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Abstract

BOLD delay is an emerging, noninvasive method for assessing cerebral perfusion that

does not require the use of intravenous contrast agents and is thus particularly suited

for longitudinal monitoring. In this study, we assess the reproducibility of BOLD delay

using data from 136 subjects with normal cerebral perfusion scanned on two sepa-

rate occasions with scanners, sequence parameters, and intervals between scans

varying between subjects. The effects of various factors on the reproducibility of

BOLD delay, defined here as the differences in BOLD delay values between the scan-

ning sessions, were investigated using a linear mixed model. Reproducibility was

additionally assessed using the intraclass correlation coefficient of BOLD delay

between sessions. Reproducibility was highest in the posterior cerebral artery terri-

tory. The mean BOLD delay test–retest difference after accounting for the afore-

mentioned factors was 1.2 s (95% CI = 1.0 to 1.4 s). Overall, BOLD delay shows

good reproducibility, but care should be taken when interpreting longitudinal BOLD

delay changes that are either very small or are located in certain brain regions.
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1 | INTRODUCTION

Imaging brain perfusion plays an important role in investigating the

pathophysiology of cerebrovascular disorders and guiding patient

management. This is typically achieved using magnetic resonance

imaging (MRI) sequences that are enhanced with contrast agents such

as gadolinium. Recent evidence suggests that these agents accumu-

late within the brain with repeated administration (Gulani et al., 2017).

Despite the lack of conclusive evidence that this causes harm, these

findings have led to recommendations restricting the use of these

agents, particularly their repeated use in the same patient (European

Medicines Agency, 2018).

Blood-oxygenation-level-dependent (BOLD) signal delay is a rela-

tively new method that allows the assessment of brain perfusion with-

out the need to administer intravenous contrast agents. It relies on

measuring delays in the systemic low-frequency oscillations (sLFOs)

of the BOLD signal in different brain regions compared to a reference

signal. These BOLD signal delays are closely related to bolus arrival

times derived from contrast-enhanced perfusion imaging techniques

(Amemiya et al., 2014, 2016; Christen et al., 2015; Khalil et al., 2017;
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Lv et al., 2013; Tong et al., 2017). Perfusion has been measured using

BOLD delay in healthy individuals (Tong et al., 2017; Tong, Yao,

et al., 2019) and patients with cerebrovascular disorders (Amemiya

et al., 2014; Q. Chen et al., 2019; Christen et al., 2015; Khalil

et al., 2017, 2020; Lv et al., 2013; Ni et al., 2017; Wu et al., 2017), Alz-

heimer's disease (Yan et al., 2018), epilepsy (Shah et al., 2018), and

sickle cell disease (Coloigner et al., 2016). Several of these studies

have validated this technique against the clinical reference standard,

dynamic susceptibility contrast MRI (Amemiya et al., 2014; Q. Chen

et al., 2019; Khalil et al., 2017; Lv et al., 2013; Ni et al., 2017; Tong

et al., 2017), as well as noninvasive alternatives such as arterial spin

labeling (Christen et al., 2015; Lv et al., 2018; Siegel et al., 2016).

Because it does not require exogenous contrast agents, one

important potential use of BOLD delay is for convenient, minimally

invasive repeated measurements of patients over time. One example

is in acute stroke, where perfusion imaging is used to monitor disease

progression and treatment outcome (Schellinger et al., 2000).

Recently, studies have shown that BOLD delay detects therapeutically

relevant changes in blood flow over time in stroke patients (Q. Chen

et al., 2019; Khalil et al., 2020), emphasizing the potential use of

BOLD delay for longitudinal imaging in acute stroke.

To further examine the value of BOLD delay in the longitudinal

follow-up of patients, this study investigated the reproducibility of

repeated BOLD delay measurements, defined as the variation

between multiple measurements of the same individual under poten-

tially changing conditions (Bartlett & Frost, 2008). The BOLD signal is

affected by systemic and local factors that vary within and between

individuals (T. T. Liu, 2016) independent of the progression of the

disease being monitored. In this study, we, therefore, provide a

detailed quantitative assessment of the reproducibility of BOLD

delay.

2 | MATERIALS AND METHODS

2.1 | Subjects

Data from eight different sources were used in this study, six of which

are publicly available. Table 1 shows an overview of the data sources

and further details are available in the Supporting Information. The

main inclusion criterion for this study was the availability of resting-

state scans acquired from participants on two separate occasions

without any explicit intervention in between that is physiologically rel-

evant to brain perfusion (studies with placebo/sham interventions

were also included).

Because we aimed to investigate the reproducibility of BOLD

delay measurements, the physiological process being investigated

(perfusion) should remain relatively stable during the study period.

We thus included data from individuals without any known neurologic

illness in all of the datasets except Dataset 2 (“LOBI”). This dataset

included patients with acute ischemic stroke but no perfusion deficit

on any of their BOLD delay maps (assessed visually by a stroke

researcher and radiology resident with 7 years of experience in stroke

perfusion imaging, Ahmed A. Khalil). We included this dataset because

it represents individuals with a particular profile—older, acutely ill

patients with traits, such as a greater propensity to move during MRI

TABLE 1 Overview of the data sources used in this study.

Dataset

Field
strength
B0 (T) TR (s)

TE
(ms)

Flip
angle
(�)

Scan
length
(min:s)

Number of
timepoints

Acceleration
factor

Voxel
size (mm)

Interval
between
scans

Number
of
subjects

1. CSB 3 0.4 30 43 5:40 850 MB = 6 3 � 3 � 4 1 day 12

2. LOBI 3 0.4 30 43 5:40 850 MB = 6 3 � 3 � 4 1 day 31

3. NF

(Dobrushina

et al., 2018)

3 2.0 30 77 5:00 150 N/A 3 � 3 � 3 30 min 26

4. Modafinil

(Esposito

et al., 2013)

3 1.671 35 75 4:00 145 N/A 4 � 4 � 4 6 h 13

5. MPI

(Gorgolewski

et al., 2015)

7 3.0 17 70 15:00 300 R = 3 1.5 � 1.5 � 1.5 1 week 23

6. MSC

(Gordon

et al., 2017)

3 2.2 27 90 30:00 818 NA 4 � 4 � 4 1 day 10

7. TBI (Roy

et al., 2017)

3 2.0 30 90 5:00 150 NA 3 � 3 � 4 3 months 12

8. Yale (Noble

et al., 2017)

3 1.0 30 55 5:00 360 R = 2

MB = 5

2 � 2 � 2 1 week 12

Note: A gradient-echo echo planar imaging (EPI) sequence was used for whole-brain rsfMRI data acquisition in all cases.

Abbreviations: MB, multiband acceleration factor; NA, information not available; R, parallel imaging reduction factor; TE, echo time; TR, repetition time.
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(Andre et al., 2015; Hodgson et al., 2017; Seto et al., 2001)—that

potentially lower the reproducibility of the scans.

2.2 | Image processing

As can be seen in Table 1, the imaging data included in this study

spanned a range of imaging parameters, including different spatial and

temporal resolutions. All data were acquired on 3 Tesla MRI scanners,

except for the “MPI” dataset, which was acquired at 7 Tesla. Intervals

between scanning sessions ranged from 30 min to 3 months.

2.2.1 | Preprocessing

The first 10 s of the EPI data were removed (the exact number of vol-

umes removed depended on the repetition time of the sequence) to

allow for signal equilibration, followed by spatial realignment of the

volumes to the mean of the time series and spatial smoothing with a

4 mm Full Width at Half Maximum (FWHM) Gaussian kernel. The

mean framewise displacement across all volumes in a scan was used

as a measure of head motion (Power et al., 2012). Framewise displace-

ment is an estimate of motion from one volume to the next. It is calcu-

lated by taking the sum of the temporal derivatives of the three

rotational parameters (roll, pitch, and yaw), after converting them to

distances by calculating the arc length on the surface of a sphere of

radius 50 mm, and three displacement parameters (in the x, y, and z

planes). In this study, this was done using the fsl_motion_outliers func-

tion of the FSL library (with the “--fd” option).

2.2.2 | BOLD delay calculation

Using the software package rapidtide (https://github.com/

bbfrederick/rapidtide), we calculated the time shift required to yield

maximum cross-correlation between the BOLD signal in a given voxel

and the reference time course, which was derived from the major

venous sinuses (Khalil et al., 2017, 2020). The venous sinus reference

was chosen because studies have shown that it correlates more

strongly than the whole-brain reference with perfusion maps derived

from dynamic susceptibility contrast MRI (DSC-MRI) (Christen

et al., 2015; Khalil et al., 2017). We used a time shift range of �5 to

+5 s for the cross-correlation. The data were temporally bandpass fil-

tered by rapidtide to 0.01–0.15 Hz because the signal fluctuations of

interest typically reside in this frequency range (Tong et al., 2017).

BOLD delay calculation included the estimation of a spurious correla-

tion threshold by creating a distribution of null correlation values

using a Monte Carlo approach, a feature which is built into rapidtide

and is described in more detail in (Tong, Hocke, et al., 2019).

Processing was performed with and without motion “censoring,”
which involves excluding volumes with a framewise displacement of

>0.3 mm from the cross-correlation analysis (Siegel et al., 2017).

Motion censoring was performed by providing rapidtide with a binary

vector of volumes below (=1) and above (=0) the framewise displace-

ment threshold of 0.3 mm using the “--tmask” option. The cross-

correlation then only takes into consideration the volumes below the

framewise displacement threshold. When motion censoring was per-

formed, it was done before the other analysis steps including temporal

filtering. The processing was otherwise performed with rapidtide's

default parameters (see processing script https://github.com/

ahmedaak/BOLD_delay_repro).

The BOLD delay maps were then registered to a custom EPI tem-

plate (Khalil et al., 2017), using ANTs (Tustison & Avants, 2013). The

EPI template was used to enhance registration quality because some

of the datasets lacked a high-resolution anatomical image (e.g., a

T1-MPRAGE) (Calhoun et al., 2017).

2.2.3 | Measures of reproducibility

In this study, we assessed the systematic differences (bias) between

the scanning sessions by calculating the absolute value of differences

in BOLD delay between session 1 (baseline) and session 2 (follow-up)

scans. These were calculated by subtracting the BOLD delay value of

each voxel in session 1 from the corresponding voxel in session

2 (jDelaysession1 � Delaysession2j) and are referred to as “BOLD delay

test-retest differences” in this article (Figure 1). The absolute values

of the differences in BOLD delay between the sessions were used

because the aim of this study was to assess reproducibility, and we

were thus not interested in the directionality of BOLD delay changes.

Maps of BOLD delay test–retest differences were registered to the

EPI template for further processing.

To exclude areas without blood flow from quantitative analysis,

voxels within the ventricles were removed using a template. The aver-

age BOLD delay test–retest differences were extracted from a set of

ROIs (n = 400 in total across the brain) derived from the ADHD

200 parcellation atlas (Bellec et al., 2017; Figure 1). The final units of

observation in this study were the BOLD delay test–retest differences

within a single ROI. Each ROI was assigned to a vascular territory

(middle cerebral artery: MCA; anterior cerebral artery: ACA; posterior

cerebral artery: PCA) using a template of the major vascular territories

in the brain, the details of which can be found in the Supporting Infor-

mation of a previous article (Khalil et al., 2017).

2.3 | Statistical analysis

All statistical analysis and data visualization was done in R version 3.1

(R Core Team, 2016). To assess the overall reproducibility of BOLD

delay values, we calculated the intraclass correlation coefficient (ICC)

using a two-way model of absolute agreement (Matheson, 2019)

using the R package “irr” (Gamer et al., 2019).

The influence of various factors on the BOLD delay test–retest

differences in the aforementioned ROIs was modeled using a general-

ized linear mixed model. Linear mixed models are useful for analyzing

nonindependent data, such as data with repeated measures or a

KHALIL ET AL. 3
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hierarchical structure (Harrison et al., 2018). In the context of repro-

ducibility studies, and unlike methods like Bland–Altman analysis, lin-

ear mixed models provide the framework to take into account both

variation explained by independent variables of interest (known as

“fixed” effects) and variation not explained by these independent vari-

ables of interest (“random” effects; Lai & Shiao, 2005). In this study,

fixed effects were variables for which we wanted to explicitly quantify

variability (e.g., vascular territory and motion), and random effects

were variables whose levels could be considered to be a random sam-

ple of a population of values (e.g., subjects or datasets), as defined in

(Searle et al., 1992). We thus used a three-level random intercept

model (first level = measurements, second level = patients, and third

level = study).

Specifically, we used a penalized quasi-likelihood generalized lin-

ear mixed model using a Gamma error distribution and a log link

function, implemented using the “glmmPQL” function from the

“MASS” package (Venables & Ripley, 2002). The choice of this

model was based on (1) the fact that examination of quantile-

quantile plots revealed that the residuals were not normally distrib-

uted (hence the use of a generalized linear mixed model approach)

and (2) the fact that the dependent variable (BOLD delay test–

retest differences) can only take non-negative values (hence, the

Gamma error distribution).

In the generalized linear mixed model, subjects and datasets were

random effects and fixed effects were the session 1 BOLD delay

value, the amount of head motion (defined as the mean value of the

mean framewise displacement across time points,

i.e., [FDsession1 + FDsession2]/2), the study group (stroke patients

vs. healthy individuals), the vascular territory, the repetition time of

the scan, the length of the scan, the interval between scanning ses-

sions, and the use of motion censoring.

In this article, the distribution of continuous variables is visualized

using raincloud plots, which combine dot plots, box plots, and violin

plots (Allen et al., 2019). Due to the large number of observations,

relationships between BOLD delay test–retest differences and other

continuous variables are visualized using heatmaps, where the XY

plane of each plot is tiled with squares and the color of the square is a

function of the number of observations in that part of the XY plane

(Carr et al., 1987). A two-sided statistical significance level of α = 0.05

was used in this study. No adjustment for multiple testing was

applied. All p-values have to be interpreted with caution within an

exploratory framework.

F IGURE 1 Processing pipeline of the resting-state functional MRI (rsfMRI) data. After the single-subject rsfMRI data were preprocessed and
BOLD delay maps were calculated, the maps were co-registered to a custom template (using the session's rsfMRI data in an intermediate step),
and the absolute differences between the session 1 and session 2 BOLD delay maps were calculated. The mean BOLD delay test–retest
differences from each of a set of 400 regions of interest (ROIs) throughout the brain were extracted for each subject and used in the statistical
group analysis.

4 KHALIL ET AL.
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3 | RESULTS

3.1 | Demographics and head motion

In total, data from 136 subjects were analyzed (see Table 1). The dis-

tribution of sex, age, and mean framewise displacement for each of

the datasets is shown in Figure 2. Note that for Dataset 5 (“Modafi-

nil”), no data on the participants' ages were available. Figure S1 shows

the temporal signal-to-noise ratio (tSNR) of the rsfMRI acquisitions of

each dataset (mean across subjects and sessions), calculated according

to (Murphy et al., 2007).

Similar to previous studies that showed that head motion is a sta-

ble, trait-like property with low between-session variability (Van Dijk

et al., 2012), we found that framewise displacement values between

the two scanning sessions were highly concordant (Lin's concordance

correlation coefficient = 0.70, 95% CI = 0.61–0.78). To simplify

the linear mixed model, the mean framewise displacement

across both scanning sessions for each subject was used

([FDsession1 + FDsession2]/2).

3.2 | BOLD delay reproducibility

The distribution of BOLD delay values for each vascular territory and

scanning session is shown in Figures S2 and S3. Figure 3 shows the

distribution of BOLD delay test–retest differences by age, gender,

and dataset. Figure 4 shows the distribution of BOLD delay test–

retest differences across each of the fixed effects in the mixed model.

Table S1 shows the intraclass correlation coefficients (ICCs)

between the session 1 and session 2 BOLD delay values. For both the

data with and without motion censoring, the highest ICCs were

F IGURE 2 Demographics and head motion in each dataset. Note
that information about the participants' ages was not available for the
“Modafinil” dataset. Framewise displacement is shown as the mean
across both scanning sessions. Panels a and c are Tukey boxplots,
with the lower and upper hinges corresponding to the 25th and 75th
percentiles respectively. The upper and lower whiskers extend from
the hinges to the largest and smallest values no further than 1.5 times
the interquartile range respectively. Dots represent outliers.

F IGURE 3 Distribution of BOLD delay test–retest differences by
age, sex, and study. Heatmap showing the BOLD delay test–retest
differences plotted against subject age (a). The heatmap colors

represent the number of observations within the area covered by
each square. Distribution of BOLD delay test–retest differences in
males and females (b). Raincloud plot showing the distribution of
BOLD delay test–retest differences in each of the datasets in this
study (c).

KHALIL ET AL. 5
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observed for the posterior cerebral artery (PCA) territory (0.55/0.57),

and the lowest ICC for MCA (0.43/0.46).

The B coefficient of the intercept in the model in Table 2 corre-

sponds to the mean of the BOLD delay test–retest differences (on the

log scale) after accounting for the fixed and random effects. Table 2

shows that the mean BOLD delay test–retest difference after

accounting for the fixed effects was exp(0.16) = 1.2 s (95% CI = 1.0–

1.4 s). Figure 5 shows the spatial distribution of the BOLD delay test–

retest differences in the sample. The highest BOLD delay differences

(exceeding 1 s) were observed in the ventricles, in the frontobasal and

temporobasal regions, and around the major brain arteries (Video S1).

3.3 | Effect of covariates on BOLD delay
reproducibility

Table 2 summarizes the results of the generalized linear mixed model.

BOLD delay test–retest differences were larger in ROIs with higher

F IGURE 4 Distribution of BOLD delay test–retest differences based on variables in the mixed models. Density plots showing the distribution
of BOLD delay test–retest differences according to the study group (a), vascular territory (b), magnetic field strength (c), and the use of motion
censoring to mitigate the effects of head motion (d). The raincloud plots show the distribution of BOLD delay test–retest differences according to
the interscan interval (e), repetition time of the resting-state functional MRI sequence (f), and resting-state functional MRI scan length (g). The
heatmap (h) shows the BOLD delay test–retest differences plotted against the mean framewise displacement across scanning sessions. The
heatmap colors represent the number of observations within the area covered by each square.

6 KHALIL ET AL.

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26244 by M
PI 374 H

um
an C

ognitive and B
rain Sciences, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



session 1 BOLD delay values and were smaller in the posterior cere-

bral artery territory than in the middle cerebral artery vascular terri-

tory. In the anterior cerebral artery territory, BOLD delay test–retest

differences were larger than in the middle cerebral artery territory. In

addition, the use of motion censoring was associated with slightly

larger BOLD delay test–retest differences compared with not using

motion censoring. Repetition time, interscan interval, magnetic field

strength, and scan length showed no substantial association with

BOLD delay test–retest differences.

The variability explained by the fixed effects in the model

(i.e., the marginal R2) was 0.12 and the variability explained by both

the fixed and random effects in the model (i.e., the conditional R2)

was 0.26.

4 | DISCUSSION

In this study, we evaluated the reproducibility of an emerging, nonin-

vasive method for assessing perfusion based on resting-state func-

tional MRI (BOLD delay). In a large and heterogeneous cohort of

subjects with normal cerebral perfusion, we found that the mean

BOLD delay test–retest difference, after accounting for several

TABLE 2 Results of the mixed model
of the association between different
variables and the BOLD delay test–retest
differences.

Variable B 95% confidence interval p-value

Intercept 0.16 �0.02 to 0.34 .0860

BOLD delay value in session 1 0.06 0.05 to 0.06 <.0001

Vascular territory (MCA)

PCA �0.03 �0.04 to �0.02 <.0001

ACA 0.03 0.02 to 0.03 <.0001

Group (healthy)

Stroke 0.03 �0.42 to 0.48 .7798

Mean FD 0.04 �0.02 to 0.10 .157

TR �0.19 �0.47 to 0.08 .0916

Field strength (3T)

7T 0.51 �0.003 to 1.03 .0506

Interval 0.02 �0.03 to 0.07 .2558

Scan length �0.02 �0.04 to 0.003 .0667

Motion censoring (no)

Yes 0.02 0.01 to 0.02 <.0001

Note: For the categorical predictors in the model, the reference category is shown in parentheses. Note

that, the mean framewise displacement (FD) variable, in millimeters, was multiplied by 10 to enhance the

interpretability of the model's results. Bold values are the ones with a p-value <0.0001

Abbreviations: ACA, anterior cerebral artery; B, regression coefficient; FD, framewise displacement;

MCA, middle cerebral artery; PCA, posterior cerebral artery; TR, repetition time.

F IGURE 5 The BOLD delay test–retest differences (in seconds; mean across subjects) between scanning sessions. This is shown for the
dataset with motion censoring to mitigate the effects of head motion (b) and without motion censoring (a). The lowest reproducibility (highest
BOLD delay test–retest differences) is seen in the ventricles, in the frontobasal and temporobasal regions, and in the vicinity of major blood
vessels (particularly in the circle of Willis and lateral and central insular sulci).
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different variables, was 1.2 s (95% CI = 1.0–1.4 s). Moreover, BOLD

delay's reproducibility differed depending on the vascular territory

and whether or not motion censoring was used to mitigate the effects

of head motion.

4.1 | Overall reproducibility

Few studies have thus far investigated the reproducibility of BOLD

delay. In a study of 10 healthy volunteers, Aso et al. found that BOLD

delay maps (termed “lag mapping” in their study) showed moderate

agreement across scanning sessions (at least 6 days apart) (Aso

et al., 2017). In 50 young adults scanned on two consecutive days as

part of the Human Connectome Project, (Amemiya et al., 2022) found

a median ICC of just under 0.5, comparable to the ICC in our study

(0.43–0.57 depending on vascular territory and analysis strategy). The

spatial distribution of the test–retest differences in the study by

(Amemiya et al., 2022) was also very similar to the current study,

being highest in the frontobasal, temporobasal, and periventricular

regions.

Yao et al. investigated the within-subject variability of the cere-

bral circulation time, a measure derived from resting-state fMRI and

corresponding to the BOLD delay value across the entire brain, from

the brain's arterial input to its venous output (Yao et al., 2019). They

found that the standard deviation across three to four scans of the

same subject at the 5% confidence level was 2.23 s, and concluded

that the variability of this measure is relatively small and comparable

to other methods of measuring cerebral circulation time (Hoffmann

et al., 2000; X. Liu et al., 2014).

The BOLD delay test–retest differences in this study

(mean = 1.2 s, 95% CI = 1.0–1.4) should be interpreted in the context

of the magnitude of longitudinal changes in BOLD delay seen in con-

ditions of disturbed perfusion. In a group of acute ischemic stroke

patients with baseline perfusion deficits associated with large-vessel

occlusions, BOLD delay decreased by a mean of 4.4 s following vessel

recanalization (Khalil et al., 2020). Another study found a median

BOLD delay decrease of 1.9 s following operative revascularization in

patients with chronic steno-occlusive disease (Amemiya et al., 2022).

These studies provide further evidence that the BOLD delay method

is suitable for the longitudinal monitoring of acute stroke patients

with baseline perfusion deficits. For future studies using BOLD delay

to monitor other diseases, this study provides a benchmark to aid the

interpretation of longitudinal changes.

4.2 | Factors affecting reproducibility

We found differences in the reproducibility of BOLD delay values in

different vascular territories. Reproducibility was lowest in the ante-

rior cerebral artery (ACA) territory, followed by the middle cerebral

artery (MCA) and posterior cerebral artery (PCA) territories. The simi-

larity between the BOLD signal fluctuations in the brain parenchyma

and the venous sinuses (as measured by the maximum cross-

correlation coefficient) was highest in the PCA territory in our study

(Figure S4). The higher reproducibility of BOLD delay in the PCA terri-

tory may be related to this, as larger correlation coefficients are likely

to be more robust to noise. Substantial differences exist in the blood

flow dynamics of the anterior and posterior circulations, with the lat-

ter showing lower flow rates (Dunås et al., 2019) and delayed blood

arrival times (Artzi et al., 2013; Goldman-Yassen et al., 2021). In addi-

tion, studies of arterial spin labeling mostly show lower reproducibility

in the posterior circulation compared to the anterior (Y. Chen

et al., 2011; Lin et al., 2020). This may be due to suboptimal angles

between the tagging planes and the posterior cerebral arteries, differ-

ences in arterial transit time (and thus optimal postlabeling delay)

between the anterior and posterior circulations, or higher measure-

ment error caused by lower cerebral blood flow in the posterior circu-

lation (Lin et al., 2020; Mutsaerts et al., 2015). Overall, this indicates

that the reproducibility of perfusion values in different vascular terri-

tories is dependent on the method used.

In addition, BOLD signal fluctuations related to cardiac and respi-

ratory activity are most prominent in posterior circulation regions

(Bianciardi et al., 2009; Brooks et al., 2013) and are highly stable over

time within individuals (Birn et al., 2014). The higher proportion of

these highly reproducible fluctuations in the posterior compared to

the anterior circulation may have led to a higher reproducibility of

BOLD delay values, as BOLD delay is calculated by cross-correlating

the BOLD fluctuations with a reference signal. Importantly, although a

high ICC may be driven by either high between-subject variability or

low within-subject variability (Liljequist et al., 2019), Figure S5 sug-

gests that the former is not the case in the PCA territory, where the

standard deviation across study subjects is relatively low. In addition,

the other measure of reproducibility in this study, the test–retest dif-

ference, is not affected by between-subject variability and was also

lower in the PCA territory.

The use of motion censoring (the exclusion of high-motion EPI

volumes from the BOLD delay calculation) was associated with larger

BOLD delay test–retest differences in the current study. This differ-

ence was very small and is not readily appreciable on visual inspection

of test–retest difference maps averaged across subjects (Figure 5).

While the observation that a measure aimed at reducing the effects of

motion reduces reproducibility may seem counter-intuitive, several

potential explanations exist. First, motion censoring may impair the

temporal continuity of the BOLD time courses, which may adversely

affect the reproducibility of the BOLD delay calculation, which is

based on cross-correlation. Second, particularly in high temporal reso-

lution fMRI, motion calculated using framewise displacement may

actually represent “respiratory pseudomotion” of the brain caused by

the lungs expanding (Power et al., 2019). Importantly, this pseudomo-

tion partially occurs in the low frequencies (<0.15 Hz), the very same

frequencies of interest in studies of functional connectivity and BOLD

delay (Power et al., 2019). Respiration may play an important role in

driving the sLFOs that are the basis of the BOLD delay calculation,

through changes in oxygen saturation leading to variations in the level

of deoxyhemoglobin in the vasculature (Aso et al., 2019). Thus,

removing volumes with high apparent motion may remove part of the
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signal-of-interest driving BOLD delay calculation, particularly when

using fast repetition times.

Several studies provide empirical support for the explanation that

BOLD delay reproducibility may be impaired by denoising. These

showed that the reproducibility of BOLD delay decreased substan-

tially when fMRI data were denoised by regressing out high-fre-

quency, slice-dependent, and white matter components (Amemiya

et al., 2022; Aso et al., 2017). Regression of physiological noise

(including motion) has also been found to reduce the test–retest reli-

ability of estimates of functional connectivity (Birn et al., 2014). Over-

all, our results support the notion that denoising prior to BOLD delay

calculation should be done with caution, and that motion censoring

may be an inappropriate method for dealing with head motion in this

context. Further studies are needed to evaluate the influence of other

motion correction strategies on BOLD delay assessment.

Interestingly, our study showed only a weak negative association

between fMRI sampling frequency (repetition time) and BOLD delay

test–retest differences. This is in contrast to the study by Aso et al., in

which the artificial decimation of the sampling interval (from 0.5 to 5 s

in intervals of 0.5 s) resulted in reduced reproducibility of the BOLD

delay maps. This discrepancy may be because artificially decimated

data and data acquired with different repetition times will not be iden-

tical, or because the range of repetition times used in our study was

narrower (from 0.4 to 3.0 s) than that used by Aso et al. This observa-

tion also suggests that the signal driving the BOLD delay was likely

sufficiently sampled with the range of TRs used in this study.

Although this was not reflected in the results of the mixed model,

Figure 4g shows that test–retest differences are smaller in the dataset

with the longest rsfMRI scan time (1800 s). This is likely due to the

fact that there is a higher chance of reliably detecting cross-

correlation peaks with longer scans. The optimal scan length for the

calculation of BOLD delay maps will, however, also depend on factors

other than reproducibility such as the specific use case (Amemiya

et al., 2022; Tanrıtanır et al., 2020).

This study is the largest detailed evaluation of the reproducibility

of this emerging, noninvasive method of assessing brain perfusion to

date. Its strengths include a relatively large sample size, heteroge-

neous data from multiple scanners, the inclusion of data from stroke

patients (one of BOLD delay's most promising use cases), and the use

of a statistical model accounting for multiple factors potentially affect-

ing the method's reproducibility. We nonetheless acknowledge sev-

eral limitations. These include the fact that the reproducibility

depends on the quality of between-session registration of the rsfMRI

data. We attempted to mitigate this effect by taking the mean of the

BOLD delay test–retest differences across regions-of-interest, instead

of relying on voxelwise values, which would be more sensitive to reg-

istration errors. Additionally, in the cohort of stroke patients included

in this study (the “LOBI” dataset), we cannot completely exclude the

presence of small stroke-related changes in perfusion and conse-

quently BOLD delay (i.e., a change in perfusion over time due to the

natural history of the disease, or therapeutic interventions having

nothing to do with the reproducibility of the measure). The exclusion

of subjects with BOLD delay lesions based on visual screening of the

maps aimed to minimize this. However, Figure 4a shows that the

BOLD delay test–retest differences were indeed larger in the stroke

cohort than in healthy controls. We believe including a stroke cohort

is justified despite this potential confounder, as they tend to have

unique, often more extreme, head motion patterns than healthy indi-

viduals or nonacutely ill patients (Seto et al., 2001). They are also older

than the rest of the sample, have a higher incidence of general stroke

risk factors such as vessel wall stiffness, atherosclerosis, and diabetes,

and thus reflect the spectrum of comorbidities seen in cerebrovascu-

lar disease patients.

We could not account for all factors potentially influencing longi-

tudinal changes in BOLD delay. Only 26% of the variance in BOLD

delay test–retest differences was explained by the fixed and random

effects included in our generalized linear mixed model. Factors such

as caffeine intake, for example, are known to affect cerebral perfusion

(Clement et al., 2018; Pelligrino et al., 2010) and have been shown to

influence BOLD delay directly (Yang et al., 2018). Such information

was not available in the datasets used in this study, so they could not

be included in the models. Future studies accounting for physiological

factors influencing longitudinal cerebral perfusion changes may shed

more light on this issue. Processing parameters of the rsfMRI data

(e.g., the degree of spatial smoothing and temporal filtering, the refer-

ence time series, and the time shift range) might also influence the cal-

culated BOLD delay values and their effect on BOLD delay

reproducibility should also be investigated in future studies.

Cerebral perfusion measured using BOLD delay shows good

reproducibility that is highest in the posterior cerebral artery territory

and lowest in the anterior cerebral artery territory. Overall, longitudi-

nal changes in BOLD delay of up to 1.2 s are not necessarily patholog-

ical and might be the result of physiological factors that require

further investigation. Longitudinal BOLD delay changes in stroke are

typically more than three times larger than this, thus BOLD delay is

likely appropriate for monitoring perfusion deficits in cerebrovascular

disorders.
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