the rs-CBF for most of the ROIs over one week(Almeida 
et al., 2018). Chen et al. (Chen et al., 2011) compared the mean 
whole-brain rs-CBF quantification acquired with different labelling 
methods (PASL, cASL and pcASL) over one hour and one week in 12 
healthy controls. The three methods showed overall good reproduc-
ibility, as measured with ICC over time (ICC > 0.65). However, repro-
ducibility as measured with the within-subject coefficient of variation 
seemed to decrease slightly over time, indicating physiological fluctu-
ations. The studies exploring reliability with longer interscan interval 
showed more variability with the degree of the reliability depending on 
the brain areas. Gevers et al. evaluated the reliability of rs-CBF quanti-
fication with the three ASL acquisition methods between either different 
scanners or over a 3-weeks period in 6 healthy controls. Mean 
whole-brain rs-CBF showed fair reliability over time with the three ASL 
methods using the coefficient of repeatability and the repeatability 
index as reliability measure(Gevers et al., 2011). Mezue et al. used a 
pcASL protocol to assess region of interest (ROIs) rs- and task-based CBF 
in 8 healthy participants over periods of 30 min (within-session), 1-week 
and 1-month. Although within-session and 1-week period showed an 
overall fair to excellent reliability of the rs-CBF (0.40 < ICC < 0.93), 
after one month the reliability varied from poor to good depending on 
the ROIs demonstrating substantial heterogeneity in the long-term 
reliability of rs-CBF (0.06 < ICC < 0.589)(Mezue et al., 2014). Using 
the same time scale, Ssali et al. observed fair to excellent reliability (0.44 
< ICC < 0.94) of the mean whole-brain, voxel-wise, and ROIs rs-CBF 
over time in 7 healthy participants(Ssali et al., 2016). Jiang et al. 
examined the reliability of whole-brain, and ROIs rs-CBF measured with 
PASL in 12 cognitively normal elderly subjects (60–80 years old) over 3, 
6 and 12 months. The excellent reliability and reproducibility observed 
after 3 months (ICC > 0.97), decreased slightly to moderate after one 
year (0.63 < ICC < 0.74) (Jiang et al., 2010). Finally, a recent 
multi-center study showed highly variable reliability depending on the 
brain area (0.00 < ICC < 0.70) of the rs-CBF in some regions of the 
Default Mode Network in 10 participants, with the between-scans in-
terval ranging from 2 to 218 days(Ibinson et al., 2022). 

Collectively, while rs-CBF reliability is excellent up to one week in 
healthy participants, the reliability of the rs-CBF over longer interscan 
intervals requires further study. Moreover, only a single small (n = 7) 
study(Ssali et al., 2016) performed a voxel-wise reliability analysis, 
which might have a greater clinical relevance as affected regions by the 
pathology or the symptoms may not be known a priori. 

Accordingly, the current study aimed to provide an up-to-date reli-
ability evaluation of the rs-CBF quantification provided by PASL using 
two moderately large samples of healthy young adults. To address this 
topic, we investigated i) voxel-wise rs–CBF reliability, ii) whole-brain rs- 
CBF reliability, and iii) rs-CBF reliability in ROIs over two longer 
interscan intervals (3 and 8 weeks) in healthy, young participants. We 
expected overall stable rs-CBF parameters for both interscan intervals, 
but a slight drop in reliability for the 8-weeks interscan interval espe-
cially in the ROIs analysis. 

2. Material and methods 

2.1. Population 

We performed a sample size estimation for hypothesis-driven ICC 
calculation (Walter et al., 1998). As hypothesized, in a 3-week delay, the 
whole-brain level CBF calculation was expected to reach good to 
excellent reliability. Thus, the following parameters were used for the 
estimation: expected reliability = 0.75, minimum acceptable reliability 
= 0.4, expected drop out for image quality and motion = 20 % (Fallatah 
et al., 2018), significance level = two-tailed 0.05, power= 0.80, number 
or raters/repetition per subject = 2; and led to a minimum sample size of 
n = 35. Accordingly, we recruited healthy participants from the general 
population in Switzerland as controls for two clinical trials [n = 42 for 
OCoPS-P (Overcoming Psychomotor Slowing in Psychosis) Clin-
icalTrials.gov Identifier: NCT03921450 (Walther et al., 2024); and n =
35 for BrAGG-SoS (Chapellier et al., 2022) (The Brain Stimulation And 
Group Therapy to Improve Gesture and Social Skills in Psychosis trial, 
NCT04106427)]. Participants were recruited via advertisements and 
word of mouth. Inclusion criteria were right-handedness assessed by the 
Edinburgh Handedness Inventory (Oldfield, 1971), age between 18 and 
60 years, and ability/willingness to participate in the study. Exclusion 
criteria were substance abuse other than nicotine, history of psychiatric 
disorders or medical conditions impairing movements (assessed by the 
MINI international neuropsychiatric interview), epilepsy, history of 
head trauma with loss of consciousness, and MRI contraindications 
(assessed by an MRI safety questionnaire), that is, metal objects in the 
body or pregnancy (assessed by a pregnancy test). All participants pro-
vided written informed consent. The study protocols adhered to the 
Declaration of Helsinki and were approved by the local ethics commit-
tee. We split these participants into two samples to explore the longi-
tudinal reliability of CBF measures based on the clinical trial protocols. 
The first one (Sample-3 W), n = 42, was used for reliability analysis of 
the 3-week interscan interval, and the second one (Sample-8 W), n = 35, 
for the 8-week interscan interval. In the Sample-3 W, 28 out of 42 par-
ticipants were included in the analyses while in the Sample-8 W, 19 out 
of 35 participants were included in the analyses. Reasons for data 
exclusion were cancellation of the second session (Sample-3 W n = 5, 
Sample-8 W n = 8), excessive motion in the scanner, or poor functional 
MRI data quality in at least one of the two sessions (Sample-3 W n = 9, 
Sample-8 W n = 8). 

2.2. MRI acquisition and preprocessing 

Participants underwent two imaging sessions that were scheduled 
three (Sample-3 W) or eight weeks (Sample-8 W) apart at the same 
weekday and approximately at the same hour of the day for both ses-
sions. For each MRI session, we acquired a 3-D T1 MP2RAGE and a PASL 
sequence at the translational imaging center of the Swiss Institute for 
Translational and Entrepreneurial Medicine, Bern, Switzerland. The 
MRI scans were acquired on a 3 T Prisma MRI whole-body scanner using 
a 20-channel radio-frequency head coil (Siemens, Germany). Partici-
pants lay horizontally in the MR scanner with arms beside the trunk, we 
instructed them to avoid head motion and stay awake without specific 
instructions on keeping eyes open or closed. 
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2.2.1. Acquisition 
The MRI protocol included the following 3 sequences: 
1. 3D-T1-weighted MP2RAGE images (8 min 22 s covering 176 

sagittal slices, 1 mm thick, TR = 5000 ms, TE = 2.98 ms, FOV=240 ×
256 mm, flip angle 1= 4◦, flip angle 2= 5◦, voxel size = 1 × 1 × 1 mm). 

2. A Perfusion MRI scan with T2* weighted images using a PASL 
sequence: TR= 3300 ms, TE =13 ms; flip angle = 90◦; field of view 
(FOV) = 230 × 230 mm, 22 slices; thickness = 6 mm; no gap; number of 
dynamics = 90 (45 pairs of unlabeled and labeled images); bolus 
duration = 700 ms, inversion time (post-labeling delay) = 2200 ms, 
acquisition duration = 5.05 min, Voxel size = 3.6 × 3.6 × 6 mm. 

3. A field map scan for use in unwarping EPI distortions due to 
magnetic field inhomogeneity: FOV = 230 × 230 mm, 22 slices; thick-
ness = 6 mm, TR = 520 ms, TE1 = 4,92 ms, TE2 = 7.38 ms, Flip angle =
60◦, thickness = 6 mm, Voxel size = 3.6 × 3.6 × 6 mm, acquisition 
duration = 2.13 min. 

2.2.2. MRI preprocessing 
We performed the MRI data preprocessing using SPM12 (Revision 

7771, Welcome Trust, London, UK, https://www.fil.ion.ucl.ac.uk/s 
pm/) and MATLAB (R2020b, MathWorks, Natick, USA). The pre-
processing was identical for both sessions in both samples. After 
realigning and unwrapping the PASL sequence to correct for head mo-
tion and distortion due to field inhomogeneity, we quantified rs-CBF 
(ml/100 g/min) according to a previously applied, standardized proto-
col (Maderthaner et al., 2023),(Muller et al., 2021). Rs-CBF maps were 
co-registered to the corresponding raw T1–3D. Raw T1–3D scans were 
then segmented and normalized to MNI space using the CAT12 
(CAT12.8.2 (2130)) toolbox (http://www.neuro.uni-jena.de/cat/). The 
obtained deformation matrix was used to normalize the co-registered 
rs-CBF maps. We applied a 6 mm FWHM kernel to the normalized im-
ages. This standard preprocessing procedure was followed by a denois-
ing step using subject-wise first-level generalized linear models with the 
white matter (WM) and cerebrospinal fluid (CSF) signal and the 6 mo-
tion parameters from realignment as explanatory variables (Mader-
thaner et al., 2023,Muller, 2021 #21) .We used the normalized mean 
rs-CBF maps for further analysis. For quality control, we checked six 
motion parameters (x-, y-, z-translations, roll, pitch, and yaw) and set a 
limit of 2.5 mm in one of the three translations or 2.5◦ in one of the three 
rotations for exclusion. 

2.2.3. Regions of interest 
We performed ROI-based analysis by extracting the mean rs-CBF 

values from the mask of each cortical and subcortical ROI of the 
Harvard-Oxford atlas (Desikan et al., 2006; Frazier et al., 2005; Gold-
stein et al., 2007; Makris et al., 2006), as well as the tissue type seg-
mentation (grey matter, white matter, and CSF), and the cerebellum 
from the MNI structural atlas. 

2.3. Statistics 

To assess the reliability of rs-CBF measures in this test-retest study, 
we performed an intraclass correlation coefficient (ICC) analysis. ICC 
estimates and their 95 % confidence intervals were calculated using IBM 
SPSS Statistics Program (Version: 28.0.0.0 (190). SPSS Inc, Chicago, IL) 
based on a mean-rating (k = 2; i.e., the two specific sessions), absolute- 
agreement (as we aimed to evaluate the intra-individual reliability), 2- 
way mixed-effects model (ICC (3,k))(Koo and Li, 2016) between the 
two sessions in each sample (Sample-3 W and Sample-8 W). ICC (3,k) 
(hereafter ICC) is 

ICC (3, k) = BMS− EMS
BMS+BMM− EMS

n 
where BMS is the between-subject mean 

square, EMS is the error mean square, and BMM is the between- 
measurement mean square. ICC analysis has become a standard for 
several types of reliability analyses and ranges from 0 to 1. For inter-
pretation, we applied the guidelines of Cicchetti(Cicchetti, 1994); 

Coefficients below 0.4 will be considered poor; between 0.4 and 0.59, 
fair; between 0.6 and 0.74, good and >0.75, excellent. We performed a 
power calculation for each measured ICC using the ICC.Sample.Size 
(version 1.0) package in R (version 4.3.1); with the following formula: 
calculateIccPower(ICCobserved,ICCestimated,k,alpha,tails,N) where 
ICC rsobserved corresponds to the measured ICC, ICCestimated corre-
sponds to 0.60 for the 3-week delay (at least good reliability) and 0.4 for 
the 8-week delay (at least fair reliability), k corresponds to 2 (the two 
sessions), alpha= 0.05, tails=2 and N = 28 for the 3-week delay and 19 
for the 8-week delay. 

2.3.1. Group comparisons 
The comparison of the two samples in terms of demographics or 

baseline rs-CBF was performed in order to test for confounding infor-
mation that could explain potential difference in terms of reliability. 

Using SPSS, we compared the two samples for age using an inde-
pendent two-sample t-test and sex distribution using a chi-square test. 

To compare samples at baseline, we performed t-tests between the 
two samples for whole-brain mean rs-CBF, the whole-brain and the ROIs 
mean rs-CBF maps of the first scan session. 

2.3.2. Reliability analysis 
We first modelled paired t-tests between sessions to evaluate whether 

there were significant differences in the whole brain rs-CBF between the 
two sessions within each sample using two different thresholds: a strict 
voxel level correction for multiple comparison of pFWE<0.05, and a less 
stringent one using a cluster forming threshold of puncorr<0.001 as well 
as a cluster correction for multiple comparisons of qFDR<0.05. Then, we 
performed a voxel-wise ICC analysis by calculating the absolute agree-
ment ICC of each voxel of the brain mask (excluding CSF) using a 
homemade script in MATLAB. Then, we performed an ICC analysis on 
the whole-brain mean rs-CBF quantification and we calculated the 
Bland-Altman plots to demonstrate the reproducibility. Finally, we used 
the ROIs extracted mean rs-CBF values to perform ROI-based ICC ana-
lyses with SPSS, in each of the two samples. 

3. Results 

3.1. Comparison between the two samples at baseline 

3.1.1. Demographics and behavioral comparisons 
Participants of the Sample-3 W were significantly younger (p =

0.043) whereas the two groups were comparable in terms of sex distri-
bution (p = 0.9). Participants in both samples had at least a good level of 
social functioning as defined by Global Assessment of Functioning (GAF) 
(Endicott et al., 1976) score >81 points, with the Sample-8 W presenting 
a slightly superior functioning (p = 0.013) (Table 1). 

3.1.2. Mean rs-CBF 
T-test of the whole-brain mean rs-CBF maps using age and sex as 

covariates, showed no significant differences between baseline sessions 
of the two samples (voxel level, pFWE <0.05). While using a less stringent 

Table 1 
Demographics of the two samples.   

Sample-3 W (n 
¼ 28) 

Sample-8 W (n 
¼ 19) 

Statistics 

Age (years) 
Mean ± SD 

33.9 ± 11.1 40.9 ± 11.7 t (45)=− 2.087, p =
0.043 * 

Women (n,%) 16 (57.1 %) 11 (57.9 %) X2 (df=1, N = 47)=
0.003, p = 0.959 

GAF score Mean 
± SD 

89.3 ± 7.2 95.6 ± 9.5 t (45)=− 2.574, p =
0.013 * 

GAF: Global Assessment of Functioning; SD: standard deviation; Sample-3W: 
sample for the 3-week interscan interval; Sample-8W: sample for the 8-week 
interscan interval. 
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threshold (cluster forming threshold puncorr<0.001, cluster corrected 
qFDR<0.05), Sample-3 W demonstrated slightly higher rs-CBF within 
bilateral thalamus, right putamen and right insula (Table 2, Fig. 1).We 
found no significant differences at baseline between the mean rs-CBF 
extracted in whole-brain, grey matter, white matter, and the cortical 
and subcortical ROIs of the two samples (Table 3). 

3.2. Reliability analyses 

3.2.1. Whole brain paired t-test comparison 
Paired t-tests of the whole-brain mean rs-CBF maps showed no sig-

nificant differences between the two sessions in the two samples. 

3.2.2. Voxel-wise ICC 
The ICC maps displayed in Fig. 2, show that the Sample-3 W had 

more widespread cortical brain regions with fair to excellent reliability 
(ICC > 0.4) between-sessions compared to the Sample-8 W. The reli-
ability metrics within the cerebellum and subcortical regions seemed to 
be consistent between the two samples. 

3.2.3. ROIs ICC 
Table 4 gives the ICCs and corresponding statistical power. The ICCs 

of the extracted mean rs-CBF demonstrated excellent reliability (ICC 
>0.80) for the whole brain, grey matter, and white matter for the 3- 
weeks interscan interval, while reliability massively decreased for the 
8-weeks interval (0.25 < ICC <0.56) (it remains at a fair level for the 
whole brain ICC = 0.53), especially in the left grey matter (ICC = 0.25) 
(Table 4, part A, Fig. 3). 

The ROIs derived from brain parcellation demonstrated various 
levels of reliability for the two samples (Table 4, part B). On average, the 
3-weeks interscan interval presented a better mean rs-CBF reliability, 
especially for cortical regions. More than 30 cortical regions showed at 
least fair reliability (ICC > 0.4) in the Sample-3 W and poor reliability 
(ICC < 0.38) in the Sample-8 W. The mean rs-CBF of the cerebellum 
seems to be reliable at both intervals (Sample-3 W (ICC = 0.85), Sample- 
8 W (ICC = 0.761)) while subcortical grey matter structures presented a 
variable level of reliability with some structures showing stronger reli-
ability for the 8-weeks interscan interval. Seven subcortical regions had 
poor reliability in the Sample-3 W (ICC < 0.39) and at least fair reli-
ability in the Sample-8 W (ICC > 0.41). 

4. Discussion 

Up to now, this is the largest study to evaluate rs-CBF reliability in 
healthy participants as measured by ICC at one and two months, using 
three different reliability evaluation levels; i) whole brain comparison 
between the two sessions, ii) voxel-wise reliability, iii) region of interest 
analyses including regions consisting of the whole brain as well as a full 
brain coverage by a standard parcellation (Harvard-Oxford Atlas). In 
line with our hypotheses, we demonstrated that within a month the 

voxel-wise, whole brain and region of interest rs-CBF quantification 
showed overall good to excellent reliability. The rs-CBF reliability 
slightly decreased after two months, especially in cortical areas. The 
different methods provided convergent results. 

Table 2 
Whole-brain rs-CBF maps comparison at baseline between the two samples 
(Cluster forming threshold puncorr<0.001, cluster corrected qFDR<0.05).   

Cluster 
corrected 
p (FDR- 
corr) 

Cluster 
size 

x y z Brain Area 

Sample-3 W 
> Sample- 
8W 

0.048 293 − 14 − 22 18 Bilateral 
thalamus  

0.046 469 34 − 28 20 Right 
putamen/ 
Right insula 

p FDR-corr: p value corrected at False discovery rate; Sample-3W: sample for the 
3-week interscan interval; Sample-8W: sample for the 8-week interscan interval. 

Fig. 1. Whole-brain rs-CBF maps comparison at baseline between the two 
samples. Cluster forming threshold puncorr<0.001, cluster corrected 
qFDR=0.046. Displayed are the brain areas showing higher rs-CBF levels at 
baseline in the Sample-3 W compared to the Sample-8 W. 
Sample-3W: sample for the 3-week interscan interval; Sample-8W: sample for the 8- 
week interscan interval; rs-CBF: resting-state cerebral blood flow; qFDR: p value 
corrected at False discovery rate; puncorr: uncorrected p value. 

Table 3 
Baseline comparison of the mean rs-CBF in the whole brain, different tissue 
types, and selected ROIs. (Cluster forming threshold puncorr<0.001, cluster 
corrected qFDR).  

Brain parcellation rs-CBF Mean ± SD 
(ml/100 g/min)  
Sample-3W 

rs-CBF Mean ± SD 
(ml/100 g/min)  
Sample-8W 

Statistics 

Whole Brain 33.2 ± 7.2 35.3 ± 5.9 t (45)=−

0.0327, p =
0.745 

Left grey matter 33.4 ± 6.9 34.9 ± 5.4 t (45)=− 0.822, 
p = 0.415 

Left white matter 32 ± 6.6 33.5 ± 6.6 t (45)=− 0.817, 
p = 0.418 

Right grey matter 34.3 ± 7.4 34.7 ± 5.6 t (45)=− 0.156, 
p = 0.876 

Right white 
matter 

35.3 ± 7.2 35.9 ± 5.4 t (45)=− 0.092, 
p = 0.927 

Frontal medial 
cortex 

29 ± 9.2 34.2 ± 7 t (47)=− 1.854, 
p = 0.070 

Left hippocampus 29.0 ± 9.5 34.2 ± 9.2 t (47)=0.873, p 
= 0.387 

Left putamen 31.8 ± 6.7 22.5 ± 9.8 t (47)=− 0.568, 
p = 0.573 

Parietal 
operculum 
cortex 

22.5 ± 9.4 23.8 ± 8.5 t (47)=0.596, p 
= 0.554 

Postcentral gyrus 27.9 ± 6.4 26.3 ± 5.8 t (47)=− 1.549, 
p = 0.128 

Precentral gyrus 27.0 ± 7.2 29.9 ± 5.7 t (47)=− 1.614, 
p = 0.113 

Right thalamus 26.8 ± 10.8 29.9 ± 12.7 t (47)=0.543, p 
= 0.589 

Temporal pole 32.8 ± 6.9 29.8 ± 6.4 t (47)=− 0.587, 
p = 0.560 

SD: standard deviation;rs-CBF: resting-state cerebral blood flow; Sample-3W: 
sample for the 3-week interscan interval; Sample-8W: sample for the 8-week 
interscan interval. 
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When assessed with a 3-week interscan interval, the rs-CBF at the 
whole brain level seems highly reliable (with an excellent reliability 
estimation, ICC = 0.85; power = 0.82). The voxels-wise reliability 
confirms this observation showing that overall voxels within most 
cortical and subcortical regions including the cerebellum showed good 
to excellent reliability. Particularly high reliability of rs-CBF was found 
in the ROIs of motor and premotor regions, prefrontal, parietal and vi-
sual cortices as well as amygdala, caudate, and putamen. The signal 
reliability assessed by ICC decreases slightly between 3 and 8 weeks at 
the whole brain level from ICC = 0.85 to ICC = 0.53. This confirms 
previous findings(Almeida et al., 2018; Chen et al., 2011; Henriksen 
et al., 2012; Ibinson et al., 2022; Jiang et al., 2010; Tanaka et al., 2018) 
and suggests that PASL could reliably (with a good to excellent reli-
ability) measure rs-CBF at the whole brain level. In contrast, the reli-
ability of rs-CBF in single ROIs is highly variable: while some (such as 
the cerebellum or the occipital lobe) stay highly reliable over time, 
others drop drastically even by approaching ICC = 0 (such as the frontal 
or temporal lobe). Some ROIs were also more reliable when contrasting 
baseline to 8 weeks in comparison to 3 weeks interscan interval (such as 
the pallidum or the thalamus). This unexpected variability in reliability 
may suggest that those regions share more physiological day-to-day 
variability. For example, even at rest, specific brain areas can be 
affected by cognitive or emotional state (Claassen et al., 2021). This 
should hold particularly true for regions of the default mode network 
(Orosz et al., 2012). 

At the clinical level, ASL has been used to describe disease-specific 
CBF alterations in various disorders, such as schizophrenia, depres-
sion, obsessive-compulsive disorder, or attention deficit hyperactivity 
disorder (Allen et al., 2016; Batail et al., 2023; Gangl et al., 2023; Legind 
et al., 2019; Nenadic et al., 2023; Oliver et al., 2023; Ota et al., 2020; 
Scheef et al., 2010; Stegmayer et al., 2017a, 2017b; Tang et al., 2023). 
Furthermore, ASL protocols were used to examine longitudinal changes 
in brain perfusion following interventions including transcranial mag-
netic stimulation, electroconvulsive therapy, and psychotropic medica-
tion (Alsop et al., 2015; Bracht et al., 2023; Klomp et al., 2012; Zhu et al., 
2017). In addition, researchers explored brain-behavior associations 
using ASL. For example, resting-state CBF (rs-CBF) changes were linked 
with the severity of catatonia, as the supplementary motor area was 
found to be hyperperfused, while activity level correlated to the perfu-
sion rate of cortical motor areas in patients with psychomotor slowing in 
depression and psychosis (Cantisani et al., 2016; Walther et al., 2011, 
2012, 2017). The increasing use of tracer-free brain perfusion mea-
surements such as ASL highlights its importance in detecting patholog-
ical changes in neuropsychiatric disorders. In this regard, our data 
suggests that the motor circuit has good reliability over three weeks, 
which is important for monitoring interventions such as repetitive 
transcranial magnetic stimulation (Lefebvre et al., 2020; Walther et al., 

2020a, 2024, 2017) or for understanding pathobiology of the motor 
system (Lefebvre et al., 2024; Moussa-Tooks et al., 2024). Furthermore, 
areas of the so-called praxis network seem to also have good reliability, 
which is important when studying interventions for patients with 
schizophrenia, stroke or Parkinson’s disease (Kubel et al., 2018; Pas-
tore-Wapp et al., 2022; Viher et al., 2020; Walther et al., 2020b). Finally, 
also limbic areas seem to have good reliability over 3 and 8 weeks, 
which is important when studying neural correlates of paranoia (Kindler 
et al., 2015; Pinkham et al., 2015; Stegmayer et al., 2017c; Walther 
et al., 2022). Accordingly, the present results suggest that rs-CBF reli-
ability could be used to explore the neural substrate underlying longi-
tudinal changes or response to interventions in clinical populations, 
particularly in psychiatric disorders. 

The present study suffered from several limitations. First, the sample 
sizes of the two analyzed datasets were relatively small. However, the 
initial sample sizes were adequate to the sample size estimation for 
hypothesis-driven ICC calculation. Unfortunately, the analyzed datasets 
were reduced due to quality control-based exclusion. Furthermore, it 
remains unclear whether reliability estimates in healthy controls may 
generalize to patients with neuropsychiatric disorders, as brain pathol-
ogy and illness-related life-style changes such as smoking may affect 
local rs-CBF values. Despite these considerations, the present study is 
still the largest one, up to now, to evaluate rs-CBF reliability in healthy 
participants. Moreover, the interscan periods were limited to 3 and 8 
weeks. Then, the evaluation of the reliability over the two different 
interscan periods was performed in two different sets of participants. 
Even if the baseline rs-CBF measurements were similar between them, 
difference in reliability between 3 and 8 weeks might be due to inner 
difference between the two samples. Future studies including more 
participants assessed multiple times over longer periods would help to 
provide a better understanding of the reliability of the rs-CBF assess-
ment. In this study, we lack information on whether individuals kept 
their eyes open or closed during the acquisition of wakeful resting-state 
MRI. Subjects received no specific instruction besides to stay awake. 
With eyes open participants are more likely to process incoming visual 
information, whereas during eyes closed mind wandering is more likely. 
Studies on resting-state either instruct participants to open or to close 
their eyes. Therefore, the resting-state of this study includes some 
interindividual variance that may have contributed to signal fluctua-
tions. Finally, this study used PASL to quantify rs-CBF, compared to 
other available sequences, PASL has a shorter radiofrequency pulse, and 
therefore a smaller labeled bolus which leads to a lower signal-to-noise 
ratio that may negatively affect image resolution. Nevertheless, PASL is 
often used in clinical settings because it is easier to implement (Alsop 
et al., 2015). 

To conclude, in line with previous studies, we demonstrated, that 
ASL provides an overall reliable rs-CBF estimation which may serve as 

Fig. 2. Voxel-wise ICC. This figure displays for each sample the brain areas showing at least fair reliability (ICC > 0.4). The central bar refers to the intensity of the 
ICC. Sample-3W: sample for the 3-week interscan interval; Sample-8W: sample for the 8-week interscan interval; p value. ICC: intraclass correlation coefficient. 
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biomarker for resting neural activity in neurological and psychiatric 
diseases. As the reliability of the rs-CBF quantification seemed to 
decrease after several weeks, caution is warranted when performing 
correlations with other variables, especially in clinical populations. 
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