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a b s t r a c t 

Functional connectivity (FC) derived from blood oxygenation level dependent (BOLD) functional magnetic reso- 

nance imaging at rest (rs-fMRI), is commonly interpreted as indicator of neuronal connectivity. In a number of 

brain disorders, however, metabolic, vascular, and hemodynamic impairments can be expected to alter BOLD- 

FC independently from neuronal activity. By means of a neurovascular coupling (NVC) model of BOLD-FC, we 

recently demonstrated that aberrant timing of cerebral blood flow (CBF) responses may influence BOLD-FC. In 

the current work, we support and extend this finding by empirically linking BOLD-FC with capillary transit time 

heterogeneity (CTH), which we consider as an indicator of delayed and broadened CBF responses. We assessed 

28 asymptomatic patients with unilateral high-grade internal carotid artery stenosis (ICAS) as a hemodynamic 

lesion model with largely preserved neurocognitive functioning and 27 age-matched healthy controls. For each 

participant, we obtained rs-fMRI, arterial spin labeling, and dynamic susceptibility contrast MRI to study the 

dependence of left-right homotopic BOLD-FC on local perfusion parameters. Additionally, we investigated the 

dependency of BOLD-FC on CBF response timing by detailed simulations. Homotopic BOLD-FC was negatively 

associated with increasing CTH differences between homotopic brain areas. This relation was more pronounced 

in asymptomatic ICAS patients even after controlling for baseline CBF and relative cerebral blood volume influ- 

ences. These findings match simulation results that predict an influence of delayed and broadened CBF responses 

on BOLD-FC. Results demonstrate that increasing CTH differences between homotopic brain areas lead to BOLD- 

FC reductions. Simulations suggest that CTH increases correspond to broadened and delayed CBF responses to 

fluctuations in ongoing neuronal activity. 
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. Introduction 

Blood oxygenation level dependent (BOLD) functional magnetic res-
nance imaging (fMRI) signals are commonly acquired in the resting-
tate (rs-fMRI), in order to characterize human ongoing neuronal ac-
ivity. Among BOLD-derived measures, the investigation of correlated
nfra-slowly fluctuating BOLD signals between brain areas (i.e., BOLD
unctional connectivity, BOLD-FC) stands out, as they enable brain-wide
oherence analysis of organized ongoing activity and underpinning neu-
onal connectivity ( Buckner et al., 2013 ; Fox and Raichle, 2007 ). Ac-
ordingly, BOLD-FC is widely used not only to characterize typical func-
ional connectivity networks of the human brain ( Allen et al., 2011 ;
eo et al., 2011 ) but also impaired network organization in patients
ith brain disorders ( Gratton et al., 2020 ). Critically, the common in-

erpretation of BOLD-FC assumes that neurovascular coupling (NVC),
.e., the relationship between neuronal activity, mediating metabolic
nd vascular processes, and investigated BOLD signal fluctuations, is
xed across subjects, brain regions and cortical depths. In brain disor-
ers, however, metabolic, vascular, and hemodynamic processes may
istinctively alter NVC processes beyond potential alterations in neu-
onal activity, and thereby impact on both BOLD signal time courses
BOLD-TCs) and derived measures including BOLD-FC. For example,
ronounced alterations in oxygen metabolism, vascular properties, and
erfusion have been observed in brain vascular, neurodegenerative,
nd neuropsychiatric disorders such as stroke, Alzheimer’s disease and
chizophrenia, and even healthy aging ( Ances et al., 2009 ; De Vis
t al., 2015 ; Gottler et al., 2019a ; Gottler et al., 2020 ; Gottler et al.,
019b ; Kaczmarz et al., 2021 ; Kaczmarz et al., 2018 ; Katsel et al.,
017 ; Preibisch et al., 2011 ; Richter et al., 2017 ; Riederer et al., 2018 ;
svetanov et al., 2016 ; West et al., 2019 ). Notably, the impact of NVC
hanges on BOLD-FC is mostly ignored ( Tsvetanov et al., 2021 ), mainly
ue to limited understanding of the complex non-linear influences of
VC processes on BOLD-FC. 

To address this problem of limited understanding of distinctive in-
uences of NVC processes on BOLD-FC, we recently developed a dy-
amic resting-state BOLD-FC simulation model, based on empirically
upported biophysical NVC mechanisms ( Archila-Melendez et al., 2020 ).
e applied this model in order to simulate the effects of both im-

aired amplitudes and delays of metabolic and vascular-hemodynamic
esponses to fluctuations in neuronal activity. While we observed sim-
le linear effects of response amplitude impairments for both cerebral
lood flow (CBF) and cerebral metabolic rate of oxygen (CMRO 2 ) on
OLD-FC, effects of CBF and CMRO 2 response timing (i.e., response de-

ays and broadening) were complex and non-linear. These theoretical
esults are broadly supported by findings of prominent influence of re-
uced perfusion, impaired cerebrovascular reactivity (CVR), and altered
emodynamic response function on BOLD-fMRI in various brain dis-
rders and even healthy aging ( D’Esposito et al., 2003 ; Gottler et al.,
019b ; Lewis et al., 2020 ; Mark et al., 2015 ; Tsvetanov et al., 2016 ;
an Niftrik et al., 2019 ; West et al., 2019 ). However, with respect to
he influence of perfusion timing on BOLD signals, most existing stud-
es do not focus on local perfusion but rather consider systemic delays
 Christen et al., 2015 ; Lv et al., 2013 ; Siegel et al., 2016 ; Tong et al.,
017 ; Tong et al., 2019 ). Instead, the focus of the current study is on
ocal NVC effects of perfusion timing on BOLD-FC, which, at least to our
nowledge, has not been directly investigated in humans yet. 

With respect to local CBF response timing, so-called capillary transit
ime heterogeneity (CTH) is a promising parameter ( Jespersen and Os-
ergaard, 2012 ). CTH refers to the distribution of red blood cell capillary
ransit times that can be directly observed in animals. Interestingly, neu-
al activation does not only increase blood flow but also leads to more
omogeneous flow patterns of red blood cells, i.e., decreases in CTH
 Jespersen and Ostergaard, 2012 ; Kleinfeld et al., 1998 ; Schulte et al.,
003 ; Stefanovic et al., 2008 ). Critically, CTH is also accessible in hu-
ans by parametric modeling of dynamic susceptibility contrast (DSC)
RI data ( Mouridsen et al., 2014 ). While CTH impairments have been
2 
uggested to play a role and also been demonstrated in neurodegenera-
ive and symptomatic vascular brain diseases ( Mundiyanapurath et al.,
016 ; Nielsen et al., 2020 ; Ostergaard et al., 2013a ; Ostergaard et al.,
016 ; Ostergaard et al., 2013b ; Potreck et al., 2019 ), we recently demon-
trated ipsilateral CTH increases in asymptomatic patients with uni-
ateral internal carotid artery stenosis (ICAS) ( Kaczmarz et al., 2021 ).
hese patients show clear vascular-hemodynamic deficits, i.e., ipsilat-
ral reductions in CBF and CVR along with significantly increased CBV,
hich are particularly pronounced in individual watershed areas. How-

ver, compared to healthy controls oxygen extraction fraction (OEF) and
MRO 2 are preserved ( Kaczmarz et al., 2021 ; Gottler et al., 2019a ),
ith CMRO 2 being elevated contralateral to the stenosis ( Gottler et al.,
019a ). In line with largely unchanged oxygen metabolism that is com-
only considered as a proxy of neuronal activity, these patients’ neu-

ocognitive functioning is largely preserved except for subtle deficits
n visual attention ( Gottler et al., 2020 ). Thus, asymptomatic uni-
ateral ICAS provides an interesting lesion model of one-sided im-
aired vascular-hemodynamics at largely preserved neuronal function-
ng, which allows to study the influence of local perfusion variability – in
articular CTH – on BOLD-FC between homotopic left-right hemisphere
egion pairs. 

In the current study, we primarily hypothesized that changes in CTH
mpact BOLD-FC. To test this hypothesis empirically, we studied the re-
ation between left-right pairwise homotopic BOLD-FC and local CTH in
atients with asymptomatic unilateral ICAS and healthy controls, while
ontrolling for baseline CBF and relative cerebral blood volume (rCBV).
econdarily, we hypothesized that CTH might serve as an indicator for
iming aspects of the local microvascular CBF response. With respect to
his second hypothesis, we first analyzed CBF timing impact on BOLD-
C via a simulation approach using our recently established NVC model
 Archila-Melendez et al., 2020 ). Then we compared and discussed in de-
ail effects of both CTH and CBF response timing on BOLD-FC. The latter
nvestigation should be understood as a preliminary first step towards a
ore in-depth analysis of the general physiological link between timing

spects of NVC and BOLD-FC. 

. Materials and methods 

Our study has three parts. First, we performed an empirical study in
atients with asymptomatic ICAS and healthy controls regarding the im-
act of CTH on BOLD-FC (see methods Section 2.1 .). Second, we studied
in a simulation study – the impact of CBF response timing on BOLD-
C (see methods Section 2.3 .). The third part of our study regards a
otential link between CTH and CBF response timing and their effects
n BOLD-FC (see methods Section 2.2 .) that is further scrutinized in the
econd half of the discussion. 

.1. Empirical study: CTH and BOLD-FC 

We analyzed multi-parametric hemodynamic MRI data, namely
OLD-fMRI, arterial spin labeling (ASL) and dynamic susceptibil-

ty contrast (DSC) MRI, from asymptomatic ICAS patients and age-
atched healthy controls. From our subject cohort, analyses regard-

ng hemodynamic impairments in ICAS have been published previ-
usly ( Gottler et al., 2019a ; Gottler et al., 2020 ; Kaczmarz et al., 2021 ;
aczmarz et al., 2018 ). Here, we derived BOLD-FC from BOLD-fMRI data
nd investigated its relation to hemodynamic alterations, in particular
hanges in CTH. 

.1.1. Participants 

From an existing sample of 29 ICAS patients and 30 age-
atched controls, which we analyzed previously ( Gottler et al., 2019a ;
ottler et al., 2020 ; Kaczmarz et al., 2021 ; Kaczmarz et al., 2018 ), we

ncluded data from 28 ICAS patients (11 females) and 27 healthy con-
rols (15 females), from whom all necessary data are available and of
ufficient quality, leading to an overall sample size of 55 participants.
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Table 1 

Summary of participant characteristics. 

ICAS (N = 28) Control (N = 27) p 

Age (years) 0.99 

- mean (SD) 70.1 (7.1) 70.1 (4.9) 

- range 52.0 - 84.0 61.0 - 77.0 

Sex 0.23 

- female: N (%) 11 (39.3) 15 (55.6) 

- male: N (%) 17 (60.7) 12 (44.4) 

Side of Stenosis 

- left N (%) 11 (39.3) 0 

- right N (%) 17 (60.7) 0 

Stenotic degree (% NASCET): mean (SD) 80.9 (9.6) - 

Handedness - right: N (%) 25 (89.3) 26 (96.3) 0.63 

BMI: mean (SD) 26.3 (4.9) 27.1 (4.2) 0.52 

Smoking [packs per year]: mean (SD) 15.3 (22.1) 8.4 (14.4) 0.17 

Fazekas: mean (SD) 1.5 (0.8) 0.9 (0.9) 0.02 

PAOD: N (%) 8 (28.6) 3 (11.1) 0.11 

CHD: N (%) 9 (33.3%) 2 (7.4%) 0.02 

Hypertension: N (%) 22 (78.6) 15 (55.6) 0.07 

BP [mmHG] 

- systolic: mean (SD) 154.2 (25.0) 141.7 (18.7) 0.04 

- diastolic: mean (SD) 85.7 (10.1) 85.1(6.9) 0.80 

Diabetes: N (%) 7 (25.9) 2 (7.4) 0.07 

Statins: N (%) 20 (71.4) 5 (18.5) < 0.001 

Antiplatelets: N (%) 25 (89.3) 5 (18.5) < 0.001 

Antihypertensives: N (%) 19 (67.9) 11 (40.7) 0.25 

Antidiabetics: N (%) 4 (14.3) 2 (7.4) 0.25 

MMSE: mean (SD) 28.2 (2.4) 28.7 (1.4) 0.39 

TMT-A: mean (SD) 49.7 (23.4) 41.8 (13.2) 0.13 

TMT-B: mean (SD) 139.5 (63.7) 103.2 (39.3) 0.02 

LBT [abs. % deviation from center]: mean (SD) 2.3 (2.1) 3.1 (1.8) 0.16 

BDI: mean (SD) 9.9 (9.8) 8.4 (5.2) 0.51 

STAI: mean (SD) 38.6 (10.7) 34.9 (10.1) 0.22 

Note: Variables are represented by either mean and standard deviation (SD) or absolute number N and fraction in percent. Two-sample 

t-tests were used for group comparisons in age, mean pack-years, BP, BMI, MMSE, TMT-A/B, BDI, STAI, and LBT; Chi-squared test 

for remaining group comparisons. Bold print indicates significant group differences p < 0.05. Abbreviations: BMI, body mass index; 

PAOD, peripheral artery occlusive disease; CHD, coronary heart disease; BP, blood pressure; MMSE, mini mental state exam; TMT- 

A/B, trail making test-A/B; LBT, line bisection test; BDI, Beck’s depression inventory; STAI, state trait anxiety inventory. 
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edian age of participants from both groups was 71 years (age range:
2–84 years; mean age: 70.1 years; no significant group differences).
he asymptomatic ICAS patients had an unilateral, high-grade stenosis
f the extracranial internal carotid artery (11 with left-sided stenosis;
ach stenosis was > 70% as defined by NASCET (1991) ). All participants
nderwent extensive medical testing to exclude neurological, psychi-
tric and chronic kidney diseases, which constituted exclusion criteria
long with incidental MRI findings hinting at brain lesions (e.g. stroke).
he study was approved by the medical ethical board of the Klinikum
echts der Isar; for a detailed description of the overall sample charac-
eristics see Table 1 . Participants provided written informed consent to
ll conducted examinations. 

.1.2. MRI acquisition, BOLD signal preprocessing and calculation of 

emodynamic parameter maps 

Next, we describe our MRI protocol and signal processing procedures
esulting in our outcome measures of BOLD-FC, CTH, CBF and rCBV. 

MRI acquisition: All MR imaging was conducted using a 3T Philips
ngenia MR-Scanner (Philips Healthcare, Best, The Netherlands) and a
2-channel head coil. Brain parcellation and lesion detection was de-
ived from anatomical MRI data, namely T 1 -weighted magnetization
repared rapid gradient echo (MPRAGE; TE = 4 ms, TR = 9 ms, 𝛼 = 8°,
I = 1000 ms, shot interval = 2300 ms, SENSE AP/RL 1.5/2.0, 170
lices, matrix size = 240 × 238, voxel size = 1 × 1 × 1 mm 

3 ) and
2-weighted fluid attenuated inversion recovery (FLAIR; TE = 289 ms,
R = 4800 ms, inversion delay = 1650 ms, TSE factor = 167, 163 slices,
atrix size = 224 × 224, voxel size = 1.12 mm 

3 isotropic). BOLD-TCs
nd BOLD-FC were derived from T 2 

∗ -weighted multiband echo planar
maging (EPI) time series (TE = 30 ms, TR = 1.2 s, 𝛼 = 70°, multi-
and factor 2, SENSE factor 2, 38 slices, matrix size = 192 × 192,
3 
oxel size = 3 × 3 × 3 mm 

3 , 500 dynamic scans, scan duration
0 min). CTH and rCBV were derived from DSC MRI (80 single-shot
PI volumes, TE = 30 ms, TR = 1513 ms, 𝛼 = 60°, 26 slices, voxel
ize = 2.0 × 2.0 × 3.5 mm 

3 , bolus injection of Gd-Dota (concentration
.5 mmol/ml, dose 0.1 mmol/kg, at least 7.5 mmol per subject)). Lastly,
aseline CBF was derived from pseudo-continuous arterial spin labeling
pCASL) acquisitions (post label delay (PLD) = 2000 ms, label dura-
ion = 1800 ms, 16 slices). To maximize the number of eligible subjects
s well as data quality, we included for each subject the highest quality
BF map from pCASL data that were acquired for sequence comparisons
 Kaczmarz et al., 2016 ). For the majority of 40 subjects, a 3D gradient
pin echo (GRASE) readout with 4 background suppression (BGS) pulses,
E/TR/ 𝛼 = 7.4 ms/ 4377 ms/90°, turbo spin echo factor 19, EPI factor
, voxel size = 2.75 × 2.75 × 6 mm 

3 was employed. For the remaining
ubjects, sequences with a 2D EPI readout and similar acquisition pa-
ameters were used, with either 4 BGS pulses (6 subjects), 2 BGS pulses
7 subjects), or no BGS (2 subjects). 

BOLD signal preprocessing: Preprocessing of BOLD fMRI and anatom-
cal MRI data was done with the Data Processing Assistant for Resting-
tate fMRI advanced edition (DPARSFA) toolbox V5.0_200401 ( Chao-
an and Yu-Feng, 2010 ) and SPM12 (v7771; Wellcome Trust Centre for
euroimaging, UCL, London, UK) using MATLAB (R2019b; MathWorks,
atick, MA, USA). This minimal preprocessing approach included re-
lignment of the EPI time series data, manual reorientation of all im-
ges along the anterior–posterior commissure (AC–PC), cropping of the
natomical data, spatial co-registration of anatomical and fMRI data,
rain extraction and Diffeomorphic Anatomical Registration Through
xponentiated Lie Algebra (DARTEL) segmentation of the anatomical
mages, nuisance covariate regression including six motion parameters
nd a linear trend regressor, smoothing with a 6 mm Full Width at Half
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aximum (FWHM) Gaussian kernel and applying a temporal bandpass
lter from 0.01 to 0.1 Hz. 

NVC parameter map calculation: CTH, rCBV and CBF parameter maps
ere calculated with custom MATLAB programs (R2016b; MathWorks,
atick, MA, USA). Spatial coregistration and segmentation were per-

ormed with SPM12 (Wellcome Trust Centre for Neuroimaging, UCL,
ondon, UK) as previously described in detail ( Kaczmarz et al., 2021 ). 

Preprocessing of DSC data comprised correction for motion and
lice timing effects. CTH and rCBV parameter maps were then de-
ived from relative concentration time curves that were calculated from
he time course signal S ( t ) according to 𝐶( 𝑡 ) ∝ Δ𝑅 2 ( 𝑡 ) = − ln ( 𝑆( 𝑡 ) 

𝑆(0) )∕ 𝑇 𝐸
 Østergaard et al., 1999 ). 

Calculation of CTH parameter maps employed parametric model-
ng of C ( t ) ( Jespersen and Ostergaard, 2012 ; Mouridsen et al., 2014 ).
o achieve model-based estimation of the tissue residue function R ( t ),
 gamma variate function with parameters 𝛼 and 𝛽 is employed to
arametrize the probability density distribution h ( 𝜏) of capillary transit
imes 𝜏 (across a capillary bed of parallel capillaries) 

 ( 𝜏; 𝛼, 𝛽) = − 

dR 

𝑑𝜏
= − 

1 
𝛽𝛼Γ( 𝛼) 

𝜏𝛼−1 𝑒 − 𝜏∕ 𝛽 . (1) 

Parameter estimation is then performed by an expectation–
aximization-type algorithm, which permits inclusion of prior infor-
ation ( Mouridsen et al., 2006 ). Using the parametrization according

o Eq. (1) , CTH is determined as the standard deviation of the capillary
ransit time distribution ( 𝜎 = 

√
𝛼𝛽) in seconds, with larger values indi-

ating a larger heterogeneity. The vascular mean transit time (MTT) can
e obtained as 𝜇 = 𝛼𝛽. 

For CBV calculation, leakage correction of the concentration time
urve C ( t ) was performed as described previously ( Kluge et al., 2016 ).
elative CBV was then calculated by integrating the leakage corrected
oncentration time curve ( Hedderich et al., 2019 ; Kluge et al., 2016 ). Re-
ulting rCBV maps were re-referenced to normal appearing white matter
NAWM) with CBV = 2.5% ( Leenders, 1994 ). 

Quantitative baseline CBF maps were derived from the pCASL data
ollowing recommendations outlined in the ISMRM perfusion study
roup consensus paper ( Alsop et al., 2015 ). In short, the label and con-
rol images were motion corrected separately, differences averaged af-
er pairwise subtraction, and CBF calculated according to Eq. (1) from
 Alsop et al., 2015 ) with M 0 being used for normalization. The resulting
BF maps were smoothed using a 5 mm isotropic Gaussian kernel. 

.1.3. BOLD-FC, CTH, baseline CBF, and rCBV in homotopic left-right 

egion pairs 

For our analysis, we focused on pairwise homotopic BOLD-FC,
s correlated BOLD signal fluctuations between homotopic left-right
olumes-of-interest (VOIs) are unlikely to be affected by incoherent
ascular geometry, blood arrival times, vasomotion, and neural activ-
ty ( Drew et al., 2020 ). Those factors have been shown to be largely
omparable due to both the brain’s symmetrical anatomy and cross-
emispheric fiber connectivity (see ( Drew et al., 2020 ) for a comprehen-
ive review). Furthermore, functional connectivity between homotopic
OIs provides relatively strongest BOLD-FC values compared to within-
emisphere or non-homotopic across hemisphere VOI pairs, likely due
o supporting pairwise homotopic structural connectivity ( Drew et al.,
020 ). Thus, homotopic pairwise BOLD-FC is an excellent paradigm for
nalyzing the impact of one-sided NVC alterations on BOLD-FC. 

VOI Selection: To obtain left-right pairwise homotopic BOLD-FC, we
sed the Atlas of Intrinsic Connectivity of Homotopic Areas (AICHA)
 Joliot et al., 2015 ). The AICHA was derived from resting-state BOLD-
C of a large sample of healthy participants (N = 281), with the parcel-
ation algorithm being explicitly weighted towards the homotopic orga-
ization of the brain and its functional separation, resulting in an atlas
eing ideally suited for BOLD fMRI analyses of homotopic areas. It pro-
ides overall 384 anatomically labeled VOIs, which can be separated in
4 
92 cross-hemispheric VOI pairs, covering cortical and subcortical grey
atter areas of the forebrain. 

BOLD-FC Analysis: All analyses involving pairwise BOLD-FC and NVC
arameter maps were performed in the individual participants’ native
pace. To this end, we adapted the AICHA to each individual’s native
natomy via a non-linear transformation using the reverse flow fields
hat we obtained by MNI normalization of the individual anatomical
RI data (T1-weighted MPRAGE). The AICHA atlas was then resliced to
atch the resolution of the functional MRI data used in our study. To en-

ure maximum overlap with the individual participants’ brain anatomy,
he atlas was masked with a grey matter (GM) mask derived from the
ndividual participants’ segmented MPRAGE data (p GM 

> 0.3, resliced
o fMRI resolution). To this end, individual GM probability maps were
btained by segmenting each subject’s MPRAGE data with SPM12 (Well-
ome Trust Centre for Neuroimaging, UCL, London, UK) using default
ettings. For each participant, VOI-average BOLD-TCs were then ex-
racted from all 384 VOIs and correlated using Pearson’s correlation be-
ween the left and right homotopic areas. Correlation coefficients were
hen Fisher-r-to-z transformed to obtain 192 pairwise BOLD-FC values
or each participant. 

NVC Parameter Analysis: Similarly, differences in CTH, baseline CBF
nd rCBV parameter values were extracted from these homotopic VOI
airs. The AICHA atlas, already in subject-space, was resliced to the re-
pective parameter maps and subsequently masked by an accordingly
esliced GM mask. For each VOI, the underlying metric was then ex-
racted, and the differences in parameter values calculated between
airwise homotopic VOIs by subtracting the right from the left sided
OI value. In particular, ΔCTH [sec] = CTH VOI-Left – CTH VOI-Right , ΔCBF
ml/100 g/min] = CBF VOI-Left – CBF VOI-Right , and ΔrCBV [pp (percentage
oints)] = rCBV VOI-Left – rCBV VOI-Right . A difference of ‘0’ means that the
wo homotopic areas exhibit no difference in the respective parameter
alues. Differences with negative or positive values reflect higher right-
ided or higher left-sided parameter values, respectively, indicating an
mbalance between right and left homotopic cortical areas. 

As both rs-fMRI and hemodynamic MRI parameter maps did not
over the whole brain, some VOIs included either no or only very few
oxels, which was enhanced by GM masking. We therefore excluded all
OIs with fewer than 10 voxels in the fMRI resolution (3 ×3 ×3 mm 

3 ).
he VOI-extracted NVC parameter differences were consequently z-
tandardized across all VOIs and subjects. After exclusion of VOIs based
n voxel number, some VOI-average CTH, baseline CBF and rCBV pa-
ameters values still constituted outliers, i.e., implausible physiological
alues (e.g., due to imaging artifacts or partial volume effects with CSF).
e, therefore, also excluded VOI pair differences with z-values below
 2.56 and above 2.56, respectively, (i.e., 1% of extreme differences,

ncluding 99% of observations) for each parameter to remove excessive
hysiologically implausible differences. In total, 1844 observations were
xcluded (1325 due to low voxel counts, 519 due to z-score outliers),
etaining 8716 observations. 

.1.4. Statistical testing of empirical BOLD-FC analyses 

Group differences in BOLD-FC & NVC parameters: To test for signifi-
ant group differences in pairwise BOLD-FC and NVC parameters, we
omputed the mean BOLD-FC as well as the mean absolute CTH, base-
ine CBF and rCBV differences, i.e., | ΔCTH|, | ΔCBF|, and | ΔrCBV|, for
ach participant across all VOI pairs. These mean values were then com-
ared between groups using Welch’s t-test. One-sample t-tests were used
o test for each group separately if mean pairwise NVC parameter dif-
erences were significantly different from zero. In order to explore po-
ential regional effects, we examined how BOLD-FC, | ΔCTH|, | ΔCBF|
nd | ΔrCBV| differed between the groups across 54 VOI pairs that were
erived from the AICHA ( Joliot et al., 2015 ) by merging subregions of
ortical and subcortical areas, e.g., in the Thalamus, where the regions
_Thalamus-1,-2,-3 were merged to N_Thalamus, for each participant.
erging was performed to simplify the analysis by reducing the number

f VOIs. In addition, we examined if the ICAS patients’ mean BOLD-FC,
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 ΔCTH|, | ΔCBF| and | ΔrCBV| depend on the degree of stenosis by means
f a correlation analysis. 

Influence of NVC parameters on BOLD-FC: To examine the influence
f NVC parameters, especially of CTH, on BOLD-FC between homotopic
rain regions, we regressed the influence of z-standardized pairwise
VC differences, i.e., | ΔCTH|, | ΔCBF|, and | ΔrCBV|, on pairwise BOLD-
C. We did so by means of a linear-mixed model (LMM) approach to
ccount for the influence of multiple NVC parameters and the factor
roup, i.e., ICAS patients versus healthy controls, as well as to control
or the participants’ age and corresponding interactions, e.g., between
ge and influence of | ΔCTH| (see Table 3 for details). In an additional
odel, we further controlled for sex differences. The LMM also allowed

or assessing the full complexity of a potential association by capturing
he between-subject variance with regard to the group effects. 

Using z-standardized regressors was necessary to enable comparison
f regression effects because the effect sizes of predictors on BOLD-FC
re determined by their absolute values. In our case, a difference of 1
ould constitute a large difference for CTH, but only a small difference

or CBF. Thus, z-standardization ensured an identical scale and range for
ll included parameters since a change of 1 always indicates a change
f 1 standard deviation ( 𝜎) even though 𝜎CTH = 2.47 s and 𝜎CBF = 5.73
l/100g/min differed numerically. 

Concretely, the LMM approach was performed by use of the lme4
ackage ( Bates et al., 2015 ) for R ( RCoreTeam, 2020 ) within Rstu-
io ( RStudioTeam, 2019 ). We opted for a random-coefficient model
ith pairwise BOLD-FC as dependent variable and | ΔCTH|, | ΔCBF|, and

 ΔrCBV| as primary regressors. Adding | ΔCBF| and | ΔrCBV| as regres-
ors to our model allowed us to assess the specific impact of | ΔCTH| on
OLD-FC, independent of differences in baseline CBF and rCBV. In ad-
ition, we used these regressors to study the impact of CBF and rCBV on
OLD-FC, respectively. Further regressors were the participants’ age and
roup affiliation. Age was centered on the overall median (71 years).
or each of the pairwise NVC parameter differences, we further con-
rolled for interactions with age and group affiliation. Deviations from
he overall average effects among participants were controlled by in-
luding the intercepts and slopes of | ΔCTH|, | ΔCBF|, and | ΔrCBV| as
andom effects. The model’s degrees of freedom and p -values were esti-
ated via the Tests in Linear Mixed Effects Models (lmerTest) package

 Kuznetsova et al., 2017 ) using Satterthwaite’s method. 

.2. Theoretical considerations regarding the link between CTH and CBF 

esponse timing – a preliminary approximation 

Beyond the impact of CTH on BOLD-FC, we were interested in a
otential link between CTH and CBF response timing. Therefore, we
utline some theoretical considerations about such a link and, in partic-
lar, similarities regarding the impact of CTH and CBF response timing
n BOLD-FC, respectively. 

To better understand the impact of timing aspects of CBF responses
n BOLD-FC, we employed a recently proposed simulation framework
 Archila-Melendez et al., 2020 ). Critically, with respect to CBF, an in-
rease in the characteristic time constant 𝜏f of the gamma variate func-
ion used to model the CBF response results in an increasingly delayed
nd broadened CBF response function with a peak at t = 2 ⋅𝜏f , a dimin-
shing amplitude, and a constant area under the curve (for more details
ee Fig. 1 and Section 2.3 .). Critically, this behavior resembles aspects of
TH. In particular, the distribution h of capillary transit times 𝜏 is also
odelled by a gamma variate function (see Eq. (1) ) to facilitate CTH
easurement by parametric modeling of DSC MRI ( Mouridsen et al.,
014 ). This similarity between CBF response function and distribution
f capillary transit times h ( 𝜏) is at the core of our idea that CTH might
epresent critical aspects of CBF response timing, and might therefore
erve as kind of an zero-order approximation. In the following, we want
o clarify this similarity between CBF response and CTH in more detail.

By means of a vascular model ( Jespersen and Ostergaard, 2012 ;
ouridsen et al., 2014 ), the probability density function of capillary
5 
ransit times h ( 𝜏) can be parametrized by a gamma variate function with
hape parameters 𝛼 and 𝛽 (see Eq. (1) ). According to tracer kinetic the-
ries, h ( 𝜏) corresponds to the slope of the residue function R ( t ), which
escribes the washout of an intravascular tracer ( Østergaard et al., 1996 ;
stergaard et al., 1999 ) and is thus related to the vascular mean transit

ime (MTT = 

∞
∫
−∞

𝜏ℎ ( 𝜏) 𝑑𝜏∕ 
∞
∫
−∞

ℎ ( 𝜏) 𝑑𝜏) and via the central volume theo-

em also to CBV and CBF, i.e., MTT = CBV/CBF . Using the parametriza-
ion in Eq. (1) , MTT and CTH are obtained as the mean ( 𝜇 = 𝛼𝛽) and
tandard deviation ( 𝜎 = 

√
𝛼𝛽) of h ( 𝜏), respectively ( Jespersen and Os-

ergaard, 2012 ). While an increase in MTT could also be accomplished
y a homogenous increase in capillary transit times and could thus be
sed as a proxy for a merely delayed CBF response, an increase in CTH
ecessarily implies a broadening as well as a delay in CBF (see Eq. (6) in
stergaard et al., 1999 ). This correspondence in both response nature
nd distribution model thus supports the idea that the characteristic
ime constant 𝜏f in our simulation model resembles important aspects
f measured CTH. 

.3. Simulation study: CBF response timing and BOLD-FC modeling 

In order to systematically explore the dependence of BOLD-FC on
BF response timing (i.e., varying 𝜏f ), BOLD-FC was calculated between
 selected reference seed BOLD-TC (with supposedly ‘healthy’ parame-
er settings) and a range of target BOLD-TCs (with supposedly ‘impaired’
arameter settings). The constellation of ‘healthy’ and ‘impaired’ BOLD-
Cs corresponds to the situation in our empirical analysis of pairwise
omotopic BOLD-FC in ICAS patients, where BOLD-TCs from the healthy
ontralateral side are correlated with potentially impaired BOLD-TCs ex-
racted from homotopic VOIs ipsilateral to the stenosis. In addition, we
xplicitly explored the BOLD-TCs’ amplitudes and their temporal de-
ays (lags) with respect to the selected reference seed BOLD-TC. The
imulated BOLD-TCs are referred to as BOLD responses because in our
imulation model they are elicited by purely sinusoidal synthetic neu-
onal input signals at different frequencies in the infra-slow frequency
pectrum below 0.1Hz. All described calculations and simulations were
mplemented and performed using MATLAB ( R2019b ; MathWorks, Nat-
ck, MA, USA). 

BOLD-TC signal model: Details of our model have been described re-
ently ( Archila-Melendez et al., 2020 ). Importantly, it allows for inde-
endent modeling of CBF and CMRO 2 responses to neuronal activity,
ith respect to amplitudes as well as timing characteristics. Our imple-
entation in Simulink and MATLAB ( R2019b ; MathWorks, Natick, MA,
SA) is similar to the one proposed by Simon and Buxton (2015) , which

s based on a modified balloon model ( Buxton et al., 1998 ; Obata et al.,
004 ), critically extended for including extra- and intravascular BOLD
ignal contributions according to Obata et al. (2004) . With respect to
omenclature, we stick to previous conventions and express changes in
ynamic variables relative to baseline values (see Table 2 ). 

In short, dynamic changes in normalized blood flow, f in ( t ), and oxy-
en consumption, m ( t ), are modeled as linear responses to a prescribed
euronal input N ( t ) by convolution of N ( t ) with scaled gamma distribu-
ions h f,m 

( t ), which are defined independently for flow ( f ) and metabolic
 m ) input functions, respectively ( Archila-Melendez et al., 2020 ) 

 𝑖𝑛 ( 𝑡 ) = 𝑁 ( 𝑡 ) ∗ ℎ 𝑓 ( 𝑡 ) (2)

 ( 𝑡 ) = 𝑁 ( 𝑡 ) ∗ ℎ 𝑚 ( 𝑡 ) (3)

ith 

 𝑓 ,𝑚 ( 𝑡 ) = 𝐻 𝑓 ,𝑚 

1 
𝜏𝑓,𝑚 ( 𝑧 − 1 ) ! 

( 

𝑡 

𝜏𝑓,𝑚 

) ( 𝑧 −1 ) 
𝑒 − 𝑡 ∕ 𝜏𝑓,𝑚 (4) 

The shape parameter z , scaling parameters H f,m 

, and characteristic
ime constants 𝜏f,m 

take distinct values for flow ( f ) and metabolic ( m ) in-
ut functions, respectively (see Table 2 ). From both flow, f in ( t ), and oxy-
en consumption, m ( t ), inputs, a system of coupled differential equations
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Fig. 1. Illustration of the BOLD signal time course (BOLD-TC) simulation process for the reference BOLD-TC (seed) (a-c) together with gamma variate response 

functions h ( t ) (d) and BOLD-TCs for a range of characteristic time constants 𝜏f of blood flow response (e). (a) A purely sinusoidal input signal N ( t ) with a frequency of 

0.05 Hz is coupled to an initial boxcar portion (top) and convoluted with gamma variate functions h f ( t ) and h m ( t ) (bottom; note that both functions are overlapping). 

(b) This yields independent normalized inputs f in ( t ) (CBF in ) and m ( t ) (CMRO 2 ), which were used to simulate blood flow out of the tissue (CBF out ≈ CBF in ), venous CBV 

(CBV v ) and deoxyhemoglobin content [dHb] assuming a slow CBV response ( 𝜏v = 20.0 s). (c) The resulting BOLD-TC (blue) with a temporal resolution of TR = 1000 

ms is complemented with random white noise to yield a noisy BOLD-TC (red) with SNR 0 = 250. The signal portion used for BOLD-FC calculations is marked by a 

green frame. (d) Gamma variate response functions h ( t ) and (e) BOLD-TCs for a range of characteristic time constants 𝜏f of blood flow response. (d) The h ( t ) with 

𝜏 = 2.0 s (corresponding to the condition in panel (a)) is highlighted in red. The remaining curves range between 𝜏 = 0.5 s and [1.0, …, 8.0] s with Δ𝜏 = 1 s. Note 

that h ( t ) peaks at t = 2 ⋅𝜏 and the amplitude decreases such that the area under the curve remains constant. The BOLD-TCs in panel (e) were simulated for the range of 

characteristic time constants 𝜏 f (as shown in panel (d)) and 𝜏m = 2.0 s. Note that the colors are matched to panel (d) but the BOLD-TC with 𝜏f = 2.0 s (corresponding 

to the condition in panel (c)) is highlighted in blue. 

6 



S.C. Schneider, M.E. Archila-Meléndez, J. Göttler et al. NeuroImage 255 (2022) 119208 

Table 2 

Summary of dynamic model parameters following ( Archila-Melendez et al., 2020 ; Blockley et al., 2009 ; Buxton et al., 2004 ; Simon and 

Buxton, 2015 ). Default settings employed for simulation of the reference seed BOLD-TC are accentuated by bold print. 

Parameter Description Value 

N ( t ) input intrinsic neuronal activity at time t dynamic [0 - 1] 

m ( t ) ratio of CMRO2 to baseline at time t Dynamic 

m 1 CMRO2 ’response’ amplitude 1.25 

f in ( t ) ratio of CBF inflow to baseline at time t dynamic 

f 1 CBF ’response’ amplitude 1.5 

f out ( t ) ratio of CBF outflow at time t to baseline dynamic 

q ( t ) ratio of deoxyhemoglobin quantity at time t to baseline dynamic 

v ( t ) ratio of venous CBV at time t to baseline dynamic 

h f,m ( t ) convolution kernel relating CBF and CMRO2 to neuronal input variable 

H f,m scaling parameter for CBF and CMRO2 convolution kernels variable 

𝜏m characteristic time constants for CMRO2 2 s 

𝜏 f characteristic time constants for CBF: 

- reference seed BOLD-TC 2 s 

- target BOLD-TCs [0.5–8.0] sec 

𝛼v exponent describing steady state venous flow-volume coupling 0.2 

𝜏v characteristic time constants for venous CBV response 20 s 

𝜈0 frequency offset of a fully deoxygenated blood vessel at 3 T 80.6 s − 1 

r 0 slope defining the dependence of the R2 ∗ on blood oxygenation at 3T 178 s − 1 

𝜀 intrinsic ratio of blood to tissue signals at rest at 3T 0.24 

𝜏0 transit time for blood through venous compartment 0.75 s 

Z shape parameter for CBF and CMRO? convolution kernels 3 
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f  
s used to derive relative changes in deoxyhemoglobin content, q ( t ), and
enous blood volume, v ( t ) (see Eqs. (6)-(10) in ( Archila-Melendez et al.,
020 )). Based on q ( t ) and v ( t ), BOLD signal changes relative to baseline
re calculated accounting for extra- and intravascular signal contribu-
ions (see Eq. (5) in ( Archila-Melendez et al., 2020 )). The simulation
rocess is illustrated in Fig. 1 and employed parameters and their set-
ings as summarized in Table 2 . 

Fig. 1 demonstrates that the employed simulation model is capable
f simulating a wide range of NVC-behaviors that have been observed
n empirical studies. On the one hand, the initial block stimulus ( Fig. 1 a,
op, left) causes a strong and prolonged CBV response that causes a dis-
inct BOLD signal undershoot ( Fig. 1 c, left), on the other hand, the infra-
low oscillatory neuronal input ( Fig. 1 a, top, right) induces hardly rec-
gnizable CBV oscillations in the steady state ( Fig. 1 b, right) but distinct
OLD signal oscillations ( Fig. 1 c, right – green framed portion between
00 and 400 sec; see ( Archila-Melendez et al., 2020 ) for a detailed dis-
ussion). Fig. 1 d illustrates the behavior of h f ( t ): With increasing char-
cteristic time constant 𝜏f , the peak is not only delayed but the curve
roadens and the amplitude is reduced in a way that the area under the
urve remains constant. Fig. 1 e finally shows BOLD-TCs that were simu-
ated with different 𝜏f (as shown in Fig. 1 d) at 𝜏m 

= 2.0 s. It can clearly
e seen that a change in 𝜏f influences amplitude as well as phase of the
esulting BOLD-TC signals presented in Fig. 1 e. 

Matrix representation of BOLD-TCs in the ( 𝜏f , 𝜈) parameter space:

OLD-TCs were simulated across a 16 × 10 matrix, where the character-
stic time constant 𝜏f of the CBF response was systematically varied in
6 steps ( Δ𝜏 = 0.5 s) with 𝜏f = [0.5,…, 8.0] sec for a range of ten purely
inusoidal input functions N ( t ) with frequencies 𝜈 between 0.01 Hz and
.1 Hz ( Δ𝜈 = 0.01 Hz). The same input parameters and settings were
sed as described in ( Archila-Melendez et al., 2020 ) for ‘Scenario 2 –
MRO 2 and CBF delays’ at slower CBV response (see Table 2 ). The neu-
onal input functions N ( t ) were coupled to a boxcar portion similar to
revious work ( Archila-Melendez et al., 2020 ). This allows direct com-
arisons between outputs of the BOLD signal model for an ultra-slow
boxcar) stimulus and the oscillatory inputs at different frequencies that
re separated by a low-level constant baseline. 

Matrix representations of BOLD-TC amplitudes and lags: Next, matri-
es of BOLD-TCs across the ( 𝜏f , 𝜈) parameter space were analyzed with
espect to both BOLD signal peak-to-peak amplitudes 𝛿S BOLD and tem-
oral shifts (i.e., lags) of the simulated BOLD-TCs with respect to the
eference seed BOLD-TCs with 𝜏f = 2.0 s at each of ten purely sinusoidal
nput functions N ( t ). This information helps to understand the CBF tim-
7 
ng effects on BOLD-FC. Concerning BOLD-TC amplitude, 𝛿S BOLD was
alculated as the percentage difference between the maximum and min-
mum signal in the purely oscillatory ‘resting’ fMRI portions of the simu-
ated BOLD-TCs (last 200 s). Concerning BOLD-TC lags, temporal shifts
f the simulated BOLD signal with respect to the reference seed BOLD-
C ( 𝜏m 

= 𝜏f = 2.0 s) were obtained by cross-correlation (Matlab function
xcorr’) from noise-free simulated BOLD-TCs, normalized by the period
ength of the input oscillatory signal (T p = [100, …., 10] s) and reduced
o a unique range of [ − 0.5, …., 0.5]. 

Matrix representations of BOLD-FC: Finally, based on the matrix repre-
entation of BOLD-TCs across the ( 𝜏f , 𝜈) parameter space, we studied the
ependence of BOLD-FC on the characteristic time constant 𝜏f of the CBF
esponse as well as on the frequency of the sinusoidal neuronal input sig-
als N ( t ). To this end, we performed Pearson’s correlations between the
eference seed BOLD-TC ( 𝜏f = 2.0 s) and the range of target BOLD-TCs
 𝜏f = [0.5,…, 8.0] s) at each of the 10 input frequencies 𝜈 = [0.01, …,
.1] Hz. The seed and target BOLD-TCs were complemented with ran-
om white noise to achieve a signal to noise ratio (SNR) of 250. For each
air of investigated parameter values, correlations were performed for
OLD-TCs complemented by 16 ×16 different random white-noise real-

zations. For display, matrices of Pearson’s correlation coefficients were
isher-r-to-z transformed to z-values. In this work, we did not consider
he influence of different noise levels and sampling frequency (i.e., repe-
ition times) because decreasing SNR and temporal resolution have been
hown to simply deteriorate the simulated BOLD-FC overall ( Archila-
elendez et al., 2020 ). 

This matrix of pairwise BOLD-FC between ‘healthy’ and ‘impaired’
egions provides us with predictions of altered BOLD-FC as a function of
ltered local CBF response timing at different neuronal input frequencies
. These predictions were applied to interpret how pairwise homotopic
OLD-FC of asymptomatic patients with unilateral carotid artery steno-
is and healthy controls depends on the heterogeneity of local capillary
ransit times, which we assume to reflect local CBF response variability
n terms of response timing. 

. Results 

.1. Empirical results regarding the dependence of homotopic pairwise 

OLD-FC on CTH 

Distribution of BOLD-FC and NVC parameter values and their group dif-

erences: AICHA VOIs and NVC parameter maps are shown in Fig. 2 a-
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Fig. 2. AICHA VOIs (a), exemplary NVC parameter maps of one ICAS patient (b-d), sample distributions (e-h) and group differences (i-l) in BOLD-FC and NVC 

parameters. (a) Brain parcellation according to the AICHA atlas with an insert depicting two exemplary BOLD-TCs of homotopic regions, whose Pearson’s correlation 

reflects homotopic BOLD-FC, (b-d) exemplary parameter maps of CTH (b), CBF (c) and rCBV (d) for a selected slice of an ICAS patient with a right-sided stenosis. (e-h) 

Frequency distributions of BOLD-FC (e) between pairwise homotopic VOIs and corresponding ΔCTH (f), ΔCBF (g) and ΔrCBV (h) across all VOI pairs of asymptomatic 

ICAS patients and healthy controls. Relative frequency of measured values are indicated in grey for healthy controls and in bright red for ICAS patients. Dark red 

color indicates overlap between groups. (i-l) Paired scatterplots of BOLD-FC (i) as well as | ΔCTH| (j), | ΔCBF| (k) and | ΔrCBV| (l) between pairwise homotopic VOIs 

averaged across 192 VOI pairs for each participant. In each panel, one dot represents one participants’ average value, where red indicates ICAS patients and black 

healthy control participants. Thick horizontal bars indicate median values for each group, upper and lower borders of the square indicate the 75% (third quartile) 

and 25% (first quartile) percentile, respectively. Vertical lines indicate the 1.5 times interquartile range (between first and third quartile). Orange dots indicate the 

respective group mean. Global group differences regarding the respective variables were examined with Welch’s t-test, significant group differences are indicated 

with asterisks ( ∗ for p < 0.05, ∗ ∗ for p < 0.01), non-significant differences with NS. Abbreviations: AICHA, Atlas of Intrinsic Connectivity of Homotopic Areas; BOLD- 

FC, blood oxygenation level dependent functional connectivity; CBF, cerebral blood flow; CTH, capillary transit time heterogeneity; rCBV, relative cerebral blood 

volume; ICAS, internal carotid artery stenosis; NVC, neuro-vascular coupling; VOI, volume of interest. 
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 for a selected slice of an asymptomatic ICAS patient with a right-
ided stenosis. The distribution of homotopic pairwise BOLD-FC, as
ell as pairwise ΔCTH, ΔCBF, and ΔrCBV are depicted in Fig. 2 e-h

or both asymptomatic ICAS patients and healthy controls across 192
egion pairs, approximating normal distributions in all cases. As these
istributions suggest marked group differences, we conducted an addi-
ional group comparison analysis for individually averaged outcomes,
.e., BOLD-FC, | ΔCTH|, | ΔCBF| and | ΔrCBV|, respectively. At p < 0.05,

elch’s t-testing revealed comparable BOLD-FC and | ΔrCBV| for ICAS
atients and controls, but significantly larger side differences for | ΔCTH|
nd | ΔCBF| in patients ( Fig. 2 i-l). Albeit ICAS patients exhibited stronger
ide differences, significant pairwise differences between homotopic ar-
as were detected for both the patients and healthy controls in all three
VC parameters, namely | ΔCTH|, | ΔCBF|, and | ΔrCBV| (group-wise
ne-sample t-tests at p < 0.05; control group, p < 0.0001; ICAS group, p
 0.0001). 

With regard to regional differences across brain regions, an addi-
ional analysis identified specific regions with group differences for
OLD-FC, | ΔCTH|, | ΔCBF| and | ΔrCBV|, respectively, such as fusiform
ulcus or supramarginal gyrus (see supplementary Fig. S1). Regions
ith significant differences in | ΔCTH| and | ΔCBF| partially overlapped
ut to a lesser degree with BOLD-FC. To allow a better assessment of
natomic localization, regions showing significant differences (at p <
.05 uncorrected) are shown as color overlay in supplementary Fig.
2. Furthermore, we found a weak but significant correlation between
 ΔCBF| and the degree of stenosis in ICAS patients (see supplementary
igure S3). 
8 
Influence of CTH and further NVC parameters on BOLD-FC: To test our
ypothesis that CTH influences BOLD-FC, we performed an LMM analy-
is with pairwise BOLD-FC as dependent variable and pairwise | ΔCTH|
s independent variable of interest. We further included | ΔCBF| and
 ΔrCBV| as independent variables in order to both control for their ef-
ects on BOLD-FC and to study their influence on BOLD-FC. In addition,
ge was included to control for systemic age-related deviations. With
egard to random effects, the slope of | ΔrCBV| had to be excluded be-
ause its variation among participants was close to zero, thus prohibiting
 model fit (singular fit). Overall 8716 observations were included in the
odel, distributed across the 55 participants. Results are summarized in
able 3 and Fig. 3 . 

i) BOLD-FC , i.e., pairwise BOLD-FC without differences in hemody-
namic parameters between homotopic VOI pairs, was at z = 1.16
(corresponding to Pearson’s r = 0.82; 95% CI: 1.11 to 1.21) across
participants, indicating high levels of homotopic functional connec-
tivity. The two groups, ICAS patients and healthy controls, did not
significantly deviate from this average in terms of group difference.

ii) Significant group-wise, fixed effects of NVC parameters on BOLD-

FC were found for both | ΔCTH| and | ΔCBF| across both groups.
More specifically, BOLD-FC decreased with increasing | ΔCTH| and
| ΔCBF|. 
a) For | ΔCTH|, BOLD-FC was estimated to decrease on average

by − 0.12 (95% CI: − 0.15 to − 0.09; − 10% from baseline) per
1 𝜎 of | ΔCTH| (i.e., 2.47 s) between homotopic VOIs. This ef-
fect was significantly different between both groups, as demon-
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Table 3 

Summary of fixed effects for linear mixed model, LMM, analysis. 

BOLD-FC 

Regressors Estimates CI Statistic p 

(Intercept) 1.16 1.11 to 1.21 44.91 < 0.001 

cAge 0 − 0.01 to 0.01 0.85 0.4 

| ΔCTH| − 0.12 − 0.15 to − 0.09 − 7.67 < 0.001 

| ΔCBF| − 0.05 − 0.08 to − 0.03 − 4.03 < 0.001 

| ΔrCBV| 0 − 0.02 to 0.01 − 0.23 0.82 

cAge ∗ | ΔCTH| 0 − 0.00 to 0.01 1.58 0.12 

cAge ∗ | ΔCBF| − 0.01 − 0.01 to − 0.00 − 2.2 0.03 

cAge ∗ | ΔrCBV| 0 − 1.24 0.22 

Group [ICAS] − 0.02 − 0.07 to 0.03 − 0.68 0.5 

Group [ICAS] ∗ cAge − 0.01 − 0.02 to 0.00 − 1.38 0.17 

Group [ICAS] ∗ | ΔCTH| − 0.04 − 0.07 to − 0.01 − 2.64 0.01 

Group [ICAS] ∗ | ΔCBF| 0 − 0.02 to 0.03 0.05 0.96 

Group [ICAS] ∗ | ΔrCBV| 0.01 − 0.01 to 0.02 0.64 0.53 

Group [ICAS] ∗ cAge ∗ | ΔCTH| 0 − 0.01 to 0.00 − 0.79 0.43 

Group [ICAS] ∗ cAge ∗ | ΔCBF| 0.01 0.00 to 0.01 2.51 0.01 

Group [ICAS] ∗ cAge ∗ | ΔrCBV| 0 0.2 0.84 

Note: Under ‘Regressors’, the variables incorporated in the model are listed. Categorical variables were deviation coded (Group: ICAS = 1, Con- 

trols = − 1). Age was centered on the median age in the sample (participants with a median age equal 0 in the coding). The intercept estimate 

describes average BOLD-FC when all other predictor variables are 0, i.e. for all included participants of median age. Estimates for other variables 

indicate the estimated change in BOLD-FC should the predictor value increase by 1 𝜎 (e.g. a decrease of BOLD-FC by − 0.12 for every 2.47 seconds 

CTH difference between the respective VOIs). Interactions between participant group and predictors are indicated by an asterisk, with the respec- 

tive Group in square brackets. Confidence intervals for the estimates are indicated by CI. If no CI is indicated this means that the effect was always 

smaller than 0.001. The test statistic is derived from a one-sample t-test, against the null-hypothesis that the estimate does not differ significantly 

from 0. Effects for the healthy control group are identical to those of ICAS patients, except being reversed in polarity (Group coding for healthy 

participants = − 1). Abbreviations: BOLD-FC, blood oxygenation level dependent functional connectivity; CBF, cerebral blood flow; CTH, capillary 

transit time heterogeneity; rCBV, relative cerebral blood volume; ICAS, internal carotid artery stenosis. 

Fig. 3. Group effects of NVC parameters on BOLD-FC. Slopes indicate predicted changes in BOLD-FC (y-axis) with increasing | ΔCTH| (a), | ΔCBF| (b) and | ΔrCBV| 

(c) between pairwise VOIs for ICAS patients (red) and controls (black). The group-wise intercepts indicate the individually estimated baseline BOLD-FC for VOI 

pairs without difference in the respective NVC metric. Shaded areas indicate the 95% confidence interval of the predicted values. Abbreviations: BOLD-FC, blood 

oxygenation level dependent functional connectivity; CBF, cerebral blood flow; CTH, capillary transit time heterogeneity; rCBV, relative cerebral blood volume; ICAS, 

internal carotid artery stenosis; NVC, neuro-vascular coupling; VOI, volume of interest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

strated by a significant interaction of CTH and group (see Fig. 3 a
and Table 3 – Group [ICAS] ∗ | ΔCTH|). Quantitatively, the de-
crease was significantly stronger for ICAS patients ( − 0.16; 95%
CI: − 0.19 to − 0.13; -14% from baseline) than for the control
group ( − 0.08; 95% CI: − 0.11 to − 0.05; − 7% from baseline).
These effects were only slightly altered by age for female par-
ticipants (for details see Table S1 & Supplementary Results – In-
fluence of sex differences). The effect of | ΔCTH| on BOLD-FC
was furthermore dependent on the participants’ baseline BOLD-
FC. More specifically, higher baseline values indicated stronger
BOLD-FC decrease with | ΔCTH| (r = − 0.51). 
9 
b) For | ΔCBF|, BOLD-FC was estimated to decrease on average by
− 0.05 (95% CI: − 0.08 to − 0.03; − 4% from baseline) per 1 𝜎
of | ΔCBF| (i.e., 5.72 ml/100 g/min; see Fig. 3 b and Table 3 –
| ΔCBF|). While there were no group specific effects of | ΔCBF|,
age had a small but significant interacting influence, i.e., the de-
crease was slightly stronger in participants older than the median
age of 71 years (an additional − 0.01 per year; see Table 3 – cAge
∗ | ΔCBF|) and vice versa for participants younger than median
age. This effect was stronger for participants in the control group
(additional − 0.01, i.e. − 0.02 per year) and almost vanished for
the ICAS patients (additional + 0.01, i.e., 0 per year; see Table 3 –
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Fig. 4. Matrix representations of BOLD-TC peak-to-peak amplitudes (a), normalized temporal lags (b), BOLD-FC (c) and corresponding p-values (d) across the range 

of investigated CBF characteristic time constants 𝜏f and neuronal input frequencies 𝜈. (a) Peak-to-peak amplitudes and (b) normalized temporal lags were determined 

from noise free resting state portions of the simulated BOLD-TCs (last 200 s) yielding one value per simulated ( 𝜏f , 𝜈) scenario. At each neuronal input frequency, the 

temporal lags between the respective reference BOLD-TC (framed in yellow at 𝜏f = 2.0 s) and the target BOLD-TCs with 𝜏 f = [0.5 … 8.0] sec were determined via 

cross correlation and normalized by the period of the neuronal input frequency, resulting in normalized lags between − 0.5 and 0.5. (c) BOLD-FC and (d) p -values 

values at each neuronal input frequency were obtained by calculating Z-transformed Pearson’s correlation coefficients between the resting portions (last 200 s) of the 

selected reference seed BOLD-TC (framed in yellow at 𝜏f = 2.0 s) and the target BOLD-TCs across the entire range of BOLD-TCs with 𝜏f = [0.5 … 8.0] s. Insignificant 

correlations (at p < 0.05) appear white in panel (d). Individual squares in panels (c) and (d) appear noisy because the seed and target BOLD-TCs were complemented 

with random white noise prior to BOLD-FC calculation achieving SNR 0 = 250 in the baseline portions of the signal. 16 × 16 different random white-noise realizations 

were used for each pair of investigated parameter values, constituting the individual squares in panels (c) and (d). Abbreviations: 𝛿S BOLD : percentage peak-to-peak 

BOLD amplitude. 
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a  
Group [ICAS] ∗ cAge ∗ | ΔCBF|). Comparison of overall effect sizes
of | ΔCTH| and | ΔCBF| revealed that the BOLD-FC reduction due
to increases in | ΔCTH| were significantly stronger than the ones
caused by baseline CBF (Welch’s t-test of participants estimated
individual slopes; t = − 3.1, p < 0.05). The detrimental effects of
CTH and CBF differences were furthermore robustly linked, as
indicated by their strong correlation (r = 0.66; see Table S2). 

c) For | ΔrCBV|, we did not found any effect on BOLD-FC (see
Fig. 3 c). 

d) Regarding model explanatory power, the estimated R 

2 value for
the model was 0.23 (based on Nakagawa and Schielzeth (2013))
when accounting for the variation of participants among the es-
timated group based effects of hemodynamic parameters (for de-
tailed random effects results see Table S2 & Supplementary Re-
sults – Random Effects). 

.2. Simulation results regarding the influence of CBF response timing on 

airwise BOLD-FC 

In order to facilitate understanding of how BOLD-FC depends on CBF
esponse timing, results of BOLD-FC simulations are presented together
ith analyses of BOLD-TC characteristics. Fig. 1 e illustrates the relation

or a neuronal input frequency of 𝜈 = 0.05 Hz. Compared to the healthy
eference BOLD-TC simulated with 𝜏f = 2.0 s (depicted in blue), faster
BF responses ( 𝜏f < 2.0 sec, depicted in light grey) elicit higher BOLD
ignal changes and the periodic BOLD-TC signal is shifted to the left,
orresponding to negative temporal lags. Slower CBF responses ( 𝜏f >

.0 s, depicted in dark grey) on the other hand, cause positive temporal
ags (i.e., signal shifts to the right) and less pronounced influence on
S BOLD . Simulation results for the whole range of 16 characteristic CBF

ime constants ( 𝜏f = [1.0,…, 8.0] s, vertical axis) and ten neuronal input
requencies ( 𝜈 = [0.01,…, 0.1] Hz, horizontal axis) are summarized via
olor-coded BOLD-TC amplitudes ( Fig. 4 a), temporal lags ( Fig. 4 b), and
nally BOLD-FC ( Fig. 4 c) together with corresponding p -values ( Fig. 4 d).

Significantly positive BOLD-FC is observed in the lower left quarter
f Fig. 4 c, where 𝜏f (for each investigated frequency), ranges around the
ealthy reference value ( 𝜏f = 2.0 s, framed in yellow). For the lowest
nvestigated frequency ( 𝜈 = 0.01 Hz), positive BOLD-FC values range
10 
p to 𝜏f = 5.5 s, though with vanishing statistical significance ( Fig. 4 d).
ith increasing neuronal input frequency, the range of positive BOLD-

C drastically narrows to 𝜏f = [1.0, …, 2.5] s at 𝜈 = 0.06 Hz, while
t 𝜈 = 0.07 Hz and above, p -values indicate that correlations are no
onger significant ( Fig. 4 d). Significantly positive BOLD-FC goes along
ith BOLD signal amplitudes similar to the reference (framed in yellow,
ig. 4 a) and small positive or negative temporal lags compared to the
eference (framed in yellow, Fig. 4 b). 

Significantly negative BOLD-FC is observed for longer characteristic
ime constants, being separated from the realm of positive BOLD-FC by
 transition zone of vanishing BOLD-FC ( Fig. 4 c). The location of this
ransition zone is frequency dependent, it occurs at 𝜏f = 6.0 s for 𝜈= 0.01
z and drops to 𝜏f = 3.0 s for 𝜈= 0.07 Hz. At 0.07 Hz and above, negative
OLD-FC is hardly significant ( Fig. 4 d). Significantly negative BOLD-FC
oes along with BOLD signal amplitudes rather higher than the reference
framed in yellow, Fig. 4 a) and large positive temporal lags compared
o the reference (framed in yellow, Fig. 4 b). Weakly significant negative
OLD-FC could also occur for very fast CBF responses ( 𝜏f = 0.5 s) at high
euronal input frequencies ( 𝜈= 0.09 Hz). 

Together with information on timing aspects of the CBF response as
btained by the empirical analysis of multi-parametric MRI data, these
OLD-FC matrices can be used to interpret and explain empirical BOLD-
C results. 

. Discussion 

In order to test the hypothesis that capillary transit time heterogene-
ty, CTH, influences BOLD-FC and may serve as an indicator for broad-
ned and delayed CBF responses, we used a combined empirical and the-
retical approach. (i) Our empirical analysis of multi-parametric hemo-
ynamic MRI data of asymptomatic high-grade unilateral ICAS patients
nd healthy controls demonstrates significant reductions of BOLD-FC
ith increasing CTH differences between homotopic brain areas that
ere significantly more pronounced in ICAS patients. Crucially, due to

argely preserved neuronal functioning in asymptomatic ICAS, our re-
ults demonstrate that CTH differences between homotopic brain areas
an explain BOLD-FC reductions independent from changes in neuronal
ctivity. (ii) Our theoretical simulation-based approach revealed that an
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ncrease in the characteristic time constant 𝜏f of blood flow responses
nduces delays and broadening of the CBF response, which in turn is as-
ociated with significant changes in BOLD-FC, including sign shifts from
ositive to negative. (iii) Linking empirical and theoretical findings, sim-
lation results of BOLD-FC variability as a function of CBF response tim-
ng variability fit our empirical findings of CTH impact on BOLD-FC,
uggesting that CTH may serve as an indicator of CBF response timing. 

This is the first study demonstrating local CTH impacts on BOLD-
C in humans. Furthermore, we offer for CTH a distinct hemodynamic
nterpretation in terms of local perfusion temporal response character-
stics. In summary, results suggest that perfusion response delay and
roadening impact on BOLD-FC independently from neuronal changes. 

.1. Empirical findings reveal NVC impact on BOLD-FC 

.1.1. CTH and its impact on BOLD-FC 

We observed that BOLD-FC is significantly predicted by CTH differ-
nces between homotopic cortical VOI pairs. Specifically, BOLD-FC cor-
elations between homotopic brain regions’ BOLD-TCs decreased when
 ΔCTH| increased ( Fig. 3 a). Moreover, the observed effect was both sig-
ificantly stronger in patients with ICAS than healthy controls and in-
ependent of age. 

Physiologically, CTH describes the distribution of red blood cell
apillary transit times, where an increase in CTH corresponds to a
roadening of this distribution ( Jespersen and Ostergaard, 2012 ). Based
n relations between distributions of relative flow rates and capillary
ransit times ( Østergaard et al., 1999 ), we assume that such broaden-
ng necessarily also causes a delayed CBF response, which lead us to
ropose CTH as a marker for 𝜏f (see rationale in section ‘2.2. The-
retical considerations regarding the link between CTH and CBF re-
ponse’). In previous simulation studies, it has already been demon-
trated that CTH influences CBF and BOLD responses to brain ac-
ivation ( Rasmussen et al. 2015 ; Angleys et al., 2019), yielding re-
ults consistent with experimental findings in small animal studies
 Rasmussen et al. 2015 ). The influence of CTH on BOLD-FC has not
et been examined in human rs-fMRI studies so far but CTH increases
ave been demonstrated in neurodegenerative and vascular diseases
 Kaczmarz et al., 2021 ; Mundiyanapurath et al., 2016 ; Nielsen et al.,
020 ; Potreck et al., 2019 ). Furthermore, there is some evidence that
TH eventually impedes cerebral oxygen supply in neurodegenerative
nd vascular diseases ( Arsava et. al., 2018 ; Ostergaard et al., 2013a ;
stergaard et al., 2016 ; Ostergaard et al., 2013b ). 

In our patients with asymptomatic ICAS, elevated CTH in the hemi-
phere ipsilateral to the stenosis is not accompanied by alterations in
xygen extraction fraction (OEF) ( Kaczmarz et al., 2021 ; Figs. 3 & 4 ).
urthermore, CBF and CMRO 2 ipsilateral to the stenosis are comparable
o healthy controls, while contralateral values are significantly higher
n ICAS patients (see Fig. 3 of ( Gottler et al., 2019a ; Gottler et al.,
020 )). In the healthy subjects of our study cohort, we did not find
eneral hemispheric CTH differences, in line with their overall intact
erfusion status ( Kaczmarz et al., 2021 ), but detailed regional analysis
evealed that CTH differences between homotopic regions nevertheless
xist across the brain – even though to a lesser degree than in asymp-
omatic ICAS patients ( Fig. 2 f, j; see supplementary Figs. S1 & S2 for
etailed regional analysis). Accordingly, the CTH effect on BOLD-FC
or the healthy participant group might be underestimated, explain-
ng the significant interaction between group and | ΔCTH| on BOLD-
C. Nevertheless, systematic group differences in the relation between
 ΔCTH| and BOLD-FC exist, possibly due to intact compensatory mech-
nisms in the healthy vascular-hemodynamic system. Cerebrovascular
eactivity could be a potential candidate for such a compensatory mech-
nism, as impaired CVR has also been shown in our cohort of asymp-
omatic ICAS patients ( Kaczmarz et al., 2021 ). Interestingly, CVR is not
nly reduced ipsilateral to the stenosis compared to the unaffected con-
ralateral side, but also bilaterally compared to healthy controls (see
ig. 3 in Kaczmarz et al., 2021 ). Since an intact CVR is necessary for
11 
ealthy blood flow responses to increased neuronal activity ( D’Esposito
t al., 2003 ; De Vis et al., 2018 ; Lewis et al., 2020 ; Mark et al., 2015 ;
an Niftrik et al., 2019 ), weak physiological differences in CTH might
e compensated by an intact CVR. 

The question of which possible hemodynamic and physiological pro-
esses might underpin the effect of CTH increases on BOLD-FC decreases
ill be discussed below using our simulation results for interpretation. 

.1.2. Baseline perfusion, namely CBF and rCBV, and its impact on 

OLD-FC 

Reductions in BOLD-FC were also related to increasing cross-
emispheric differences in local baseline CBF ( Fig. 3 b) but not to differ-
nces in rCBV ( Fig. 3 c). In contrast to CTH, there were no ICAS group
pecific effects of | ΔCBF| on BOLD-FC, but age had a small and signif-
cant effect. In our cohort of asymptomatic ICAS patients, increases in
 ΔCBF| and | ΔrCBV| correspond to reduced CBF and increased CBV ipsi-
ateral to the stenosis (see Fig. 3 in ( Kaczmarz et al., 2021 )). The ICAS pa-
ients’ average | ΔCBF|, but not | ΔCTH| and | ΔrCBV|, increased weakly
ut significantly with the degree of stenosis (see supplementary Fig.
3). Since hemodynamic impairments strongly depend on the individ-
al vascular anatomy, mainly collateral flow across the circle of Willis
 Richter et al., 2017 ; Kaczmarz et al., 2019), this weak dependence fits
ur expectation. In ICAS patients, reductions in microvascular perfusion
i.e., baseline CBF) and accompanying, compensatory increases in rCBV
psilateral to the stenosis ( Kaczmarz et al., 2021 ) are supposed to re-
ult from a reduced cerebral perfusion pressure ( Powers et al., 1987 ;
chroeder, 1988 ). While our healthy controls do not show global base-
ine CBF and rCBV differences between hemispheres ( Kaczmarz et al.,
021 ), our regional analysis still revealed small but significant pairwise
ifferences for baseline CBF ( Fig. 2 g,k) and rCBV ( Fig. 2 h,l), albeit to
 significantly lower degree as compared to ICAS patients (see supple-
entary Figures S1 & S2 for a detailed regional analysis). 

Concerning the significant influence of baseline CBF on BOLD-FC,
ur result is in line with several previous findings. For example, BOLD-
C was found to be significantly correlated with regional baseline CBF
n functional brain network hubs ( Liang et al., 2013 ) and coupled to
egional baseline CBF ( Li et al., 2012 ). Using a scaling approach, first
roposed by ( Qiu et al., 2017 ), ( Champagne et al., 2020 ) demonstrated
ecently that accounting for regional differences in baseline CBF reduced
he difference in BOLD-FC patterns observed between patients with mild
raumatic brain injury and healthy controls. 

Concerning the relatively stronger | ΔCTH| than | ΔCBF| effect on
OLD-FC, our results suggest a link among previously separate findings.
n patients with Alzheimer’s disease, not only aberrant CTH has been
emonstrated ( Nielsen et al., 2020 ; Ostergaard et al., 2013a ), but also
n impact of reduced baseline CBF on BOLD-FC ( Gottler et al., 2019b ).
n ICAS patients, we similarly found aberrant CTH and impact of re-
uced baseline CBF on BOLD-FC but also increased rCBV (see Fig. 3 in
 Kaczmarz et al., 2021 )). Thus, we suggest more generally, that brain
isorders of subtle but chronic hypo-perfusion, which are likely accom-
anied by chronic compensatory vasodilation, are at higher risk for
TH alterations. Based on our results of relatively smaller effects of
 ΔCBF] compared to | ΔCTH|, the relevance of CTH alterations seems
o be higher for BOLD-FC, than the influence of baseline perfusion. This
ight be explained by an inherently larger extent of CTH changes than

hose of baseline CBF and compensatory rCBV changes. This explana-
ion is inspired by our finding in unilateral asymptomatic ICAS patients,
amely that CTH increases ipsilateral to the stenoses are much more
idespread than alterations of baseline CBF and rCBV, which are more

ocused to vascular border zone areas ( Kaczmarz et al., 2021 ). In any
ase, the simultaneous and strongly correlated impact of both CTH and
aseline CBF on BOLD-FC accords with an inherent link between these
ariables ( Jespersen and Ostergaard, 2012 ). 

Finally, the small moderating effect of age on the influence of CBF,
ith stronger effects in healthy older subjects, could hint at a loss of

ompensatory factors countering the detrimental effects of CBF differ-
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nces with progressing age. Given the widespread impact of age on
arious hemodynamic-vascular processes and thus NVC ( Beishon et al.,
021 ), a larger moderating effect could be expected in a sample with a
arger age range. The negligible effect of age among ICAS patients on the
ther hand, fits with our assumption of already depleted compensatory
actors. 

.2. Simulations reveal CBF timing impact on BOLD-FC 

Our simulations of BOLD-FC across a range of characteristic time
onstants 𝜏f demonstrates the dependency of BOLD-FC on delayed and
roadened CBF responses. For a purely sinusoidal neuronal input of 0.05
z, we found diminished BOLD-FC for characteristic CBF time constants
eviating more than a second from the healthy reference at 𝜏f = 2 s.
egarding slower CBF responses, BOLD-FC is already clearly reduced

or 𝜏f = 2.5 s, turning largely insignificant for 𝜏f = 3.0 s, and finally
etting negative for 𝜏f > 3.0 s (see Fig. 4 c & d). This behavior can be
ell explained by an increasingly positive lag with increasing 𝜏f , where
right colors in Fig. 4 b indicate that the target BOLD-TCs for 𝜏f > 6.5 s
re almost in opposite phase to the reference BOLD-TC (at 𝜏f = 2.0 s). 

The result of diminished BOLD-FC fits with our empirical results
s well as with a number of rs-fMRI studies that demonstrated de-
reased rs-fMRI-based BOLD functional connectivity in patients with
ascular diseases including ICAS ( Avirame et al., 2015 ; Chang et al.,
016b ; Cheng et al., 2012 ; Lin et al., 2014 ; Wang et al., 2017 ),
ut also in neurodegenerative diseases, depression and schizophrenia
 Brandl et al., 2019 ; Manoliu et al., 2014 ; Zhou et al., 2010 ; Zhou and
eeley, 2014 ). All these disorders have also been associated with perfu-
ion deficits ( Gottler et al., 2020 ; Gottler et al., 2019b ; Kaczmarz et al.,
021 ; Katsel et al., 2017 ; Love and Miners, 2016 ). In addition and
ighly interestingly, negative BOLD-FC has been observed in a range
f different brain disorders from Alzheimer’s disease or Frontotempo-
al Dementia ( Nuttall et al., 2016 ; Zhou et al., 2010 ) to schizophre-
ia ( Damaraju et al., 2014 ; Manoliu et al., 2014 ), all of which have
een associated with significant perfusion deficits ( Katsel et al., 2017 ;
ove and Miners, 2016 ). Typically, negative BOLD-FC has been ex-
lained by potential effects of either global signal changes ( Chang et al.,
016a ; Scholvinck et al., 2010 ; Turchi et al., 2018 ) or problematic pre-
rocessing of rs-fMRI data with respect to the global grey matter BOLD
ignal such as global signal regression ( Liu et al., 2017 ; Murphy and
ox, 2017 ; Power et al., 2012 ; Siegel et al., 2014 ). However, our simu-
ation results shed new light on that issue, offering effects of impaired
eurovascular coupling, such as local perfusion delays, as a possible
xplanatory mechanism for the emergence of negative BOLD-FC. Thus
oving the field forward in the understanding of a phenomenon that
as proven challenging and has thus been largely ignored so far. 

Exploring the frequency dependence of BOLD-FC, we performed sim-
lations for neuronal inputs between 0.01 Hz and 0.1 Hz ( Fig. 4 ). Again,
bserved BOLD-FC changes at different input frequencies 𝜈 can be ex-
lained by the interplay of changing peak-to-peak amplitudes ( Fig. 4 a)
nd temporal lags/phase shifts ( Fig. 4 b). Areas of diminished BOLD-
C (in the ( 𝜏f , 𝜈) parameter space) either overlap with areas of low to
anishing BOLD-TC amplitudes (see Fig. 4 a) or coincide with relevant
ags (see Fig. 4 b). Strong positive BOLD-FC ( Fig. 4 c) is observed where
igh peak-to-peak amplitudes coincide with temporal lags around zero,
ndicating that the BOLD-TCs of seed and target regions are in phase.
ignificantly negative BOLD-FC values are observed in parts of the pa-
ameter space, where the BOLD-TCs are shifted by about half a period
here the BOLD-TCs in the seed and target region are roughly in op-
osite phase. Remarkably, the area with low and diminished BOLD-FC
n the parameter space extends with increasing input frequency and
hrinks with decreasing input frequency, compared to the middle input
requency of 0.05 Hz (see Fig. 4 c). This finding implies a filter effect of
VC, in a sense that low frequency neuronal input ( < 0.05 Hz) appears
ore likely to produce positive BOLD-FC than high frequency neuronal

nput ( > 0.05 Hz). This simulation-based finding fits very well with a
12 
ecent experimental observation ( Siegel et al., 2016 ). In a cohort of pa-
ients with subacute stroke, the authors found a decrease of BOLD signal
ower with frequency in non-lesioned brain areas that exhibited signif-
cant lags in the BOLD signal. Interestingly, brain areas without and
ith lag, respectively, showed comparable BOLD signal power between
.01 and 0.04 Hz. At higher frequencies (0.04 to 0.09 Hz) the overall
ower decreased, but was significantly lower in areas exhibiting a lag
n BOLD signal (see Fig. 2 in ( Siegel et al., 2016 )). This finding provides
vidence for a low pass filter effect of NVC whose efficiency increases
n the presence of perfusion delays. However, it has to be noted that
iegel et al. investigated the dependence of BOLD-FC on systemic BOLD
ignal time lags instead of timing aspects of local NVC as in our current
tudy. However, systemic perfusion delays are well known to occur in
ascular diseases, as is the case in our cohort of asymptomatic ICAS pa-
ients ( Kaczmarz et al., 2021 ). Thus, further studies are clearly needed
o disentangle the effects of local and systemic perfusion delays. 

.3. Linking empirical and simulation results of local NVC impact on 

OLD-FC 

.3.1. CTH and CBF responses 

As outlined in methods section ‘2.2. Theoretical considerations re-
arding the link between CTH and CBF response’, we suggest that in-
reased CTH could serve as a marker for broadened and delayed CBF
esponses. Based on this kind of 0 th -order approximation, the simu-
ation model might help us to understand how timing aspects of the
BF response influence BOLD-FC. In accordance with previous work,
e assumed a normal CMRO 2 response with 𝜏m 

= 2 sec ( Archila-
elendez et al., 2020 ). An equally fast and narrow CBF response with

f = 2 s causes a positive BOLD signal change when the delivery of oxy-
en surpasses its consumption. In our simulations, this condition is well
et by assuming CBF and CMRO 2 response amplitudes of 50% and 25%,

espectively. When the CBF response is now delayed and broadened –
hile keeping the absolute amount of delivered blood constant – the
elivery of oxygenated blood is stretched across a longer period of time,
esulting in a diminished short-term delivery of oxygen and in turn, a
iminished positive BOLD response. With increasing 𝜏f , the peak CBF re-
ponse is increasingly delayed and the maximum amplitude diminished
o that at a certain point, the oxygen consumption, i.e., the simulated
ormal CMRO 2 response, surpasses the oxygen delivery, eventually re-
ulting in an increase of deoxyhemoglobin and thus a negative BOLD
esponse and consequently also a negative BOLD-FC. The point in pa-
ameter space where exactly this happens depends on the frequency of
he neuronal input (see Fig. 4 c) but also on the assumptions with regard
o the reference seed. 

In general, our empirical finding of decreasing BOLD-FC with in-
reasing | ΔCTH| between VOI pairs, fits very well with our simulation
esult of decreasing BOLD-FC with increasing 𝜏f , particularly if one ac-
epts a link between CTH and CBF response timing. As discussed above,
n our sample of asymptomatic ICAS patients, an increase in | ΔCTH|
orresponds to CTH increases ipsilateral to the stenosis. As the reference
eed BOLD-TC was chosen to represent a ‘healthy’ NVC response, BOLD-
C values with increasing 𝜏f correspond to situations with increasingly
elayed and broadened CBF responses in an impaired target region. This
orresponds to the situation in our asymptomatic ICAS patients, where
TH is increased in VOIs ipsilateral to the stenosis compared to the con-
ralateral (healthy) VOIs. As we can see in Fig. 4 across the range of
imulated frequencies, BOLD-FC decreases with increasing 𝜏f across the
ntire range of simulated frequencies, which perfectly fits our empirical
esults, where we found that unilateral CTH increases cause decreases
n pairwise homotopic BOLD-FC. Thus, it appears plausible to consider
TH as an indicator for the CBF response’s characteristic time constant

f , where | ΔCTH| roughly relates to differences in characteristic time
onstants 𝜏f , which causes phase shifts and amplitude modulations be-
ween BOLD-TCs in paired homotopic VOIs. BOLD-FC between pairwise
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OIs is in turn diminished even though neural activity is most likely
argely comparable across homotopic VOI pairs as discussed above. 

As indicated by our empirical analysis, BOLD-FC is also influenced
y baseline values of CBF. However, baseline CBF is not explicitly con-
idered in our simulation approach. All changes are simulated relative
o a normalized baseline. What actually matters are the changes rela-
ive to this baseline, and in this respect, it would be important to know
f and how baseline CBF influences the CBF response amplitude. Since
ncreased rCBV as well as reduced CVR have been detected in our co-
ort of asymptomatic ICAS patients ( Kaczmarz et al., 2021 ), it is likely
hat reduced baseline CBF is often accompanied by a reduced CBF re-
ponse amplitude, which according to our previous simulations also pre-
icts reduced BOLD-FC ( Archila-Melendez et al., 2020 ). However, one
hould be aware that this is not necessarily the case ( Powers et al. 1988 ;
iero et al., 2015 ; Amemiya et al. 2012 ). 

With respect to rCBV, our empirical analyses did not show a signifi-
ant influence. This again fits with our simulations because the assumed
low CBV response acts to dampen the influence of CBV in the presence
f fast oscillatory neuronal activity as can be seen in Fig. 1 b and has
een discussed in detail previously ( Archila-Melendez et al., 2020 ). 

.3.2. Pathophysiology of local NVC in ICAS and its impact on BOLD-FC 

The ICAS patients included in our study showed mild to mod-
rate capillary dysfunction, which, beyond increases in CTH, mani-
ested in reduced baseline CBF and CVR as well as elevated rCBV
 Kaczmarz et al., 2021 ) with ipsilateral CMRO 2 comparable to healthy
ontrols ( Gottler et al., 2019a ). Mean grey matter CTH was found to be
bout 2.8 s in healthy elderly ( Kaczmarz et al., 2021 ), and mean CTH
ifferences between VOI pairs are about 0.9 s and 0.7 s for ICAS patients
nd healthy controls, respectively (with a small fraction of VOIs showing
ager | ΔCTH| values up to ≈ 3 s). These values indicate that in the ma-
ority of voxels pathological CBF responses in ICAS patients do not differ
oo much from the reference seed assumed in our simulation approach.
his means that the simulated 𝜏f range exceeds the pathophysiological
ange in ICAS patients by far. 

The reduction in baseline CBF certainly also plays a role, espe-
ially in combination with the observed ipsilateral rCBV increase, in-
icating potentially chronic compensatory vasodilation and simultane-
usly reduced CVR, which has indeed been demonstrated on group
evel ( Kaczmarz et al., 2021 ). According to our previous simulation
tudy ( Archila-Melendez et al., 2020 ) and results from other groups
 D’Esposito et al., 2003 ; Gottler et al., 2019b ; Lewis et al., 2020 ;
ark et al., 2015 ; van Niftrik et al., 2019 ), intact CVR is an important

rerequisite of BOLD fMRI studies not only in the resting state. 
Finally, as CTH is expected to depend on baseline CBF ( Jespersen and

stergaard, 2012 ), ICAS patients might also be affected from an inability
o reduce CTH in response to neuronal activity that has been observed in
nimal studies ( Jespersen and Ostergaard, 2012 ; Kleinfeld et al., 1998 ;
chulte et al., 2003 ; Stefanovic et al., 2008 ). 

.4. Limitations 

There are several shortcomings in our study, which have to be ac-
nowledged. In the following, we list these limitations together with a
rief discussion point-by-point. 

Multi-parametric hemodynamic MRI: With respect to ASL, there are
 number of known issues with regard to regional differences in arte-
ial transit times, which potentially impede baseline CBF quantification
ith single-PLD ASL, especially in elderly subjects and patients with
ascular diseases ( Gottler et al., 2019a ; Kaczmarz et al., 2021 ). We
ried to minimize respective bias by using a PLD of 2000 ms as rec-
mmended ( Alsop et al., 2015 ) and carefully checked data for arterial
ransit time artefacts ( Kaczmarz et al., 2021 ). In addition, reduced la-
eling efficiency due to increased flow velocities in the stenosed vessel
 Chen et al., 2017 ) as well as reduced compliance in patients could im-
act on CBF data quality. Furthermore, we included pCASL data with
13 
D EPI readouts in 15 subjects because pCASL with 3D GRASE read-
ut was either not available (6 subjects) or rated of inferior quality.
hile these deviant data were distributed evenly between groups and

 rating-based group comparison of CBF data quality (data not shown)
oes not indicate significant group differences, we cannot exclude that
easurement accuracy and SNR could potentially influence the results

f our analyses. Similarly, there are a number of known issues with DSC
RI, starting from the valid definition of an arterial input function to

otential influences of contrast agent leakage effects ( Hedderich et al.,
019 ; Kluge et al., 2016 ). Likewise, CTH calculation relies on a number
f assumptions that might not necessarily be fulfilled ( Kaczmarz et al.,
021 ; Mouridsen et al., 2014 ). In addition, contrast agent application
n itself is potentially problematic due to contrast agent accumulations
 Kanda et al., 2015 ). 

Analysis of BOLD-FC predictors: Since BOLD signal is well known to be
onfounded by numerous influences, we included several control vari-
bles in our analysis. Importantly, we included age because detrimental
ffects of age on BOLD-FC have been repeatedly demonstrated ( Farras-
ermanyer et al., 2019 ; Varangis et al., 2019 ) and sex because it has been
ound to influence cerebral blood flow and metabolism ( Aanerud et al.,
017 ; Alisch et al., 2021 ; Daniel et al., 1989 ; Duque et al., 2017 ). An
nalysis regarding sex differences in CTH did not reveal significant ef-
ects in our subject cohort (data not shown). Other potentially confound-
ng participant traits, e.g., hypertension or diabetes, were clearly as-
ociated with the grouping structure, i.e., more prevalent in ICAS pa-
ients (see Table 1 ), which prevented individual inclusion due to mul-
icollinearity. Thus, we included the factor group as an overarching
ontrol variable, also to avoid fitting an overly complex model. While
uch variables could, therefore, have an individual impact on BOLD-FC
r moderate the influence of NVC differences in BOLD-FC, the present
tudy design is not suited to disentangle such individual effects. The
arger impact of | ΔCTH| on BOLD-FC for ICAS patients could therefore
lso be related to additional factors associated with ICAS, beyond an
mpaired CTH. However, hypertension was found to be associated with
oth BOLD hyper-and hypo-connectivity only for few selected regions
 Feng et al., 2020 ; Son et al., 2015 ; Carnevale et al., 2020 ). Blood pres-
ure likewise has been found to only impair the BOLD signal under con-
itions of rapid change ( Kalisch et al. 2001 ; Reimann et al., 2018 ). Even
hough CVR, besides CBF and CBV, is well known to influence the BOLD
ignal ( Archila-Melendez et al., 2020 ) we decided not to include CVR
or mainly two reasons: (1) sufficient quality breath-hold CVR data are
nly available from about two thirds of our study participants, (2) miss-
ng endtidal CO 2 data restrict analysis to purely qualitative statistical
aps. However, the additional influence of CVR is an important factor

hat needs to be addressed in future studies. 
Our model explains 23% of the BOLD-FC variance, clearly indicating

hat further factors impact BOLD-FC. Among these, cardiac and respira-
ory pulsations are best known ( Beall and Lowe, 2007 ; Yoshikawa et al.,
020 ) but more recently, influence of systemic perfusion delays has
lso been demonstrated, e.g., in Moyamoya disease, stroke, stenosis
atients and even healthy controls ( Christen et al., 2015 ; Lv et al.,
013 ; Siegel et al., 2016 ; Tong et al., 2017 ; Tong et al., 2019 ). Be-
ond that, intrinsic local fluctuations in arteriole diameter, partially
ndependent from resting-state neural activity, may drive blood flow
scillations and impact on BOLD-FC ( Winder et al., 2017 ; Mateo et al.,
017 ). Likewise, the global brain signal, which we decided not to regress
ut certainly has an impact on BOLD-FC ( Liu et al, 2017 ). Further fac-
ors include motion not detected by common motion regression proce-
ures ( Beall and Lowe, 2014 ). Lastly simply spontaneous differences
n the underlying neuronal activity would lead to reduced BOLD-FC
s well. 

BOLD-FC modelling and the link between CTH and CBF response timing:

 major strength of our simulation approach is that it allows detailed
imulations regarding the impact of NVC impairments on BOLD-FC. The
ost important general issues about the validity of our approach have

lready been discussed ( Archila-Melendez et al., 2020 ). 
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As outlined above, our simulations demonstrate that delayed and
roadened CBF responses can explain reductions of BOLD-FC indepen-
ent of reductions in neuronal activity. With regard to experimental ev-
dence, we proposed a link between CTH increases and broadened and
elayed CBF responses. This appears plausible on a qualitative level,
owever, for future studies, our simulation model clearly needs to be
eveloped further. To establish a firm link between BOLD-FC and mea-
urable physiological parameters in humans, an improved model needs
o consider the interplay of MTT, CTH, CBV and CBF ( Østergaard et al.,
996 ; Østergaard et al., 1999 ) as well as the complexities introduced
y the effects of CTH on brain oxygenation ( Jespersen and Øster-
aard, 2012 ) and in particular BOLD responses ( Rasmussen et al., 2015 ;
ngleys et al., 2018 ). Moreover, the influence of the baseline physiol-
gy has been neglected in this study because OEF was unimpaired in
ur sample of asymptomatic ICAS patients ( Kaczmarz et al., 2021 ) and
tatistical analysis did not indicate influence of CBV ( Fig. 3 c). However,
uture studies need to consider that BOLD signal changes also depend
n baseline physiology, in particular OEF and venous blood volume
Archila-Melendez et al., 2021; Obata et al., 2004 ). 

In addition, ICAS patients feature additional hemodynamic impair-
ents, most importantly reductions in CVR and CBF, which could ex-
lain BOLD-FC reductions equally well. While our statistical analysis
upports the view that the influence of CTH is stronger than the influ-
nce of baseline CBF, we cannot completely rule out that CVR might
lay an important role as well. This point certainly also needs further
nvestigation based on high quality multi-parametric MRI data and more
pecific and detailed modelling. 

. Conclusion 

Our empirical results demonstrate that increasing CTH differences
etween homotopic brain areas lead to BOLD-FC reductions, which can
e well explained by our simulation results when considering increased
TH as an indicator of delayed and broadened CBF responses. Given
hese complex and non-linear influences as well as variable sources of
ascular delays, i.e., macrovascular systemic as well as local microvas-
ular contributions, we suggest that calibration approaches like lin-
ar regression of BOLD-TCs with vascular noise predictors ( Liu et al.,
017 ; Erdo ğan et al., 2016 ; Siegel et al., 2016 ; Christen et al., 2015 )
re not sufficient to fully recover information on underlying neuronal
ctivity. We suggest to overcome the limitations of conventional rs-
MRI-based BOLD-FC analyses by combining our recent BOLD-FC sim-
lation approach ( Archila-Melendez et al., 2020 ) with comprehensive
emodynamic-oxygenation MRI, e.g., CVR, CBF, CBV, CTH and OEF, to
id the interpretation of BOLD-FC alterations in patient populations. 
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