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Abstract

While  resting-state  blood-oxygenation-level-dependent  functional  connectivity  (BOLD-FC),  has

been a widely used method to measure organization and functioning of neural activity, non-neural

influences on the BOLD signal and its derived measures have increasingly been recognized in the

past years. As these potentially confound the proposed proxy function of BOLD-FC measures for

synchronized neural activity, the influence of some distinct hemodynamic-vascular parameters has

been studied before. However, it is still poorly understood how these parameters influence BOLD-

FC  both  mechanistically  and  to  which  extent,  when compared among  each  other.  I  therefore

thoroughly  analyzed  multi-parametric  MRI  data  from  a  human  fMRI  study,  combined  with  a

simulation study of BOLD-FC, to examine the relative influence of different hemodynamic-vascular

parameters on BOLD-FC and provide potential causal explanations for underlying mechanisms of

BOLD-FC impairments. 

The study sample comprised 28 patients with asymptomatic internal carotid artery stenosis (ICAS),

and 27 age-matched healthy controls (total sample size = 55). Patients with asymptomatic ICAS

have a largely preserved neuronal functioning, but suffer from impaired hemodynamic-vascular

processes  due  the  stenosis.  I  investigated  the  influence  of  several  distinct  local  and  systemic

hemodynamic-vascular  parameters  on  BOLD-FC.  In  detail,  the  local  hemodynamic-vascular

parameters  capillary  transit  time  heterogeneity  (CTH)  and  cerebral  blood  volume  (CBV)  were

derived  from  dynamic  susceptibility  contrast  (DSC)  MRI,  and  cerebral  blood  flow  (CBF)  from

pseudo-continuous  arterial  spin  labeling  (pCASL).  Systemic  hemodynamic-vascular  parameters

time-to-peak (TTP) and BOLD lag were derived from DSC and rs-functional MRI, respectively. 

For Project 1, I focused on examining the impact of local hemodynamic-vascular alterations on

BOLD-FC and its potential mechanisms. We specifically hypothesized CTH to constitute a promising

parameter, matching local blood flow temporal response characteristics previously found to impact

simulated BOLD-FC. I, therefore, analyzed how BOLD-FC between homotopic VOIs is affected by

differences in CTH, CBF and relative CBV (rCBV). In addition, we investigated the impact of locally

delayed blood flow response on BOLD-FC with simulations. I found that increasing differences in

CTH, but also CBF, lead to reduced homotopic BOLD-FC – with a more pronounced effect for ICAS

patients. This was in-line with the simulation results, which also showed reduced BOLD-FC with an

increasing unilaterally delayed blood flow response. 
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For Project 2, I compared the relative of influence of local, CTH, CBF and rCBV, hemodynamic-

vascular parameters to the influence of systemic, TTP and BOLD lag, parameters on homotopic

BOLD-FC.  To  this  end,  I  constructed  three  different,  but  nested,  linear-mixed  model  (LMM)

regression models, considering firstly only the participants’ BOLD-FC averages, secondly, I added

the  local  parameters,  and  thirdly,  I  constructed  a  model  comprising  both  local  and  system

parameters as well as the BOLD-FC averages. Based on this, I found that systemic parameters exert

an about two-times lager influence on BOLD-FC as compared to the local parameters. Thereby, the

total variation in BOLD-FC explained with the full model was 40.7%, with hemodynamic-vascular

parameters accounting for about 20%. 

For Project 3, I extended the analysis beyond the homotopic BOLD-FC examined for Projects 1 and

2,  namely  heterotopic  (between  non-homotopic  areas  on  different  hemispheres)  and

intrahemispheric (between areas on the same hemisphere) BOLD-FC. I did so by introducing three

types of connectivities (FC-types) in the regression analysis, which allowed to identify changes in

mean BOLD-FC  and slopes  for  non-homotopic  BOLD-FC.  I  found that  ICAS  patients  had lower

average homotopic BOLD-FC as compared to the healthy controls, but showed largely identical

heterotopic and intrahemispheric BOLD-FC. Furthermore, both local and systemic parameters had

significantly  less  influence  on  heterotopic  and  intrahemispheric  BOLD-FC  as  compared  to

homotopic BOLD-FC. 

Overall, I could show that firstly, local hemodynamic-vascular parameters, in particular aspects of

local blood flow timing, have a complex and partially non-linear influence on BOLD-FC, leading to

FC reductions, which is in line with simulation results. Secondly, especially systemic parameters

associated with delayed blood arrival have a stronger influence on BOLD-FC, as compared to the

local parameters. Lastly, especially homotopic BOLD-FC is particularly vulnerable to hemodynamic-

vascular  differences  between brain  regions,  as  compared to  heterotopic  and  intrahemispheric

BOLD-FC. Conclusively, my thesis provides further evidence that the canonical  interpretation of

BOLD-FC as a proxy measure for synchronized neural activity does not hold in all circumstances and

especially not in patient cohorts with suspected hemodynamic-vascular disorders. 
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Zusammenfassung

Die Analyse von funktioneller Konnektivität im Ruhezustand auf Grundlage von MRT Signalen, die

von der Blutsauerstoffsättigung beeinflusst werden (blood-oxygenation-level-dependent functional

connectivity, BOLD-FC) ist eine weit verbreitete Methode, um auf die Organisation und Funktion

neuronaler Aktivität zurück zu schließen. Dabei wird das BOLD Signal als Marker für die, durch

Magnetresonanztomographie  (MRT)  nicht  direkt  erfassbare,  neuronale  Aktivität  verwendet.

Ermöglicht wird dies durch den Prozess der neurovaskulären Kopplung (neurovascular coupling,

NVC),  welcher  die  Sauerstoffversorgung  des  Gehirns  durch  Anpassung  des  Blutflusses  an  die

unterliegende neuronale Aktivität reguliert. Jedoch wurde in den vergangenen Jahren zunehmend

erkannt, dass auch nicht-neuronale Einflüsse auf diese Blutsauerstoffsättigung einwirken und somit

das  abgeleitete  Signal  beeinflussen.  Damit schwächen diese  Einflüsse auch die  Annahme, dass

korrelierte Fluktuationen des BOLD Signals, d.h. die funktionelle Konnektivität, als Stellvertreter für

synchronisierte  neuronale  Aktivität  verwendet  werden  können.  Deswegen  wurden  die

Auswirkungen einzelner nicht-neuronaler hämodynamisch-vaskulärer Einflüsse auf die funktionelle

Konnektivität  bereits untersucht.  Jedoch ist nach wie vor unzureichend verstanden,  wie und in

welchem  Ausmaß  diese  Parameter  funktionelle  Konnektivität  im  Vergleich  zueinander

beeinflussen.  Um  diese  Aspekte  zu  untersuchen,  habe  ich  eine  ausführliche  Analyse  multi-

parametrischer MRT Daten durchgeführt, welche mit einer Simulationsstudie kombiniert wurde.

Dabei  hatte  ich  das  Ziel,  die  relativen  Einflüsse  verschiedener  hämodynamisch-vaskulärer

Parameter auf die MRT-basierte funktionelle Konnektivität zu untersuchen und mögliche kausale

Erklärungen für veränderte funktioneller Konnektivität zu finden. 

Die Studienstichprobe umfasste 28 Patienten mit einer asymptomatischen Stenose der internen

Karotisarterie  (internal  carotid  artery  stenosis,  ICAS)  und  27  gesunde  Kontrollteilnehmer  des

gleichen Alters (Gesamtstichprobe = 55 Personen). Als Folge der Stenose weisen ICAS-Patienten

Beeinträchtigungen  bei  bestimmten  zerebralen  hämodynamisch-vaskulären  Prozessen  auf;

Beeinträchtigungen  neuronaler  Prozesse  sind  jedoch  nicht  vorhanden.  Die  für  diese  Arbeit

untersuchten  lokalen  hämodynamisch-vaskulären  Parametern  umfassten  dabei  zum  einen  die

Heterogenität  der  kapillaren  Transitzeiten  roter  Blutkörperchen  (capillary  transit  time

heterogeneity, CTH) und das zerebrale Blutvolumen (cerebral blood volume, CBV), welche durch

Kontrastmittelbildgebung gewonnen wurden (dynamic susceptibility contrast, DSC). Als weiterer

lokaler Parameter wurde zudem auch der zerebrale Blutfluss (cerebral blood flow, CBF) verwendet,
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welcher durch magnetische Markierung des Blutwassers als intrinsischem Tracer gewonnen wurde

(pseudo-continuous arterial spin labeling , pCASL). Als systemischer Parameter wurde die Zeit bis

zur Ankunft der maximalen Konzentration des Kontrastmittels (time-to-peak, TTP) und die zeitliche

Verzögerung  des  BOLD  Signal  (BOLD  lag)  verwendet,  welche  aus  der  DSC  MRT  und  dem

funktionellen MRT im Ruhezustand gewonnen wurden. 

Für  mein  erstes  Projekt  untersuchte  ich  die  Auswirkungen  lokaler  hämodynamisch-vaskulärer

Veränderungen  auf  die  funktionelle  Konnektivität,  sowie  deren  potentielle  Mechanismen.

Angestoßen wurde diese Untersuchung durch vorherige Simulationsergebnisse, welche negative

Auswirkungen von Verzögerungen im lokalen Blutfluss auf die funktionelle Konnektivität fanden.

Aufgrund theoretischer Überlegungen nahmen wir an, dass der Parameter CTH als Proxy für die

zuvor simulierte zeitliche Verzögerung und Verbreiterung in der Antwort des lokalen Blutflusses auf

die neuronale Aktivität verwendet werden kann. Gegenstand der Untersuchung war deswegen,

inwiefern die BOLD-FC zwischen homotopen Gehirnregionen durch Differenzen in CTH, CBF und

des  relativen  CBV  (rCBV)  beeinflusst  wird.  Zusätzlich  ergänzten  wir  meine  empirische

Untersuchung mit Simulationen, welche den Einfluss von Verzögerungen in der zeitlichen Reaktion

des  lokalen  Blutflusses  auf  funktionelle  Konnektivität  nochmals  genauer  beleuchteten.  Dabei

konnte  ich  zeigen,  dass  zunehmende  Seitenunterschiede  sowohl  in  CTH  als  auch  in  CBF  zu

zunehmend verringerter funktioneller Konnektivität führten, wobei ICAS-Patienten stärker davon

betroffen  waren  als  gesunde  Kontrollpersonen.  Dies  stimmte  mit  den  Simulationsergebnissen

überein, welche ebenfalls eine reduzierte funktionelle Konnektivität mit zunehmender verzögerter

einseitiger Blutflussreaktion zeigten.

Für  mein  zweites  Projekt  verglich  ich  die  relativen  Einflüsse  der  zuvor  verwendeten  lokalen

Parameter, CTH, CBF und rCBV, mit denen der systemischen Parameter, TTP und BOLD lag, auf die

mittels  BOLD Signalen gemessene funktionelle  Konnektivität.  Dafür verglich ich drei  gestaffelte

Regressionsmodelle im Hinblick auf ihre Eignung Varianz in den Daten zu erklären (linear-mixed

model,  LMM).  Dabei  umfasste  das  erste  Modell  lediglich  Alter  und  Gruppenzugehörigkeit  der

Probanden, das zweite enthielt zusätzlich die lokalen hämodynamisch-vaskulären Parameter und

das dritte darüber hinaus die systemischen Parameter. Dabei stellte sich heraus, dass der Einfluss

der systemischen Parameter auf die BOLD-FC ungefähr doppelt so groß ist wie der Einfluss der

lokalen  Parameter.  Insgesamt  konnte  das  vollständige  Modell  40,7  %  der  gesamten  BOLD-FC-

Varianz  aufklären,  wobei  ungefähr  20  %  durch  hämodynamisch-vaskuläre  Parameter  erklärt

werden konnte. 
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Für  mein  drittes  Projekt  erweiterte  ich  meine  Analyse  über  die  zuvor  verwendete  homotope

funktionelle Konnektivität hinaus, und zwar sowohl auf die heterotope (zwischen nicht-homotopen

Regionen auf verschiedenen Hemisphären) als auch die intrahemisphärische (zwischen Regionen

auf der gleichen Hemisphäre) funktionelle Konnektivität. Dafür führte ich einen weiteren Faktor in

das Regressionsmodel ein, welcher die drei  verschiedenen Konnektivitätstypen umfasste. Dabei

stelle ich fest, dass ICAS-Patienten, verglichen mit den gesunden Kontrollen, zwar durchschnittlich

eine verringerte homotope BOLD-FC aufwiesen,  jedoch keine Unterschiede für  heterotope und

intrahemisphärische  funktionelle  Konnektivität  zeigten.  Darüber  hinaus  wiesen,  verglichen  mit

homotoper  funktioneller  Konnektivität,  sowohl  lokale  als  auch  systemische  hämodynamisch-

vaskuläre Parameter einen signifikant geringeren Einfluss auf heterotope und intrahemisphärische

funktionelle Konnektivität auf. 

Insgesamt konnte ich zeigen,  dass erstens,  lokale hämodynamisch-vaskuläre Parameter,  speziell

zeitliche  Aspekte  des  lokalen  Blutflusses,  einen  komplexen  und  nicht-linearen  Einfluss  auf

funktionelle Konnektivität ausüben, was im Einklang steht mit dezidierten Simulationsergebnissen.

Zweitens,  konnte  ich  feststellen,  dass  insbesondere  systemische  hämodynamisch-vaskuläre

Parameter, die mit einem verzögerten Eintreffen des Blutes assoziiert sind, im Vergleich zu lokalen

Parametern einen stärkeren Einfluss auf die funktionelle Konnektivität haben. Schließlich konnte

ich belegen, dass speziell die homotope funktionelle Konnektivität, im Vergleich zu heterotoper

und intrahemisphärischer funktioneller  Konnektivität,  anfällig ist  für  regionale hämodynamisch-

vaskuläre Unterschiede. 

Zusammenfassend bietet meine Arbeit weitere Evidenz dafür, dass die kanonische Interpretation

von funktioneller Konnektivität als Maß für synchronisierte neuronale Aktivität nicht unter allen

Umständen  hält,  insbesondere  nicht  in  Patientengruppen  mit  vermuteten  hämodynamisch-

vaskulären Beeinträchtigungen. 
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1. Introduction

1.1 Resting-state functional Magnetic Resonance Imaging (rs-fMRI) in 
Systems Neuroscience

The concept of resting-state functional Magnetic Resonance Imaging (rs-fMRI) was first introduced

in a seminal paper by Bharat Biswal and colleagues in 1995 (Biswal et al., 1995). Participants in that

study underwent blood oxygenation level  sensitive echo-planar imaging (EPI)  scans while  once

performing both a motor-task, tapping their fingers, and once in a “resting-state”, i.e., with the

instruction to not consciously perform any motor-, cognitive- or language task (basically to rest and

not fall asleep). In their analysis, Biswal and colleagues then selected brain regions active during

the motor-task and, after low-pass (< 0.08Hz) filtering them, correlated their time courses obtained

during rest with the time-courses of all other brain regions. As a result, they could show that the

same regions exhibiting elevated co-activity during the motor-task, e.g., primary motor areas, also

expressed  correlated  EPI  time-courses  during  the  resting-state.  They  concluded  that  these

correlations between anatomically separated but functionally related brain regions are in line with

the  concept  of  functional  connectivity  (FC),  defined  as  “as  the  temporal  correlation  of  a

neurophysiological  index measured in different brain areas” (Biswal  et  al.,  1995; Friston et  al.,

1993), and that “the low frequency fluctuation[s] of blood flow and oxygenation” (Biswal et al.,

1995) therefore contain meaningful neurophysiological information (Biswal et al., 1995). This was a

major breakthrough in the field of fMRI, which then solely relied on meticulously planned and

conducted task-based scans  and experiments  to obtain  such neurophysiological  information in

humans. 

The fundamental practice of rs-fMRI, consisting of a) obtaining fMRI images from participants at

rest, i.e., lying quietly in the scanner with no task, b) selecting a brain region- or volume-of-interest

(ROI/VOI), c) extracting its low frequency fluctuations and then d) obtaining correlations with other

brain regions, i.e., calculating FC, has been a major tool of Systems Neuroscience ever since, as

evident by the ever increasing use in both animal and human research (see Fig. 1). 
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Figure 1. Yearly publications regarding resting-state functional connectivity. 

Results were obtained with PubMed using the search term “resting state functional connectivity fMRI”. One entry from

1993 was excluded for this figure, as it was wrongfully labeled, i.e. not containing research related to rs-fMRI or FC.

The seminal rs-fMRI paper by Biswal and colleagues from 1995 is highlighted in orange. From the year 2005 on a

steady increase in publications per year can be observed, which plateaus after the year 2020.

While the basic methodology as first described by Biswal and colleagues (Biswal et al., 1995) and

built  the  fundament  of  rs-fMRI  studies,  numerous  methodological  advances  and  analysis

techniques have since been implemented. For one, methodological advances have been made in
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the area of image acquisition. While the initial studies had to rely on a restricted number of slices,

poor spatial and temporal resolution, much research has now lead to largely increased spatial (J.

Goense et al., 2016) and temporal resolution (Preibisch et al., 2015; Risk et al., 2021), leading to a

more  accurate  recording  of  the  ongoing  neurophysiological  information.  However,  the  most

important improvements concerned the preprocessing of acquired images. While the initial study

of Biswal and colleagues (Biswal et al.,  1995) merely performed low-pass filtering, rs-fMRI data

preprocessing  now contains  a  litany  of  procedures,  such  as  correcting for  head motion,  slice-

acquisition-time  differences,  correcting  for  physiological  parameters,  band-pass  filtering,

smoothing,  normalization  to  a  common  template  and  much  more  (Esteban  et  al.,  2019;

Weissenbacher et al.,  2009). Furthermore, analysis techniques for rs-fMRI data made advances,

spawning new possibilities such as analyzing the spectral components of regional time courses or

applying  independent  component  analysis  (ICA)  to  rs-fMRI  datasets,  instead  of  ROI-based  FC

estimates (H. Lv et al., 2018; Power et al., 2014).

One of the most notable and impactful findings using rs-fMRI however was the discovery that

intrinsic brain activity at rest can be organized in different, independent networks, the so called

resting-state networks (RSN)(Fox et al.,  2005; Fox & Raichle, 2007; M. D. Greicius et al.,  2003;

Raichle et al., 2001). These networks comprise anatomically separated regions, which, however,

are  functionally  connected,  as  shown  by  their  co-activation  not  only  during  specific  tasks  or

activities, but also during spontaneous fluctuations at rest. Depending on the specific parcellation,

these  RSNs  can  be  broadly  categorized  into  primary  sensory  and  motor  networks,  task-active

networks related to cognitive or emotional processes and task-negative networks, e.g., the widely

known default-mode network (DMN) (Fox et al., 2005; Thomas Yeo et al., 2011). The study of these

networks has given crucial insights into the brains large-scale organization and has, therefore, also

been used to gain insight into the potential aberrations underlying various brain-related disorders

such as Alzheimer's Disease (AD) or schizophrenia (SCZ) (Brandl et al., 2019; M. D. Greicius et al.,

2004; Manoliu et al., 2014; Sorg et al., 2007).

But not only has the rs-fMRI methodology advanced, significant improvements have also been

made since its inception towards understanding the physiological basis of rs-fMRI. For one, it has

been  robustly  shown  that  the  FC  as  indicated  by  rs-fMRI  can  also  be  found  in  resting-state

electrophysiological  studies,  implying  that  the  rs-fMRI-based  FC  indeed  captures  spontaneous
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neural activity (Hiltunen et al., 2014; Hipp & Siegel, 2015; Nir et al., 2007; Schölvinck et al., 2013).

Second, not only its accordance with directly measured neural activity has been demonstrated, but

also its agreement with the underlying anatomical brain structure could be established (Honey et

al., 2009; Johnston et al., 2008; Van Den Heuvel et al., 2009; Vincent et al., 2007). Overall these

advances  provided  further  necessary  background,  strengthening  the  interpretation  of  rs-fMRI-

based FC containing meaningful neurophysiological information about the brains neural activity. 

1.2 Rs-fMRI of grey matter: blood-oxygenation-level-dependent (BOLD) 
signal

The initial study of Biswal and colleagues already reported much weaker rs-fMRI signal fluctuations

in  white  matter  (WM)  than  grey  matter  (GM)  and  characterized  the  rs-fMRI  signal  as  “low

frequency  fluctuation[s]  of  blood flow and oxygenation”  which  can  be imaged with EPI  scans

(Biswal et  al.,  1995).  This blood oxygenation-based signal  was then only described and coined

blood-oxygenation-level-dependent (BOLD) contrast for the first time a mere 5 years ago by Seiji

Ogawa and colleagues in 1990 (Ogawa, Lee, Kay, et al., 1990). This now seminal report by Ogawa

and colleagues demonstrated that the blood deoxyhemoglobin level can be imaged and used as a

naturally occurring contrast agent to map blood oxygenation changes due to neural activity in rats

(Ogawa, Lee, Kay, et al.,  1990; Ogawa, Lee, Nayak, et al.,  1990; Ogawa & Lee, 1990). This was

possible due to the paramagnetic properties of deoxyhemoglobin, in contrast to the diamagnetic

properties of oxygenated hemoglobin, causing a magnetic susceptibility effect in the blood and

surrounding tissue, detectable by gradient-echo images (Ogawa, Lee, Kay, et al., 1990; Ogawa, Lee,

Nayak, et al., 1990; Ogawa & Lee, 1990). 

Subsequently, it was demonstrated that this contrast could be used in human fMRI as well, which

was reported by Ogawa and colleagues as well as two other independent groups just another two

years later in 1992 (Bandettini et al., 1992; Kwong et al.,  1992; Ogawa et al.,  1992). Presenting

volunteer participants a blocked visual stimulation or instructions to tap their fingers, the groups

found a matching blocked change in BOLD signal in the respective targeted functionally relevant

brain regions, i.e.,  the primary visual as well as motor and sensory cortical GM. These seminal

articles were the first to report the use of the BOLD signal in human fMRI to produce a functional

brain map via non-invasive means. While then being conducted in a now classical task-based BOLD

fMRI setting, these studies paved the way to use the BOLD signal in a resting-state fMRI setting as
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done  so  only  a  few  years  later  by  Biswal  and  colleagues  (Biswal  et  al.,  1995).  Overall  this

breakthrough discovery opened up the opportunity to “map human mental operations” via non-

invasive neuroimaging means, as Ogawa and colleagues stated in their report (Ogawa et al., 1992).

The BOLD signal  change observed in fMRI is caused by a change in the relaxation time of the

transverse magnetization, T2, specifically the effective relaxation time, T2*, of hydrogen protons in

the  underlying  tissue  water,  which  is  caused  by  local  field  homogeneities  depending  on  the

concentration of de-oxygenated hemoglobin, as already stated in the earliest reports (Ogawa, Lee,

Kay, et al., 1990; Ogawa, Lee, Nayak, et al., 1990; Ogawa & Lee, 1990).

The physical principle of nuclear magnetic resonance depends on magnetic properties of hydrogen

nuclei (protons). Protons possess a magnetic moment, termed spin that tends to align with the

static magnetic field of MRI scanners, which results in a longitudinal magnetization (Buxton, 2013;

Uludag et al., 2015). This longitudinal magnetization can be manipulated by radio frequency (RF)

pulses,  spatially  encoded by magnetic field gradients  and recorded for  generating MR images.

These radio frequency (RF) pulses, tilt the longitudinal magnetization out of its alignment with the

static magnetic field to a transverse plane, generating transverse magnetization, which, by losing

phase coherence among the precessing spins, decays exponentially with the transverse relaxation

time T2. The rotating transverse magnetization induces an oscillating electric current in a receiving

coil,  which  decays  over  time  (free  induction  decay  signal,  FID)  (Buxton,  2013).  For  fMRI,  the

emitted energy is usually measured at an echo time (TE), where the echo signal can either be

generated via gradients (i.e., gradient echo) or appropriate RF pulses (i.e., spin echoes). Due to

naturally  occurring  local  field  inhomogeneities  in  the  tissue,  the  observed  transverse

magnetization decay is  faster  than the intrinsic  T2  relaxation time in  a  perfectly  homogenous

magnet  field,  which is  called T2* (see Buxton,  2013; Uludag et al.,  2015 for  a  comprehensive

overview). 

In the context of BOLD fMRI, deoxygenated hemoglobin causes additional localized magnetic field

inhomogeneities in and around the tissue of venous blood vessel, as deoxygenated hemoglobin is

paramagnetic and alters the magnetic susceptibility of the blood (Buxton, 2013; Ogawa, Lee, Kay,

et al., 1990; Ogawa, Lee, Nayak, et al., 1990; Ogawa & Lee, 1990). This leads to variable changes in

the  T2*  of  brain  tissue,  depending  on  the  local  concentration  of  deoxygenated  hemoglobin

(Buxton, 2013). In other words, reading the BOLD signal at the same TE for two regions, the region

with less deoxygenated hemoglobin, i.e., less field inhomogeneities, will have a stronger signal, as
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the  transverse  magnetization  has  not  decayed  as  much,  due  to  its  longer  T2*.  This  is  the

fundamental physical basis of the blood-oxygenation-level-dependent, i.e. BOLD, signal. 

From a physiological point of view, the fluctuating levels of blood oxygenation leading to the BOLD

signal changes are caused by a transient oversupply of arterial  oxygenated blood to regions of

increased neural activity, a process which is called functional hyperemia (Drew, 2019; Logothetis &

Wandell,  2004;  Nippert  et  al.,  2018).  As  a  result  the  venous  concentration  of  oxygenated

hemoglobin increases adjacent to regions of neuronal activity, leading to BOLD signal increases

(Ogawa, Lee, Kay,  et al.,  1990).  The BOLD signal  is  therefore primarily arising from the venous

system (Ogawa et al.,  1993; Ogawa, Lee, Kay, et al.,  1990; Yu et al.,  2016), as arterial blood is

usually  fully  saturated  with  oxygen,  leaving  no  room  for  large  variations  in  deoxyhemoglobin

content. While the ultimate reason for this vast increase in blood flow and thus oversupply of

oxygenated blood is still unclear (Drew, 2022), it constitutes the physiological basis for the BOLD

signal. 

The process orchestrating this interplay between increased neural activity, metabolic demands and

blood delivery has been termed neurovascular coupling (NVC) (Lecrux et al., 2019). As part of that

process, a multitude of different cells, such as excitatory neurons, inhibitory neurons or astrocytes

act on local arterioles via the release of vasoactive mediators such as adenosine (Ado), nitric oxide

(NO), somatostatin (SOM) (Lecrux et al., 2019; Nippert et al., 2018). As a summary of all processes,

a local hyperpolarization of pre-capillary endothelial cells is initiated, which retrogradely spreads

up the vascular tree, leading to a consequent relaxation of vessel-lining smooth muscle cells as

well as pericytes causing vasodilation and thus increased blood flow to the area in need (Drew,

2019).  While  this  process  enables  measuring  local  neural  activity  via  the  proxy  of  blood

oxygenation,  i.e.,  BOLD signal,  it  also inherently limits the potential spatial resolution of BOLD

signal-based measures, as vasodilation spreads up from the initial site of activity (Hillmann 2014)

and  consequently  affects  larger  regions  with  increased  blood  flow  and  thus  changed

deoxyhemoglobin concentration. 

As  the  BOLD signal  merely  conveys  proxy  information  about  the  originally  desired  underlying

neural activity, much research has also gone into uncovering the neural origins. The discovery that

the BOLD response is most strongly linked to the local field potential (LFP) in both sedated and

awake primates was one of the key observations in that regard (J. B. M. Goense & Logothetis,
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2008; Logothetis et al., 2001). The LFP is associated with post-synaptic potentials and signals local

neural information integration and computation rather than spiking activity, i.e., action potentials,

of local neurons (Burns et al., 2010; Hall et al., 2016). One further key observation has been the

strong  link  between  the  BOLD  signal  and  high  frequency  components  of  both  the  LFP  and

importantly  also  directly  recorded  human  neural  activity,  electroencephalography  (EEG)  and

electrocorticography (ECOG), in the range of gamma oscillations (commonly 30-80 Hz) (X. Huang et

al., 2019; Khursheed et al., 2011; Mulert et al., 2010). The BOLD signal therefore largely constitutes

a valid proxy signal to local neural information processing in both animals and humans. 

The aforementioned associations and backgrounds for the BOLD signal, however, mostly apply to

recordings from GM. The difference between BOLD signal  changes between GM and WM was

already observed in the first human (resting-state) BOLD studies (Biswal et al., 1995; Ogawa et al.,

1992) and has since been studies in more detail, showing that it arises from the different vascular

physiology, e.g., capillary density, and neural activity, e.g. fewer post synaptic potentials in WM

(Gawryluk et al.,  2014). Thus, WM has been mostly neglected in BOLD fMRI studies, but more

recent studies have started to provide further insight into the basis of BOLD signal in WM and

related measures (Guo et al., 2022; Y. Huang et al., 2023; Özbay et al., 2018).

1.3 Rs-fMRI across patient populations

With  the  breakthrough  of  BOLD  fMRI  in  human  neuroimaging  studies,  which  offered  the

opportunity  to  “image  mental  operations”  (Ogawa  et  al.,  1992),  BOLD  fMRI  was  already

championed early on to replace the then standard positron-emission-topography (PET) to image

various neuropsychiatric and neurological disorders (Rajagopalan et al., 1995). Already very early

on,  task-based  BOLD  fMRI  was  used  to  image  alterations  in  schizophrenia  (SCZ),  Alzheimer's

Disease (AD), obsessive-compulsive disorder (OCD) or stroke, lauding its non-invasive as well as

fast, save and relative ease of use, while simultaneously calling for more refinement of the method

and practices (Rajagopalan et al., 1995). 

The introduction of rs-fMRI, as described above, can confidently be presented as such a called-for

refinement.  While  task-based  BOLD  fMRI  already  brought  along  several  advantages  over  PET

studies, rs-fMRI had the further advantage of not needing an explicit task, while also cutting down

the overall scan length, making it even more accessible. This allowed fMRI of patient populations
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for  which  cognitive  or  motor  tasks  were  hard  or  even  impossible  to  carry  out,  such  as  drug

addiction,  multiple  sclerosis  (MS)  or  AD.  Thus,  alteration  in  BOLD-fMRI-based  functional

connectivity  (BOLD-FC)  were already reported in  the early  days of  rs-fMRI.  Since then rs-fMRI

BOLD-FC alterations have been firmly established in a plethora of different disorders such as AD,

depression, SC, generalized anxiety disoder (GAD), autism spectrum disorder (ASD), bipolar disoder

(BP), Parkinsons’ disease (PD) or also chronic pain patients  (Claeys et al., 2022; Du et al., 2018;

Gotts et al., 2019; M. Greicius, 2008; M. D. Greicius et al., 2004; Kolesar et al., 2019; S.-J. Li et al.,

2000; L. Lin et al., 2018; Lowe et al., 2002; Pfannmöller & Lotze, 2019; Ragland et al., 2007; Sorg et

al., 2007; Tessitore et al., 2019; Wilcox et al., 2019).

In-line with the canonical  interpretation that  takes BOLD signal  changes  as  a  proxy for  neural

activity, these BOLD-FC aberrations are most commonly interpreted in terms of neural alterations

or impairments (e.g. Sorg et al., 2007).

1.4 Non-neural influences on the BOLD signal and derived BOLD-FC

However, parallel to the widespread use of rs-fMRI in patient studies, non-neural influences on the

BOLD signal have been investigated as well, such as cardiac or respiratory related contributions

(Birn et al., 2008; C. Chang et al., 2009; Glover et al., 2000). Since then non-neuronal influences on

the BOLD signal have been studied in much more detail, with evidence strongly pointing to a BOLD

model,  which  is  critically  shaped  by  both  local  neurally-evoked  and  non-neural  oxygenation

fluctuations (Das et al., 2021; Drew, 2019). 

For one, strong contributions from alterations in local hemodynamic-vascular parameters, such as

NVC impairments, leading to changes in baseline cerebral blood flow (CBF) or blood volume (CBV),

have been shown to shape the BOLD signal  and influence derived measures such as  BOLD-FC

(Archila-Meléndez  et  al.,  2020;  Chu  et  al.,  2018;  Cohen  et  al.,  2002;  Liang  et  al.,  2013).  For

example,  a  simulation  study  could  demonstrate  BOLD-FC  aberrations  following  unilaterally

impaired  hemodynamic-vascular  responses  to  neural  activity.  While  response  amplitude

impairments of blood inflow led to simple linear effects on BOLD-FC, response timing impairments,

i.e., a delayed and broadened blood inflow, had complex and non-linear effects (Archila-Meléndez

et  al.,  2020).  This  is  line  with  earlier  observations  of  a  BOLD  signal  amplitude  and  timing

dependence on baseline CBF level (Cohen et al., 2002). Consequently, the BOLD signal derived FC

strength in healthy adults has been reported to be associated with baseline CBF (Jann et al., 2015),
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with the association depending on the composition of the regionally underlying tissue and level of

baseline CBF (Chu et al., 2018). A further source of local non-neural contributions are fluctuations

in oxygen beyond the process of NVC, e.g., as induced by vasomotion. These constitute intrinsic

periodic vessel dilations, which are present even in the absence of neural activity, causing the local

oxygenation level to fluctuate on a timescale of several seconds (~0.1Hz for humans) (Das et al.,

2021; Lu et al., 2019; Noordmans et al., 2018; Rayshubskiy et al., 2014; Winder et al., 2017) and by

that also affect resting-state BOLD-FC (Das et al., 2021). 

Second, not only local hemodynamic-vascular parameters, but also systemic macrovascular ones,

have been shown to influence the BOLD signal. For example, there has been ample evidence that

systemic body-wide blood oxygenation changes are part of the cerebral BOLD signal, as indicated

by  rs-fMRI-based  BOLD  lags  (Y.  Li  et  al.,  2018;  Tong  et  al.,  2012;  Tong  &  Frederick,  2014).

Furthermore,  such  systemic  hemodynamic-vascular  effects  have  also  been  reported  to  be

incorporated  into  the  WM  BOLD  signal  (Guo  et  al.,  2022;  Özbay  et  al.,  2018).  Systemic

hemodynamic-vascular regulation likewise seems to follow the organization in networks akin to

RSN, thereby merging with the neural  activity derived BOLD signal  (Bright et  al.,  2020).  These

systemic parameters such as the BOLD lag have likewise been shown to impact BOLD-FC in healthy

adults  and  to  explain  substantial  portions  of  BOLD-FC  variability  across  regions  of  the  DMN

(Erdoğan et al., 2016), to cause spurious BOLD correlations (Tong et al., 2015) and to artificially

boost rs-fMRI BOLD-FC replicability by introducing a consistent non-neural component (Wanger et

al., 2022).

These factors overall lead to the repeatedly observed phenomenon of the BOLD signal exhibiting a

much lower coupling to neural activity at rest, as compared to a task based fMRI setting (Drew,

2019; Jaime et al., 2019; Lu et al., 2019; Winder et al., 2017), implying larger contributions of non-

neural sources of oxygenation fluctuations. 

Overall this leads to the conclusion that the BOLD signal and derived FC, especially when derived

from rs-fMRI, is a composite signal, which currently cannot easily be delineated into its neural or

hemodynamic-vascular  components  in  a  regular  rs-fMRI  experiment.  However,  these

hemodynamic-vascular factors are rarely considered, especially those caused by NVC alterations

(Tsvetanov et al., 2021), leading to potentially wrong conclusions with regard to the underlying

participant group or phenomena associated with rs-fMRI BOLD-FC. 
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1.5 Consequences for rs-fMRI BOLD-FC studies in populations with 
hemodynamic-vascular alterations

While BOLD-FC is already shaped by hemodynamic-vascular factors in healthy adults, the influence

is  furthermore amplified in conditions of  altered hemodynamic-vascular  properties,  such as  in

certain patient populations. In such samples larger alterations in either the non-neural component

part of the BOLD signal or, even worse, in both non-neural and neural components of the signal

can be expected. This majorly complicates the interpretation of potential BOLD-FC aberrations as a

proxy for underlying neural activity aberrations.

For  example,  alterations  in  local  NVC,  baseline  physiology,  vascular  properties  or  systemic

perfusion have been demonstrated in cerebral vascular disorders such as ICAS or stroke (Dirnagl,

2012; Göttler et al.,  2020; Göttler, Kaczmarz, et al.,  2019; Kaczmarz et al.,  2021; Viticchi et al.,

2021; L. Wang et al., 2021; Zou et al., 2022), neurodegenerative disorders such as dementia (Soto-

Rojas et al., 2021; Yu et al., 2020; Zlokovic, 2011), neuropsychiatric disorders such SCZ (Bazzari &

Bazzari, 2022; Hoirisch-Clapauch et al., 2014; Katsel et al., 2017; Najjar et al., 2017; Shalev et al.,

2009), neurological disorders such as mulitple sclerosis (MS) (Merlini et al., 2012; VanGilder et al.,

2011) or even healthy aging (Ances et al., 2009; De Vis et al., 2015; Preibisch et al., 2011; Tsvetanov

et  al.,  2021;  West  et  al.,  2019).  These  can  impact  the  BOLD-signal  beyond influences  from a

potentially altered neural activity, leading to BOLD-FC aberrations not grounded in altered brain

functioning.  For  example,  local  alterations in  baseline  CBF  in  AD patients  have been found to

explain up to 12% of BOLD-FC variability in the DMN (Göttler, Preibisch, et al.,  2019), to cause

spurious BOLD-FC differences between mild traumatic brain injury (mTBI)  patients and healthy

controls (Champagne et al.,  2020) and between elderly and younger adults (Champagne et al.,

2022). Such results are also in line with previous simulations showing the impact of altered local

hemodynamic-vascular  factors  on  BOLD-FC,  even if  only  one  brain  region  is  affected  (Archila-

Meléndez et al., 2020). Systemic perfusion changes, as indicated by BOLD lag, have likewise been

found to alter BOLD-FC of the DMN in Moyamoya disease (Jahanian et al., 2018), to cause BOLD-FC

aberrations after stroke (Siegel et al., 2016), or even cause the complete disappearance of BOLD-FC

(Christen et al., 2015). 

Thus,  the  interpretation  of  BOLD-FC  aberrations  as  “neural  activity  aberrations”  is  potentially

confounded  and  the  impact  of  hemodynamic-vascular  factors  on  the  BOLD-signal  and

consequently  BOLD-FC  is  commonly  underestimated  and  often  neglected  (Lu  et  al.,  2019;
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Tsvetanov et al., 2021). Estimating BOLD-FC, especially at rest, from a sample with suspected or

unknown  hemodynamic-vascular  alterations,  therefore  runs  the  risk  of  getting  a  flawed

neurophysiological index (Biswal et al., 1995; Friston et al., 1993), as BOLD-FC estimations are not

necessarily indicative of the underlying neural activity. 

As  evident  from  the  studies  summarized  above,  influences  of  several  hemodynamic-vascular

factors  –  whether  local  or  systemic  –  on  BOLD-FC  have  been already  been studied,  however,

investigations comparing different factors with regard to their influence on BOLD-FC are scarce,

particularly  in  humans.  The  effort  of  quantifying  several  distinct  hemodynamic-vascular

parameters alongside BOLD-FC within a single imaging session is one of the main reasons behind

that.  Even  fewer  attempted  to  further  combine  those  with  a  simulation  framework  to  gain

additional insight into causal mechanisms. 

However, to the best of my knowledge no study has so far combined a multi-parametric human

fMRI study with BOLD-FC simulations to compare influences of different hemodynamic-vascular

parameters and to provide causal explanations for underlying mechanisms of BOLD-FC aberrations

due to hemodynamic-vascular impairments.

1.6 Study design

Given the crucial yet widely ignored influence of hemodynamic-vascular factors on BOLD-FC, this

thesis is focused on thoroughly investigating their interplay. The experimental design is based on

the well-founded assumption that both local and systemic hemodynamic-vascular factors influence

regional  BOLD  signals,  which  is  supported  by  empirical  data  and  simulation  results  (Archila-

Meléndez et al., 2020; Drew, 2019). Underlying differences in these factors consequently lead to

regionally different BOLD signals, which in turn affect the derived BOLD-FC between the respective

areas. Therefore, to optimally study the isolated influence of those hemodynamic-vascular factors,

other aspects of the regions from which BOLD signals are derived, should be controlled for, i.e., be

as identical as possible. Critically, such circumstances can be found for homotopic brain regions,

i.e., “mirror-regions” on the left and right hemispheres (Mancuso et al., 2019). Homotopic brain

regions have repeatedly been shown to exhibit synchronous metabolic and neural activity (Duffy et

al.,  1996;  Lee  et  al.,  2008;  Nir  et  al.,  2008),  as  well  as  having  strong  structural  connectivity

(Johnston et al., 2008; Van Den Heuvel et al., 2009) and a coherent vascular geometry and activity

(Mateo et  al.,  2017),  due to the brains’  symmetrical  architecture,  resulting in  strong BOLD-FC
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(Johnston et al., 2008; Mancuso et al., 2019; Stark et al., 2008). Using homotopic brain regions,

therefore, allows to assess the effect of certain hemodynamic-vascular factors on BOLD-FC, while

controlling for other metabolic, vascular and neural region properties. 

To test these assumptions, I combined data from a human multi-parametric fMRI study, providing 5

different  hemodynamic-vascular  parameters,  with simulations of  BOLD-FC under impaired NVC

conditions. The studied sample consisted of asymptomatic patients with unilateral internal carotid

artery stenosis (ICAS) and age-matched healthy controls, which have previously been studied in

detail  (Göttler  et  al.,  2020;  Göttler,  Kaczmarz,  et  al.,  2019;  Kaczmarz  et  al.,  2021).  ICAS  is  a

cerebrovascular disorder where the main feeding artery, the internal carotid, is partially occluded

by an atherosclerotic plaque, constricting blood flow to the ipsilateral hemisphere (Malhotra et al.,

2017).  This  lead  to  pronounced  hemodynamic-vascular  impairments  in  my  patient  sample,

specifically ipsilateral to the stenosis and within individual watershed areas (Göttler et al., 2020;

Göttler, Kaczmarz, et al., 2019; Kaczmarz et al., 2021). Comparisons with healthy controls, however,

showed preserved oxygen metabolism (CMRO2), which was slightly elevated contralateral to the

stenosis (Göttler, Kaczmarz, et al., 2019; Kaczmarz et al., 2021). Neurocognitive functioning of the

patients  was likewise  largely  maintained,  with the exception of  subtle  visual  attention deficits

(Göttler  et  al.,  2020),  indicative  of  intact  neural  functioning  in  line  with  the  intact  oxygen

metabolism.  Unilateral  ICAS  therefore  constitutes  and  ideal  lesion  model  of  impaired

hemodynamic-vascular  functioning,  critically  limited  to  one  hemisphere,  while  exhibiting

preserved  neural  functioning.  Based  on  these  existing  data,  the  impact  of  selected  local  and

systemic hemodynamic-vascular  parameters on BOLD-FC could be studied, specifically between

well-controlled homotopic regions on the left and right hemispheres. For Project 1, I considered

the capillary transit time heterogeneity (CTH), baseline CBF and regional CBV (rCBV) as the local

hemodynamic-vascular parameters,  and for Projects 2 and 3, I  additionally considered time-to-

peak (TTP) and BOLD lag as systemic hemodynamic-vascular parameters. 

In  detail,  I  examined  the  influence  of  differences  among  the  chosen  hemodynamic-vascular

parameters between volumes-of-interests (VOIs) on the respective BOLD-FC, which was limited to

homotopic VOI pairs for Projects 1 and 2. This approach allowed me to assess BOLD-FC between

brain regions in dependence of region-wise differences among the non-neural component of the

BOLD signal.  In  order  to  test  these  dependencies,  I  employed a  specific  regression approach,

namely  a  linear  mixed-model  (LMM),  allowing  for  both  fixed group-average  effects,  ICAS  and

healthy controls, as well as random individual variations for the estimated effects (i.e., intercepts
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and slopes) among the participants. Chosen outcome of the models was homotopic BOLD-FC with

the  respective  hemodynamic-vascular  VOI  differences  being  the  main  predictors.  Additional

control variables such as group, ICAS or healthy controls,  and participant age or sex were also

included. For Project 3 the analysis was extended to also cover BOLD-FC between non-homotopic

VOI pairs, namely crosshemispheric heterotopic pairs and intrahemispheric VOI pairs, which was

implemented as a further model variable. 

The empirical analysis of Project 1 was supplemented with BOLD-FC simulations to gain further

insight  into  the  mechanisms  underlying  BOLD-FC  aberrations  caused  by  local  hemodynamic-

vascular  alterations.  The  simulations  relied  on  a  biophysical  NVC  framework  supported  by

empirical  work  (Archila-Meléndez  et  al.,  2020)  and  allowed  for  dynamic  alterations  of  NVC

parameters in response to a synthetic neural activity input to create BOLD signal time courses. This

allows to generate both, a reference BOLD signal, simulated from “healthy” NVC parameters and

several target BOLD time courses based on “impaired” or altered NVC parameters. Similarly, the

simulation framework had previously been used to demonstrate both local blood flow amplitude

and response timing effects on BOLD-FC (Archila-Meléndez et al., 2020).

1.7 Hemodynamic-vascular MRI

For  all  Projects,  previously  collected  hemodynamic-vascular  MRI  data  was  used  from  the

aforementioned ICAS patients and healthy controls sample (Göttler et al., 2020; Göttler, Kaczmarz,

et al., 2019; Kaczmarz et al., 2021). Parameters CTH, rCBV and TTP were derived from dynamic

susceptibility contrast (DSC) MRI data. DSC MRI is a contrast-agent based technique, relying on the

passage of a bolus of a paramagnetic gadolinium containing tracer through the brain to provide

voxel-wise estimates of cerebral hemodynamic properties (Boxerman et al., 2020), such as CBV.

CBV is an indicator of the overall  blood volume in the underlying tissue, indicated in milliliters

blood per 100g of tissue, and can be derived from the DSC MRI gadolinium bolus concentration-

time curve (Boxerman et al., 2020; Hedderich et al., 2019; Kluge et al., 2016). While absolute CBV

quantification is  quite demanding,  robust measures of relative CBV (rCBV) can be obtained by

standardizing CBV values to normal appearing white matter (NAWM) (Hedderich et al., 2019; Kluge

et al., 2016). TTP is a further DSC MRI derived measure and indicates the arrival time of maximal

gadolinium contrast agent concentration and is an indicator for cerebral perfusion timing and delay

in seconds (Wouters et al., 2017). CTH represents the transit time distribution of red blood cells

passing through the capillaries in seconds (Jespersen & Østergaard, 2012). While it can be directly
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observed for animals, it is accessible for human MRI studies as well, by parametric modeling of the

DSC MRI data (Mouridsen et al., 2014). CTH has previously been demonstrated to be impaired in

neurodegenerative  as  well  as  symptomatic  vascular  brain  diseases  (Madsen  et  al.,  2022;

Mundiyanapurath et al., 2016; Nielsen et al., 2020; Østergaard, Aamand, et al., 2013; Østergaard et

al., 2016; Østergaard, Jespersen, et al., 2013; Potreck et al., 2019) and was also found to be altered

in the aforementioned sample of  ICAS patients,  who exhibited increased CTH values,  i.e.,  less

homogeneous  baseline  capillary  blood  flow  on  the  hemispheres  ipsilateral  to  their  stenosis

(Kaczmarz et al., 2021). 

To derive a quantitative index for baseline cerebral perfusion, CBF, pseudo-continuous arterial spin

labeling was employed (pCASL) as a further MRI measurement. At its core, arterial spin labeling

uses arterial blood as an endogenous tracer to derive cerebral perfusion information. To this end,

blood water in the brain feeding arteries is magnetically labeled before entering the brain tissue,

where it then leads to a MRI signal change which can be read-out after an appropriate post label

delay (PLD) (Alsop et al., 2015). PCASL constitutes a refinement of the arterial spin labeling, which

increase signal-to-noise ratio and labeling efficiency (Petcharunpaisan, 2010). The derived CBF is

indicated in milliliters of blood per 100 gram brain tissue per minute. 

Lastly, the collected BOLD rs-fMRI data was used to derive the BOLD lag as indicator of cerebral

perfusion timing. While TTP is an established contrast agent based indicator of systemic cerebral

perfusion times, derived from the aforementioned DSC MRI, BOLD lag constitutes a more novel

approach to mapping systemic cerebral  blood arrival  times,  directly  derived from rs-fMRI  data

(Amemiya et al., 2020; Aso et al., 2019; Fitzgerald et al., 2021; Khalil et al., 2017, 2020; Kroll et al.,

2017; Y. Lv et al., 2013; Nishida et al., 2019; Tanrıtanır et al., 2020; Tong et al., 2012, 2017; Tong,

Yao, et al.,  2019; Tong & Frederick, 2014).  The time lags are derived via cross-correlation of a

suitable reference BOLD time course, e.g., from the superior sagittal sinus (SSS) or the average GM

signal, with BOLD signals from all other brain voxels. By that a relative time delay is obtained for

each voxel with respect to the reference time course BOLD lag has been shown to be in good

accordance with the arrival time of fresh oxygenated blood at the respective region (Fitzgerald et

al., 2021; Tong et al., 2017; Tong, Yao, et al., 2019; Yao et al., 2019) and was used for assessing

hemodynamic-vascular impairments (Amemiya et al., 2014, 2022; Khalil et al., 2020; Y. Lv et al.,

2013).
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1.8 Projects and Hypotheses

The results of both Project 1 and 2 have previously been published (Schneider et al., 2022, 2023

respectively)  and  the  respective  publications  were  adapted  for  this  thesis  (see  beginning  of

chapters  2,  Project  1,  and  3,  Project  2,  for  detailed  information  about  adapted  chapters  and

citation). 

For Project 1 (Schneider et al., 2022), we hypothesized that the capillary transit time heterogeneity

(CTH) constitutes a promising imaging parameter that may serve as a proxy for simulated local

blood flow response timings, likewise leading to impaired BOLD-FC. We specifically proposed that

CTH represents a NVC microvascular blood flow timing parameter, comparable to simulated blood

flow response timing effects, leading to BOLD-FC aberrations in cases of timing mismatch between

brain regions. To test this hypothesis, I first examined the relationship between homotopic BOLD-

FC and homotopic differences in CTH, while controlling for simultaneous differences in baseline

CBF  and  rCBV,  in  the  described  LMM  regression  approach.  We  then  examined  the  proposed

indication of CTH with regard to the simulated NVC response timing effects by using the previously

established BOLD signal simulations (Archila-Meléndez et al., 2020). 

For Project 2 (Schneider et al., 2023), I extended the scope of Project 1 by including further factors,

specifically  comparing  systemic  vs.  local  hemodynamic-vascular  parameters.  To  this  end,  I

additionally included the TTP and BOLD lag parameter maps in the LMM analysis. I  specifically

expected the systemic parameters to have a larger impact as compared to the local parameters,

following  previous  reports  of  large-scale  BOLD-FC aberrations in  samples  with strong systemic

perfusion delays (Christen et al., 2015; Jahanian et al., 2018; Siegel et al., 2016). I examined this in

an approach akin to Project 1, estimating the impact of both local and systemic hemodynamic-

vascular parameters on BOLD-FC in one model. In addition I compared explained BOLD-FC variance

between regression models either containing only the local parameters or both local and systemic. 

For  Project  3  I  finally  extended the  analysis  beyond the well-controlled  homotopic  regions  to

BOLD-FC between heterotopic and intrahemispheric regions. While homotopic BOLD-FC is ideal for

investing  the  influence  of  unilateral  hemodynamic-vascular  impairment  and  as  a  standalone

measure has been successfully used to differentiate types of dementia (Cheung et al., 2021), in
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meta-analytic approaches to reveal intrinsic brain properties (Mancuso et al., 2019) or to show

age- and sex-related changes regarding integration and segregation of homotopic areas (Zuo et al.,

2010), it is seldom used as a standalone measure in rs-fMRI studies. These commonly investigate

BOLD-FC between a vast set of regions, i.e., homo- and heterotopic as well as intrahemispheric

BOLD-FC. To be able to draw conclusions regarding the impact of hemodynamic-vascular effects on

more commonly used BOLD-FC measures, I therefore extended the regression based approach, to

also  include  a  differentiation  between  homotopic,  heterotopic  or  intrahemispheric  regions.  I

hypothesized that the impact of hemodynamic-vascular differences should generally be reduced

for  heterotopic  and  intrahemispheric  BOLD-FC.  This  follows  from  the  observation  that  non-

homotopic regions differ more in the various criteria, I initially strived to control for, e.g. metabolic

and neural activity, WM connectivity or vascular geometry and activity. These are expected to lead

to already substantially different regional BOLD-signal time courses, even before the influence of

hemodynamic-vascular factors, diminishing their impact on the already reduced BOLD-FC. 
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2. Project 1: Combined simulation and empirical study of local 
hemodynamic-vascular influences on BOLD-FC

Results  of  this  Project  have  previously  been  published  as  an  original  research  article  in

NeuroImage, 255, in 2022, (Schneider et al., 2022), with chapters 2.1 to 2.3 of this thesis adapted

from this publication:

 

Schneider, S. C., Archila-Meléndez, M. E., Göttler, J., Kaczmarz, S., Zott, B., Priller, J., Kallmayer, M.,

Zimmer, C., Sorg, C., & Preibisch, C. (2022). Resting-state BOLD functional connectivity depends on

the heterogeneity of capillary transit times in the human brain A combined lesion and simulation

study  about  the  influence  of  blood  flow  response  timing.  NeuroImage,  255,  119208.

https://doi.org/10.1016/j.neuroimage.2022.119208

2.1 Methods of Project 1

This Project has three parts. First, I performed an empirical study in patients with ICAS and healthy

controls regarding the impact of CTH on BOLD-FC (see methods section 2.1.1.). Second, we studied

– in a simulation study – the impact of CBF response timing on BOLD-FC (see methods section

2.1.2). The third part of the Project regards a potential link between CTH and CBF response timing

and their effects on BOLD-FC (see methods section 2.1.3.) that is further scrutinized in the second

half of the discussion. 

2.1.1 Empirical study: CTH and BOLD-FC

I  analyzed  multi-parametric  hemodynamic  MRI  data,  namely  BOLD-fMRI,  arterial  spin  labeling

(ASL) and dynamic susceptibility contrast (DSC) MRI, from asymptomatic ICAS patients and age-

matched healthy controls. From my subject cohort, analyses regarding hemodynamic impairments

in  ICAS  have  been  published  previously  (Göttler  et  al.,  2020;  Göttler,  Kaczmarz,  et  al.,  2019;

Kaczmarz et al., 2021). Here, I derived BOLD-FC from BOLD-fMRI data and investigated its relation

to hemodynamic alterations, in particular changes in CTH. 

2.1.1.1 Participants

From an existing sample of 29 ICAS patients and 30 age-matched controls, which were analyzed

previously (Göttler et  al.,  2020; Göttler,  Kaczmarz,  et  al.,  2019; Kaczmarz et  al.,  2018,  2021),  I
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included data from 28 ICAS patients (11 females) and 27 healthy controls (15 females), from whom

all necessary data are available and of sufficient quality, leading to an overall sample size of 55

participants. Median age of participants from both groups was 71 years (age range: 52–84 years;

mean age: 70.1 years; no significant group differences). The asymptomatic ICAS patients had an

unilateral,  high-grade  stenosis  of  the  extracranial  internal  carotid  artery  (11  with  left-sided

stenosis; each stenosis was > 70% as defined by (NASCET SC, 1991). All participants underwent

extensive medical testing to exclude neurological, psychiatric and chronic kidney diseases, which

constituted  exclusion  criteria  along  with  incidental  MRI  findings  hinting  at  brain  lesions  (e.g.

stroke). The study was approved by the medical ethical board of the Klinikum rechts der Isar; for a

detailed description of the overall sample characteristics see Table 1. Participants provided written

informed consent to all conducted examinations.

Table 1. Summary of participant characteristics for Project 1.

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

Age [years]: mean (SD) 70.1 (4.9) 70.1 (7.1) 0.99

Sex – female: N (%) 15 (55.6%) 11 (39.3%) 0.23

Side of Stenosis – left: N (%) - 11 (39.3%)

Stenotic degree [%] (NASCET) - 0.8 (0.1)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

STAI: mean (SD) 34.9 (10.1) 38.6 (10.7) 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,
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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.

2.1.1.2 MRI acquisition, BOLD signal preprocessing and calculation of hemodynamic parameter 
maps

MRI acquisition: All  MR imaging was conducted using a 3T Philips Ingenia MR-Scanner (Philips

Healthcare,  Best,  The  Netherlands)  and  a  32-channel  head  coil.  Brain  parcellation  and  lesion

detection was derived from anatomical  MRI data,  namely T1-weighted magnetization prepared

rapid gradient echo (MPRAGE; TE = 4 ms, TR = 9 ms, α = 8°, TI = 1000 ms, shot interval = 2300 ms,

SENSE AP/RL 1.5/2.0, 170 slices, matrix size = 240x238, voxel size = 1x1x1 mm³) and T2-weighted

fluid attenuated inversion recovery (FLAIR; TE = 289 ms, TR = 4800 ms, inversion delay = 1650 ms,

TSE factor = 167, 163 slices, matrix size = 224x224, voxel size = 1.12 mm³ isotropic). BOLD-TCs and

BOLD-FC were derived from T2*-weighted multiband echo planar imaging (EPI) time series (TE = 30

ms, TR = 1.2 s, α = 70°, multiband factor 2, SENSE factor 2, 38 slices, matrix size = 192x192, voxel

size = 3x3x3 mm³,  500 dynamic scans,  scan duration 10 min).  Baseline  CBF was derived from

pseudo-continuous arterial spin labeling (pCASL) acquisitions (post label delay (PLD) = 2000 ms,

label duration = 1800 ms, 16 slices). To maximize the number of eligible subjects as well as data

quality,  I  included  for  each  subject  the  highest  quality  CBF  map  from  pCASL  data  that  were

acquired for sequence comparisons (Kaczmarz et al., 2016). For the majority of 40 subjects, a 3D

gradient spin echo (GRASE) readout with 4 background suppression (BGS) pulses, TE/TR/α = 7.4

ms/ 4377 ms/90°,  turbo spin  echo factor  19,  EPI  factor  7,  voxel  size  =  2.75x2.75x6 mm³ was

employed. For the remaining subjects, sequences with a 2D EPI readout and similar acquisition

parameters were used, with either 4 BGS pulses (6 subjects), 2 BGS pulses (7 subjects), or no BGS

(2 subjects). Lastly, CTH and rCBV were derived from DSC MRI (80 single-shot EPI volumes, TE = 30

ms, TR = 1513 ms, α = 60°, 26 slices, voxel size = 2.0x2.0x3.5 mm³, bolus injection of Gd-Dota,

concentration 0.5 mmol/ml, dose 0.1 mmol/kg, at least 7.5 mmol per subject). 

BOLD signal preprocessing: Preprocessing of BOLD fMRI and anatomical MRI data was done with

the  Data  Processing  Assistant  for  Resting-State  fMRI  advanced  edition  (DPARSFA)  toolbox

V5.0_200401  (Yan,  C.G.  &  Zang,  Y.F.,  2010)  and  SPM12  (v7771;  Wellcome  Trust  Centre  for
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Neuroimaging,  UCL,  London,  UK)  using  MATLAB  (R2019b;  MathWorks,  Natick,  MA,  USA).  This

minimal  preprocessing  approach  included  realignment  of  the  EPI  time  series  data,  manual

reorientation  of  all  images  along  the  anterior-posterior  commissure  (AC-PC),  cropping  of  the

anatomical  data,  spatial  co-registration  of  anatomical  and  fMRI  data,  brain  extraction  and

Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) segmentation

of the anatomical images (Ashburner, 2007), nuisance covariate regression including six motion

parameters and a linear trend regressor, smoothing with a 6 mm Full Width at Half Maximum

(FWHM) Gaussian kernel and applying a temporal bandpass filter from 0.01 to 0.1 Hz.

NVC parameter map calculation: CTH, rCBV and CBF parameter maps were calculated with custom

MATLAB  programs  (R2016b;  MathWorks,  Natick,  MA,  USA).  Spatial  coregistration  and

segmentation  were  performed  with  SPM12  (Wellcome  Trust  Centre  for  Neuroimaging,  UCL,

London, UK) as previously described in detail (Kaczmarz et al., 2021). 

Preprocessing of DSC data comprised correction for motion and slice timing effects. CTH and rCBV

parameter maps were then derived from relative concentration time curves that were calculated

from the  time course  signal  S(t)  according  to  C (t )∝ ΔR2 (t )=− ln( S (t )
S (0 ) )/TE (Østergaard  et  al.,

1999). 

Calculation  of  CTH  parameter  maps  employed  parametric  modeling  of  C(t)  (Jespersen  &

Østergaard,  2012;  Mouridsen  et  al.,  2014).  To  achieve  model-based  estimation  of  the  tissue

residue  function  R(t), a  gamma  variate  function  with  parameters  α and  β is  employed  to

parametrize the probability density distribution h(τ) of capillary transit times τ (across a capillary

bed of parallel capillaries)

h (τ ;α ,β )=
−dR
d

=
−1

βα Γ (α )
τα −1 e−τ /β. [1]

Parameter estimation is then performed by an expectation–maximization-type algorithm, which

permits  inclusion  of  prior  information  (Mouridsen  et  al.,  2006).  Using  the  parametrization

according to Eq.  [1],  CTH is determined as the standard deviation of the capillary transit  time

distribution (σ =√α β) in seconds, with larger values indicating a larger heterogeneity. The vascular

mean transit time (MTT) can be obtained as μ = αβ. 

For CBV calculation, leakage correction of the concentration time curve  C(t) was performed as

described previously  (Kluge  et  al.,  2016).  Relative CBV was  then calculated  by  integrating the
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leakage corrected concentration time curve (Hedderich et al., 2019; Kluge et al., 2016). Resulting

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 following recommendations

outlined in the ISMRM perfusion study group consensus paper (Alsop et al., 2015). In short, the

label and control images were motion corrected separately, differences averaged after pairwise

subtraction, and CBF calculated according to Eq. [1] from (Alsop et al., 2015) with M0 being used

for normalization. The resulting CBF maps were smoothed using a 5 mm isotropic Gaussian kernel.

2.1.1.3 BOLD-FC, CTH, baseline CBF, and rCBV in homotopic left-right region pairs 

For the presented analysis, I focused on pairwise homotopic BOLD-FC, as correlated BOLD signal

fluctuations between homotopic left-right volumes-of-interest (VOIs) are unlikely to be affected by

incoherent vascular geometry, blood arrival times, vasomotion, and neural activity (Drew et al.,

2020).  Those  factors  have  been  shown  to  be  largely  comparable  due  to  both  the  brain’s

symmetrical  anatomy  and  cross-hemispheric  fiber  connectivity  (see  Drew  et  al.,  2020  for  a

comprehensive review). Furthermore, functional connectivity between homotopic VOIs provides

relatively  strongest  BOLD-FC  values  compared  to  within-hemisphere  or  non-homotopic  across

hemisphere VOI pairs, likely due to supporting pairwise homotopic structural connectivity (Drew et

al., 2020). Thus, homotopic pairwise BOLD-FC is an excellent paradigm for analyzing the impact of

one-sided NVC alterations on BOLD-FC.

VOI  Selection: To  obtain  left-right  pairwise  homotopic  BOLD-FC,  I  used  the  Atlas  of  Intrinsic

Connectivity of Homotopic Areas (AICHA) (Joliot et al., 2015). The AICHA was derived from resting-

state BOLD-FC of a large sample of healthy participants (N = 281), with the parcellation algorithm

being  explicitly  weighted  towards  the  homotopic  organization  of  the  brain  and  its  functional

separation, resulting in an atlas being ideally suited for BOLD fMRI analyses of homotopic areas. It

provides overall 384 anatomically labeled VOIs, which can be separated in 192 cross-hemispheric

VOI pairs, covering cortical and subcortical grey matter areas of the forebrain. 

BOLD-FC  Analysis: All  analyses  involving  pairwise  BOLD-FC  and  NVC  parameter  maps  were

performed in the individual participants’ native space. To this end, I adapted the AICHA to each

individual’s  native anatomy via a non-linear transformation using the reverse flow fields that I
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obtained by MNI normalization of the individual anatomical MRI data (T1-weighted MPRAGE). The

AICHA atlas was then resliced to match the resolution of the functional MRI data used in my study.

To ensure maximum overlap with the individual participants’ brain anatomy, the atlas was masked

with a grey matter (GM) mask derived from the individual participants’ segmented MPRAGE data

(pGM > 0.3, resliced to fMRI resolution). To this end, individual GM probability maps were obtained

by  segmenting  each  subject’s  MPRAGE  data  with  SPM12  (Wellcome  Trust  Centre  for

Neuroimaging, UCL, London, UK) using default settings. For each participant, VOI-average BOLD-

TCs were then extracted from all 384 VOIs and correlated using Pearson’s correlation between the

left and right  homotopic  areas.  Correlation coefficients  were then Fisher-r-to-z  transformed to

obtain 192 pairwise BOLD-FC values for each participant. 

NVC Parameter Analysis: Similarly, differences in CTH, baseline CBF and rCBV parameter values

were extracted from these homotopic VOI pairs. The AICHA atlas, already in subject-space, was

resliced to the respective parameter maps and subsequently masked by an accordingly resliced

GM  mask.  For  each  VOI,  the  underlying  metric  was  then  extracted,  and  the  differences  in

parameter values calculated between pairwise homotopic VOIs by subtracting the right from the

left sided VOI value. In particular, ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH [sec] = CTHVOI-Left – CTHVOI-Right, ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF [ml/100g/min] = CBFVOI-

Left – CBFVOI-Right, and ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV [pp (percentage points)] = rCBVVOI-Left – rCBVVOI-Right. A difference of ‘0’

means that the two homotopic areas exhibit no difference in the respective parameter values.

Differences  with  negative  or  positive  values  reflect  higher  right-sided  or  higher  left-sided

parameter values, respectively, indicating an imbalance between right and left homotopic cortical

areas.

As both rs-fMRI and hemodynamic MRI parameter maps did not cover the whole brain, some VOIs

included either  no or  only  very  few voxels,  which was  enhanced by  GM masking.  I  therefore

excluded all VOIs with fewer than 10 voxels in the fMRI resolution (3x3x3 mm³). The VOI-extracted

NVC parameter differences were consequently z-standardized across all VOIs and subjects. After

exclusion  of  VOIs  based  on  voxel  number,  some  VOI-average  CTH,  baseline  CBF  and  rCBV

parameters  values  still  constituted  outliers,  i.e.,  implausible  physiological  values  (e.g.,  due  to

imaging artifacts or partial volume effects with CSF). I, therefore, also excluded VOI pair differences

with z-values below -2.56 and above 2.56, respectively, (i.e., 1% of extreme differences, including

99%  of  observations)  for  each  parameter  to  remove  excessive  physiologically  implausible
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differences. In total, 1844 observations were excluded (1325 due to low voxel counts, 519 due to z-

score outliers), retaining 8716 observations.

2.1.1.4 Statistical testing of empirical BOLD-FC analyses

Group  differences  in  BOLD-FC  &  NVC  parameters: To  test  for  significant  group  differences  in

pairwise  BOLD-FC  and  NVC  parameters,  I  computed the  mean  BOLD-FC  as  well  as  the  mean

absolute CTH, baseline CBF and rCBV differences, i.e.,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, for each

participant across all  VOI pairs. These mean values were then compared between groups using

Welch’s t-test. One-sample t-tests were used to test for each group separately if mean pairwise

NVC parameter differences were significantly different from zero.  In order to explore potential

regional  effects, I  examined how BOLD-FC, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across differed between the

groups across 54 VOI pairs  that  were derived from the AICHA (Joliot  et  al.,  2015) by merging

subregions of cortical and subcortical areas, e.g., in the Thalamus, where the regions N_Thalamus-

1,-2,-3 were merged to N_Thalamus, for each participant. Merging was performed to simplify the

analysis by reducing the number of VOIs. In addition, I examined if the ICAS patients’ mean BOLD-

FC, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across depend on the degree of stenosis by means of a correlation

analysis.

Influence of NVC parameters on BOLD-FC: To examine the influence of NVC parameters, especially

of CTH, on BOLD-FC between homotopic brain regions, I regressed the influence of z-standardized

pairwise NVC differences, i.e., |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, on pairwise BOLD-FC. I did so by

means of  a linear-mixed model  (LMM) approach to account for  the influence of  multiple NVC

parameters and the factor group, i.e., ICAS patients versus healthy controls, as well as to control

for  the participants’  age and corresponding interactions,  e.g.,  between age and influence of  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across. In an additional model, I further controlled for sex differences. The LMM also allowed for

assessing the full complexity of a potential association by capturing the between-subject variance

with regard to the group effects.

Using z-standardized regressors was necessary to enable comparison of regression effects because

the effect sizes of predictors on BOLD-FC are determined by their absolute values. In this case, a

difference of 1 would constitute a large difference for CTH, but only a small difference for CBF.

Thus, z-standardization ensured an identical scale and range for all included parameters since a
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change of 1 always indicates a change of 1 standard deviation (σ) even though σCTH =2.47 sec and

σCBF = 5.73 ml/100g/min differed numerically.

Concretely, the LMM approach was performed by use of the lme4 package (Bates et al., 2015) for R

(R Core Team, 2020) within Rstudio (RStudio Team, 2019). I opted for a random-coefficient model

with  pairwise  BOLD-FC  as  dependent  variable  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  as  primary

regressors. Adding |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across as regressors in to the model allowed me to assess the

specific impact of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on BOLD-FC, independent of differences in baseline CBF and rCBV. In

addition, I used these regressors to study the impact of CBF and rCBV on BOLD-FC, respectively.

Further regressors were the participants’ age and group affiliation. Age was centered on the overall

median (71 years). For each of the pairwise NVC parameter differences, I further controlled for

interactions  with age and group affiliation.  Deviations  from the overall  average effects  among

participants  were controlled by including the intercepts  and slopes  of  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across as random effects. The model’s degrees of freedom and p-values were estimated via the

Tests  in  Linear  Mixed  Effects  Models  (lmerTest)  package  (Kuznetsova  et  al.,  2017)  using

Satterthwaite’s method.

2.1.2 Theoretical considerations regarding the link between CTH and CBF response 
timing – a preliminary approximation

Beyond the impact of CTH on BOLD-FC, we were interested in a potential link between CTH and

CBF response timing. Therefore, I outline some theoretical considerations about such a link and, in

particular,  similarities  regarding  the  impact  of  CTH  and  CBF  response  timing  on  BOLD-FC,

respectively. 

To better understand the impact of timing aspects of CBF responses on BOLD-FC, we employed a

recently proposed simulation framework (Archila-Melendez et al., 2020). Critically, with respect to

CBF, an increase in the characteristic time constant τf of blood flow response (e).f of the gamma variate function used to model

the CBF response results in an increasingly delayed and broadened CBF response function with a

peak at t = 2·ττf of blood flow response (e).f, a diminishing amplitude, and a constant area under the curve (for more details see

Fig.  2 and section 2.1.3.).  Critically,  this  behavior  resembles  aspects  of  CTH.  In  particular,  the

distribution h of capillary transit times h(τf of blood flow response (e).) is also modelled by a gamma variate function (see Eq.

(1)) to facilitate CTH measurement by parametric modeling of DSC MRI (Mouridsen et al., 2014).

This similarity between CBF response function and distribution of capillary transit times h(τf of blood flow response (e).) is at

the core of our idea that CTH might represent critical aspects of CBF response timing, and might
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therefore serve as kind of  an zero-order approximation. In the following,  I  want to clarify this

similarity between CBF response and CTH in more detail. 

By  means  of  a  vascular  model  (Jespersen  &  Østergaard,  2012;  Mouridsen  et  al.,  2014),  the

probability density function of capillary transit times h(τf of blood flow response (e).) can be parametrized by a gamma variate

function with shape parameters  α and  β (see Eq. (1)). According to tracer kinetic theories,  h(τf of blood flow response (e).)

corresponds  to  the  slope  of  the  residue  function  R(t),  which  describes  the  washout  of  an

intravascular tracer (Østergaard et al., 1996, 1999) and is thus related to the vascular mean transit

time (MTT=∫
−∞

∞

τh (τ )dτ /∫
−∞

∞

h (τ )dτ ) and via the central volume theorem also to CBV and CBF, i.e.,

MTT = CBV/CBF. Using the parametrization in Eq. (1), MTT and CTH are obtained as the mean (μ =

αβ) and standard deviation (σ =√α β) of  h(τf of blood flow response (e).), respectively (Jespersen & Østergaard, 2012). While

an increase in MTT could also be accomplished by a homogenous increase in capillary transit times

and  could  thus  be  used  as  a  proxy  for  a  merely  delayed  CBF  response,  an  increase  in  CTH

necessarily implies a broadening as well as a delay in CBF (see Eq. (6) in Østergaard et al., 1999).

This correspondence in response nature and distribution model thus supports the idea that the

characteristic time constant τf in our simulation model resembles important aspects of measured

CTH.
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Figure 2. 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). f 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 hf(t) and hm(t) (bottom; note that both functions are overlapping). (b) This

yields independent normalized inputs fin(t) (CBFin) and m(t) (CMRO2), which were used to simulate blood flow out of

the tissue (CBFout ≈ CBFin), venous CBV (CBVv) and deoxyhemoglobin content [dHb] assuming a slow CBV response (τf of blood flow response (e).v =

20.0 sec). (c) The resulting BOLD-TC (blue) with a temporal resolution of TR = 1000 ms is complemented with random
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white noise to yield a noisy BOLD-TC (red) with SNR0 = 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 (e).f of blood flow response. (d) The  h(t) with τf of blood flow response (e). = 2.0 sec (corresponding to the condition in panel (a)) isτ = 2.0 sec (corresponding to the condition in panel (a)) is

highlighted in red. The remaining curves range between τf of blood flow response (e). = 0.5 sec and [1.0, … , 8.0] sec with ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossτf of blood flow response (e). = 1 sec. Note that τ = 2.0 sec (corresponding to the condition in panel (a)) is h(t)

peaks at t = 2·ττf of blood flow response (e). 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 τf of blood flow response (e).τ = 2.0 sec (corresponding to the condition in panel (a)) is f as shown in panel (d)) and τf of blood flow response (e).τ = 2.0 sec (corresponding to the condition in panel (a)) isas shown in panel (d)) and τ τ = 2.0 sec (corresponding to the condition in panel (a)) is m = 2.0 sec. Note

that the colors are matched to panel (d) but the BOLD-TC with τf of blood flow response (e).τ = 2.0 sec (corresponding to the condition in panel (a)) is f = 2.0 sec (corresponding to the condition in panel (c))

is highlighted in blue.

2.1.3 Simulation study: CBF response timing and BOLD-FC modeling

In order to systematically explore the dependence of BOLD-FC on CBF response timing (i.e., varying

f), BOLD-FC was calculated between a selected reference seed BOLD-TC (with supposedly ‘healthy’

parameter  settings)  and  a  range  of  target  BOLD-TCs  (with  supposedly  ‘impaired’  parameter

settings). The constellation of ‘healthy’ and ‘impaired’ BOLD-TCs corresponds to the situation in my

empirical  analysis  of  pairwise  homotopic  BOLD-FC in ICAS patients,  where BOLD-TCs from the

healthy  contralateral  side  are  correlated  with  potentially  impaired  BOLD-TCs  extracted  from

homotopic  VOIs  ipsilateral  to  the  stenosis.  In  addition,  we  explicitly  explored  the  BOLD-TCs’

amplitudes and their temporal delays (lags) with respect to the selected reference seed BOLD-TC.

The simulated BOLD-TCs are referred to as BOLD responses because in our simulation model they

are elicited by purely sinusoidal synthetic neuronal input signals at different frequencies in the

infra-slow  frequency  spectrum  below  0.1Hz.  All  described  calculations  and  simulations  were

implemented and performed using MATLAB (R2019b; MathWorks, Natick, MA, USA).

BOLD-TC signal model: Details of our model have been described recently(Archila-Meléndez et al.,

2020). Importantly, it allows for independent modeling of CBF and CMRO2 responses to neuronal

activity,  with  respect  to  amplitudes  as  well  as  timing  characteristics.  Our  implementation  in

Simulink and MATLAB (R2019b; MathWorks, Natick, MA, USA) is similar to the one proposed by

(Simon & Buxton, 2015), which is based on a modified balloon model (Buxton et al., 1998; Obata et

al.,  2004),  critically  extended  for  including  extra-  and  intravascular  BOLD  signal  contributions

according to (Obata et al., 2004). With respect to nomenclature, we stick to previous conventions

and express changes in dynamic variables relative to baseline values (see Table 2).
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Table 2. Summary of dynamic model parameters following (Archila-Meléndez et al., 2020; Blockley

et al., 2009; Buxton et al., 2004; Simon & 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

m1 CMRO2 ‘response’ amplitude 1.25

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

f1 CBF ‘response’ amplitude 1.5

fout(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

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

Hf,m scaling parameter for CBF and CMRO2 convolution kernels variable

τf of blood flow response (e).m characteristic time constants for CMRO2 2 sec

τf of blood flow response (e).f characteristic time constants for CBF: 

reference seed BOLD-TC 2 sec

target BOLD-TCs [0.5 – 8.0] sec

αv exponent describing steady state venous flow–volume coupling 0.2 

τf of blood flow response (e).v characteristic time constants for venous CBV response 20 sec

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

r0 slope defining the dependence of the R2* on blood oxygenation at 3T 178 sec-1 

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

τf of blood flow response (e).0 transit time for blood through venous compartment 0.75 sec

z shape parameter for CBF and CMRO2 convolution kernels 3

In  short,  dynamic  changes  in  normalized blood flow,  fin(t),  and  oxygen consumption,  m(t),  are

modeled as linear responses to a prescribed neuronal input N(t) by convolution of N(t) with scaled

gamma distributions hf,m(t), which are defined independently for flow (f) and metabolic (m) input

functions, respectively (Archila-Meléndez et al., 2020)

f in (t )=N (t )∗h f (t ) (2)

m (t )=N (t )∗hm (t ) (3)
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with

h f ,m ( t )=H f ,m
1

τ f ,m ( z−1 )! (
t
τ f , m )

( z−1 )

e−t / τ f ,m. (4)

The shape parameter z, scaling parameters Hf,m, and characteristic time constants τf of blood flow response (e).f,m take distinct

values for flow (f) and metabolic (m) input functions, respectively (see Table 2). From both flow,

fin(t), and oxygen consumption, m(t), inputs, a system of coupled differential equations is used to

derive relative changes in deoxyhemoglobin content, q(t), and venous blood volume, v(t) (see Eqs.

[6]-[10] in Archila-Meléndez et al., 2020). Based on q(t) and v(t), BOLD signal changes relative to

baseline are calculated accounting for extra- and intravascular signal contributions (see Eq. [5] in

Archila-Meléndez et  al.,  2020).  The simulation process is  illustrated in  Figure 2 and employed

parameters and their settings as summarized in Table 2.

Figure 2 demonstrates that the employed simulation model is capable of simulating a wide range

of NVC-behaviors that have been observed in empirical studies. On the one hand, the initial block

stimulus (Fig. 2a, top, left) causes a strong and prolonged CBV response that causes a distinct BOLD

signal undershoot (Fig. 2c, left), on the other hand, the infra-slow oscillatory neuronal input (Fig.

2a, top, right) induces hardly recognizable CBV oscillations in the steady state (Fig. 2b, right) but

distinct BOLD signal oscillations (Fig. 2c, right – green framed portion between 200 and 400 sec;

see Archila-Meléndez et al., 2020 for a detailed discussion).  Figure 2d illustrates the behavior of

hf,m(t): With increasing characteristic time constant τf of blood flow response (e).f,m, the peak is not only delayed but the curve

broadens and the amplitude is reduced in a way that the area under the curve remains constant.

Figure 2e finally shows BOLD-TCs that were simulated with different τf of blood flow response (e). f (as shown in Fig. 2d) at τf of blood flow response (e).m =

2.0 sec. It can clearly be seen that a change in τf of blood flow response (e).f  influences amplitude as well as phase of the

resulting BOLD-TC signals presented in Figure 2e.

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

a 16x10 matrix, where the characteristic time constant τf of the CBF response was systematically

varied in 16 steps (ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossτf  = 0.5 sec) with τf = [0.5,…, 8.0] sec for a range of ten purely sinusoidal input

functions  N(t) with frequencies  ν between 0.01 Hz and 0.1 Hz (ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossν = 0.01 Hz). The same input

parameters and settings were used as described in (Archila-Meléndez et al., 2020) for ‘Scenario 2 –

CMRO2 and CBF delays’ at slower CBV response (see Table 2). The neuronal input functions N(t)

were coupled to a boxcar portion similar to previous work (Archila-Meléndez et al., 2020). This
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allows direct comparisons between outputs of the BOLD signal model for an ultra-slow (boxcar)

stimulus  and  the  oscillatory  inputs  at  different  frequencies  that  are  separated  by  a  low-level

constant baseline.

Matrix representations of BOLD-TC amplitudes and lags: Next, matrices of BOLD-TCs across the (τf,

ν) parameter space were analyzed with respect to both BOLD signal peak-to-peak amplitudes δSBOLD

and temporal shifts (i.e., lags) of the simulated BOLD-TCs with respect to the reference seed BOLD-

TCs with τf = 2.0 sec at each of ten purely sinusoidal input functions N(t). This information helps to

understand  the  CBF  timing  effects  on  BOLD-FC.  Concerning  BOLD-TC  amplitude,  δSBOLD  was

calculated as the percentage difference between the maximum and minimum signal in the purely

oscillatory ‘resting’ fMRI portions of the simulated BOLD-TCs (last 200 sec). Concerning BOLD-TC

lags, temporal shifts of the simulated BOLD signal with respect to the reference seed BOLD-TC ( τf =

τf = 2.0 sec) were obtained by cross-correlation (Matlab function ‘xcorr’) from noise-free simulated

BOLD-TCs, normalized by the period length of the input oscillatory signal (T p = [100, …., 10] sec)

and reduced to a unique range of [-0.5, …., 0.5]. 

Matrix representations of BOLD-FC: Finally, based on the matrix representation of BOLD-TCs across

the (τf,  ν) parameter space, we studied the dependence of BOLD-FC on the characteristic time

constant τf of the CBF response as well as on the frequency of the sinusoidal neuronal input signals

N(t). To this end, we performed Pearson’s correlations between the reference seed BOLD-TC (τf =

2.0 sec) and the range of target BOLD-TCs ( τf = [0.5,…, 8.0] sec) at each of the 10 input frequencies

ν = [0.01, …, 0.1] Hz. The seed and target BOLD-TCs were complemented with random white noise

to achieve a signal to noise ratio (SNR) of 250. For each pair of investigated parameter values,

correlations were performed for BOLD-TCs complemented by 16x16 different random white-noise

realizations.  For  display,  matrices  of  Pearson’s  correlation  coefficients  were  Fisher-r-to-z

transformed to z-values. In this work, we did not consider the influence of different noise levels

and sampling frequency (i.e., repetition times) because decreasing SNR and temporal resolution

have been shown to simply deteriorate the simulated BOLD-FC overall (Archila-Meléndez et al.,

2020). 

This  matrix  of  pairwise  BOLD-FC  between  ‘healthy’  and  ‘impaired’  regions  provides  us  with

predictions of  altered BOLD-FC as  a  function of  altered local  CBF response timing at  different

neuronal input frequencies ν. These predictions were applied to interpret how pairwise homotopic
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BOLD-FC of patients with unilateral carotid artery stenosis and healthy controls depends on the

heterogeneity  of  local  capillary  transit  times,  which  we  assume to  reflect  local  CBF  response

variability in terms of response timing.

2.2 Results of Project 1

2.2.1 Empirical results regarding the dependence of homotopic pairwise BOLD-FC on
CTH

Distribution of BOLD-FC and NVC parameter values and their group differences:  AICHA VOIs and

NVC parameter maps are shown in Figure 3a-d for a selected slice of an asymptomatic ICAS patient

with a right-sided stenosis. The distribution of homotopic pairwise BOLD-FC, as well as pairwise

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH,  ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF,  and ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV are  depicted in  Figure 3e-h for  both asymptomatic ICAS patients  and

healthy controls across 192 region pairs, approximating normal distributions in all cases. As these

distributions  suggest  marked  group  differences,  I  conducted  an  additional  group  comparison

analysis  for  individually  averaged  outcomes,  i.e.,  BOLD-FC,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,

respectively. At  p < 0.05, Welch’s t-testing revealed comparable BOLD-FC and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across for ICAS

patients and controls, but significantly larger side differences for |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across in patients

(Fig. 3i-l). Albeit ICAS patients exhibited stronger side differences, significant pairwise differences

between homotopic areas were detected for both the patients and healthy controls in all three

NVC parameters,  namely |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (group-wise one-sample t-tests  at  p <

0.05; control group, p < 0.0001; ICAS group, p < 0.0001).
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Figure 3. 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| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH (f),  ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF (g) and ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV (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| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (j),  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (k)  and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (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.

Regional Analysis:  With regard to regional differences across brain regions, an additional analysis

identified  specific  regions  with  group  differences  for  BOLD-FC,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,

respectively, such as fusiform sulcus or supramarginal gyrus (see  Fig. 4). Regions with significant

differences in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across partially overlapped but to a lesser degree with BOLD-FC. To
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allow a better assessment of anatomic localization, regions showing significant differences (at p <

0.05  uncorrected)  are  shown  as  color  overlay  in  Figure  5.  Furthermore,  I  found  a  weak  but

significant correlation between |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and the degree of stenosis in ICAS patients (see Fig. 6).

Figure 4. Mean BOLD-FC (top, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOIΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOICTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOI (2nd row), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOIΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOICBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOI (3rd row) and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOIΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOIrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 54 homotopic VOI (bottom) across 54 homotopic VOI

pairs for each group. 

Error-bars indicate the 84% confidence interval (mean between groups is significantly different if error-bars do not

overlap). Significant differences at p < 0.05 are indicated by an asterisk (FDR-corrected - blue; uncorrected – orange).
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Figure 5. Parameter group differences. 

The top panel shows brain regions in which ICAS patients exhibit significantly larger (p < 0.05) |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (red), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

(blue) or both (purple) than healthy controls. The bottom panel shows regions with high variance in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, namely the occipital pole (green) and the superior orbitofrontal gyrus (yellow).
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Figure 6. Correlation with stenotic degree. 

Correlation of average BOLD-FC (top), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (2nd row), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (3rd row) and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (bottom) with degree of

stenosis in ICAS patients.

Influence  of  CTH  and  further  NVC  parameters  on  BOLD-FC: To  test  our  hypothesis  that  CTH

influences BOLD-FC, I performed a LMM analysis with pairwise BOLD-FC as dependent variable and

pairwise |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across as independent variable of interest. I further included |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across as

independent variables in order to both control for their effects on BOLD-FC and to study their

influence on BOLD-FC. In addition, age was included to control for systemic age-related deviations.

With regard to random effects,  the slope of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across had to be excluded because its variation
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among participants  was  close  to zero,  thus  prohibiting a  model  fit  (singular  fit).  Overall  8716

observations  were  included  in  the  model,  distributed  across  the  55  participants.  Results  are

summarized in Table 3 and Figure 7.

(i) BOLD-FC,  i.e.,  pairwise BOLD-FC without  differences in hemodynamic 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 connectivity. 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| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across across both groups. More specifically, BOLD-FC decreased with increasing |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across.

a) For |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, 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| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (i.e., 2.47 sec) between homotopic VOIs. This

effect was significantly different between both groups, as demonstrated by a significant

interaction  of  CTH  and  group  (see  Fig.  7a and  Table  3 –  Group  [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across).

Quantitatively, the decrease 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 participants

(for details see  Table 4 & Results –  Influence of sex differences). The effect of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on

BOLD-FC  was  furthermore  dependent  on  the  participants’  baseline  BOLD-FC.  More

specifically, higher baseline values indicated stronger BOLD-FC decrease with |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (r = -

0.51). 

b) For |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, 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 |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (i.e., 5.72 ml/100g/min; see Fig. 7b and Table 3

–|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across).  While  there  were  no  group specific  effects  of  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  age  had a  small  but

significant interacting influence, i.e., the decrease was slightly stronger in participants older

than the median age of 71 years (an additional -0.01 per year; see Table 3 – cAge:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across)

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 – Group [ICAS]:cAge:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across). Comparison of overall effect sizes of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across revealed that the BOLD-

FC reduction due to increases in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across were significantly stronger than the ones caused
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by baseline CBF (Welch’s t-test of participants estimated individual  slopes; t  = -3.1,  p <

0.05). 

c) For |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, I did not found any effect on BOLD-FC (see Fig. 7c). 

d) Regarding model explanatory power, the estimated R² value for the model was 0.23 (based

on (Nakagawa et al., 2017; Nakagawa & Schielzeth, 2013) when accounting for the variation

of participants among the estimated group based effects of hemodynamic parameters.

Figure 7. Group effects of NVC parameters on BOLD-FC. 

Slopes indicate predicted changes in BOLD-FC (y-axis) with increasing |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (a), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (b) and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (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. Range of presented absolute parameter differences, i.e. |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across have been

adapted to be comparable to Project 2 based on parameter difference standard deviation (σ CTH – Project 1  = 2.47s & σCTH –

Project 2 = 1.1s, σCBF – Project 1 = 5.72 ml/100g/min & σCBF – Project 2 = 4.9 5.72 ml/100g/min, σrCBV – Project 1 = 1.4 pp. & σrCBV – Project 2 = 1

pp.). 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.

Random effects: On an individual, random effects level (see Table 3 for an overview), participants

exhibited some variance among the estimated fixed effects, exhibiting different baseline BOLD-FC

values and being more or  less affected by differences in NVC parameters.  In detail,  ~68.2% (1

standard deviation) of participants had an estimated baseline pairwise BOLD-FC between 0.98 and

1.34. Similarly, 68.2% had their pairwise BOLD-FC decreased between -0.20 and -0.05 for each 1 σ
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or 2.47 seconds difference in CTH and averaged between -0.13 and 0.02 BOLD-FC change for each

1 σ or 5.72 ml/100g/min difference in CBF. 

Table 3. Summary of fixed and random effects for LMM analysis.

Predictors Estimates CI Statistic p

(Intercept) 1.16 1.11– 1.21 44.91 <0.001

Group [ICAS] -0.02 -0.07 – 0.03 -0.68 0.5

Age 0 -0.01 – 0.01 0.85 0.4

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.12 -0.15 – -0.09 -7.67 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.05 -0.08 – -0.03 -4.03 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.02 – 0.01 -0.23 0.82

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.01 1.58 0.12

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.01 – -0.00 -2.2 0.03

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -1.24 0.22

Group [ICAS]:Age -0.01 -0.02 – 0.00 -1.38 0.17

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.04 -0.07 – -0.01 -2.64 0.01

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.02 – 0.03 0.05 0.96

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.01 – 0.02 0.64 0.53

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.01 – 0.00 -0.79 0.43

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 0.00 – 0.01 2.51 0.01

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0.2 0.84

Random Effects (Participants)

σ2 0.12

SDIntercept 0.18

SD|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.07

SD|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.07

Corr. -0.51

-0.16 0.66

ICC 0.21

N Participant 55

Observations 8716

Note: Under predictors the variables incorporated in the model are listed. Categorical variables were deviation coded

(Group: ICAS = 1, Controls = -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
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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 a colon, with the

respective 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).

Influence of sex differences: In an additional model, I further controlled for sex differences (see

Table 4), as effects of sex have been reported on parts of the NVC processes (Duque et al., 2017)

and in particular on CBF (Alisch et al., 2021; Daniel et al., 1989). While I did not find a major impact

of sex on the main outcomes, sex indeed moderated the association between age and the impact

of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on BOLD-FC. In particular, the CTH effect decreased minimally (on a level of the 3rd

decimal)  with increasing age for  female participants but  remained unaffected by age for  male

participants.  This  could  be  in-line  with  findings  of  a  vanishing  influence  of  sex  on  CBF  with

increasing age (Aanerud et al., 2017), given my sample of rather older adults.

Table 4. Summary of linear mixed model, LMM, analysis including sex.

Predictors Estimates CI Statistic p

Intercept 1.15 1.10 – 1.20 43.79 <0.001

Group [ICAS] -0.03 -0.08 – 0.03 -0.96 0.34

Age 0 -0.00 – 0.01 1.02 0.31

Sex [Male] 0.05 -0.01 – 0.10 1.75 0.08

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.12 -0.15 – -0.09 -8.04 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.05 -0.08 – -0.03 -3.92 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.02 – 0.02 -0.12 0.91

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 0.00 – 0.01 2.04 0.05

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.01 – -0.00 -2.02 0.05

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.00 -1.48 0.14

Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.03 -0.06 – 0.00 -1.81 0.08

Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.02 – 0.03 0.25 0.81

Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.03 – 0.01 -1.1 0.27

Sex [Male]:cAge 0 -0.01 – 0.01 0.1 0.92

Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.01 – -0.00 -2.87 0.00

Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.01 0.94 0.35

Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.01 1.9 0.06
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Group [ICAS]:Age -0.01 -0.01 – 0.00 -1.19 0.24

Group [ICAS]:Sex [Male] 0.04 -0.02 – 0.09 1.37 0.18

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.04 -0.07 – -0.01 -2.94 0.01

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.03 – 0.03 -0.01 0.99

Group [ICAS]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.01 – 0.02 0.98 0.33

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.01 – 0.00 -0.6 0.55

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 0.00 – 0.01 2.44 0.02

Group [ICAS]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.00 -0.02 0.98

Group [ICAS]:Sex [Male]*|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.03 – 0.03 -0.06 0.95

Group [ICAS]:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.04 – 0.02 -0.75 0.46

Group [ICAS]:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.02 – 0.02 0.06 0.95

Group [ICAS]:Age:Sex [Male] 0 -0.01 – 0.01 0.1 0.92

Group [ICAS]:Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.01 0.56 0.58

Group [ICAS]:Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.01 – -0.00 -1.98 0.05

Group [ICAS]:Age:Sex [Male]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.00 – 0.00 -0.08 0.94

Random Effects (Participants)

σ2 0.12

SDIntercept 0.18

SD|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.06

SD|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.07

Corr. -0.55

-0.19 0.89

ICC 0.21

N Participant 55

Observations 8716

Note: Under predictors the variables incorporated in the model are listed. Categorical variables were deviation coded

(Group: ICAS = 1, Controls = -1; Sex: Male = 1, Female = -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  a  colon,  with  the  respective  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
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(Group  coding  for  healthy  participants  =  -1)  and  vice  versa  for  female  participants  (Group  coding  for  female

participants = -1).

2.2.2 Simulation results regarding the influence of CBF response timing on pairwise 
BOLD-FC 

In order to facilitate understanding of how BOLD-FC depends on CBF response timing, results of

BOLD-FC simulations are presented together with analyses of BOLD-TC characteristics.  Figure 2e

illustrates the relation for a neuronal input frequency of  ν = 0.05 Hz. Compared to the healthy

reference BOLD-TC simulated with τf = 2.0 sec (depicted in blue), faster CBF responses (τf < 2.0 sec,

depicted in light grey) elicit higher BOLD signal changes and the periodic BOLD-TC signal is shifted

to the left, corresponding to negative temporal lags. Slower CBF responses ( τf > 2.0 sec, depicted

in dark grey) on the other hand, cause positive temporal lags (i.e., signal shifts to the right) and less

pronounced influence on  ΔSBOLD. Simulation results for the whole range of 16 characteristic CBF

time constants (τf = [1.0,…, 8.0] sec, vertical axis) and ten neuronal input frequencies (ν = [0.01,…,

0.1] Hz, horizontal axis) are summarized via color-coded BOLD-TC amplitudes (Fig. 8a), temporal

lags (Fig. 8b), and finally BOLD-FC (Fig. 8c) together with corresponding p-values (Fig. 8d). 

Significantly positive BOLD-FC is observed in the lower left quarter of Figure 8c, where τf (for each

investigated frequency), ranges around the healthy reference value ( τf = 2.0 sec, framed in yellow).

For the lowest investigated frequency (ν = 0.01 Hz), positive BOLD-FC values range up to τf = 5.5

sec,  though  with  vanishing  statistical  significance  (Fig.  8d).  With  increasing  neuronal  input

frequency, the range of positive BOLD-FC drastically narrows to τf = [1.0, …, 2.5] sec at ν = 0.06 Hz,

while at ν= 0.07 Hz and above, p-values indicate that correlations are no longer significant (Fig. 8d).

Significantly positive BOLD-FC goes along with BOLD signal  amplitudes similar to the reference

(framed in yellow, Fig. 8a) and small positive or negative temporal lags compared to the reference

(framed in yellow, Fig. 8b).

Significantly negative BOLD-FC is observed for longer characteristic time constants, being separated

from  the  realm  of  positive  BOLD-FC  by  a  transition  zone  of  vanishing  BOLD-FC  (Fig.  8c).  The

location of this transition zone is frequency dependent, it occurs at τf = 6.0 sec for ν = 0.01 Hz and

drops to τf = 3.0 sec for ν = 0.07 Hz. At 0.07 Hz and above, negative BOLD-FC is hardly significant

(Fig. 8d). Significantly negative BOLD-FC goes along with BOLD signal amplitudes rather higher than

the  reference  (framed  in  yellow,  Fig.  8a)  and  large  positive  temporal  lags  compared  to  the
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reference (framed in yellow, Fig. 8b). Weakly significant negative BOLD-FC could also occur for very

fast CBF responses (τf = 0.5 sec) at high neuronal input frequencies (ν = 0.09 Hz).

Together with information on timing aspects of the CBF response as obtained by the empirical

analysis  of  multi-parametric  MRI  data,  these  BOLD-FC  matrices  can  be  used to  interpret  and

explain empirical BOLD-FC results.

Together with information on timing aspects of the CBF response as obtained by the empirical

analysis  of  multi-parametric  MRI  data,  these  BOLD-FC  matrices  can  be  used to  interpret  and

explain empirical BOLD-FC results.

Figure 8. 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 of blood flow response (e). f 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 200sec) yielding one value per simulated (τf of blood flow response (e). f,  ν)  scenario. At each neuronal input

frequency, the temporal lags between the respective reference BOLD-TC (framed in yellow at τf of blood flow response (e). f  = 2.0 sec) and the

target BOLD-TCs with τf of blood flow response (e).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 sec) of the selected reference seed BOLD-TC (framed in yellow at τf of blood flow response (e). f  = 2.0 sec) and the

target BOLD-TCs across the entire range of BOLD-TCs with τf of blood flow response (e).f  = [0.5 … 8.0] sec. 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 SNR0 =  250 in the baseline

portions  of  the  signal.  16x16  different  random  white-noise  realizations  were  used  for  each  pair  of  investigated

parameter values, constituting the individual squares in panels (c) and (d). Abbreviations: δSSBOLD: percentage peak-to-

peak BOLD amplitude.
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2.3 Interim discussion of Project 1

In order to test the hypothesis that capillary transit time heterogeneity, CTH, influences BOLD-FC

and may serve as  an indicator  for  broadened and delayed CBF responses,  I  used a combined

empirical and theoretical  approach. (i)  My empirical analysis of multi-parametric hemodynamic

MRI data of asymptomatic high-grade unilateral ICAS patients and healthy controls demonstrates

significant reductions of BOLD-FC with increasing CTH differences between homotopic brain areas

that  were  significantly  more  pronounced  in  ICAS  patients.  Crucially,  due  to  largely  preserved

neuronal functioning in asymptomatic ICAS, ,my results demonstrate that CTH differences between

homotopic brain areas can explain BOLD-FC reductions independent from changes in neuronal

activity.  (ii)  The  theoretical  simulation-based  approach  revealed  that  an  increase  in  the

characteristic time constant τf of blood flow responses induces delays and broadening of the CBF

response, which in turn is associated with significant changes in BOLD-FC, including sign shifts from

positive to negative. (iii) Linking empirical and theoretical findings, simulation results of BOLD-FC

variability as a function of CBF response timing variability fit my empirical findings of CTH impact

on BOLD-FC, suggesting that CTH may serve as an indicator of CBF response timing.

This  is  the  first  study  demonstrating  local  CTH impacts  on  BOLD-FC  in  humans.  Furthermore,

results  support  the  interpretation  of  CTH  as  a  surrogate  marker  of  local  perfusion  temporal

response  characteristics.  In  summary,  results  suggest  that  perfusion  response  delay  and

broadening impact on BOLD-FC independently from neuronal changes.

2.3.1. Empirical findings reveal NVC impact on BOLD-FC

2.3.1.1 CTH and its impact on BOLD-FC

I observed that BOLD-FC is significantly predicted by CTH differences between homotopic cortical

VOI  pairs.  Specifically,  BOLD-FC  correlations  between  homotopic  brain  regions’  BOLD-TCs

decreased when |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across increased (Fig. 7a). Moreover, the observed effect was both significantly

stronger in patients with ICAS than healthy controls and independent of age.

Physiologically, CTH describes the distribution of red blood cell capillary transit times, where an

increase in CTH corresponds to a broadening of this distribution (Jespersen & Østergaard, 2012).

Based  on  relations  between  distributions  of  relative  flow  rates  and  capillary  transit  times

(Østergaard et al., 1999), we assume that such broadening necessarily also causes a delayed CBF

response,  which  lead  us  to  propose  CTH  as  a  marker  for  τf (see  rationale  in  section  ‘2.1.2
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Theoretical  considerations  regarding  the  link  between  CTH  and  CBF  response’).  In  previous

simulation studies, it has already been demonstrated that CTH influences CBF and BOLD responses

in brain activation studies (Angleys et al., 2018; Rasmussen et al., 2015), yielding results consistent

with experimental findings in small animal studies (Rasmussen et al., 2015). The influence of CTH

on BOLD-FC has not yet been examined in human rs-fMRI studies so far but CTH increases have

been demonstrated in neurodegenerative and vascular diseases, which are known to suffer from

impaired cerebral oxygen supply (Mundiyanapurath et al., 2016; Nielsen et al., 2020; Potreck et al.,

2019; Schneider et al., 2022). Furthermore, there is some evidence that CTH eventually impedes

cerebral  oxygen  supply  in  neurodegenerative  and  vascular  diseases  (Arsava  et  al.,  2018;

Østergaard, Aamand, et al., 2013; Østergaard et al., 2016; Østergaard, Jespersen, et al., 2013).

In our patients with asymptomatic ICAS, elevated CTH in the hemisphere ipsilateral to the stenosis

is  not  accompanied  by  alterations  in  oxygen  extraction fraction  (OEF)  (Kaczmarz  et  al.,  2021;

Figures 3 & 4). Furthermore, CBF and CMRO2 ipsilateral to the stenosis are comparable to healthy

controls, while contralateral values are significantly higher in ICAS patients (Göttler et al., 2020; see

Figure 3 of Göttler, Kaczmarz, et al., 2019). In the healthy subjects of our study cohort, we did not

find  general  hemispheric  CTH  differences,  in  line  with  their  overall  intact  perfusion  status

(Kaczmarz  et  al.,  2021),  but  detailed  regional  analysis  revealed  that  CTH differences  between

homotopic regions nevertheless exist across the brain – even though to a lesser degree than in

asymptomatic ICAS patients (Fig. 3f, j; see Fig. 4 & 5 for detailed regional analysis). Accordingly, the

CTH effect on BOLD-FC for the healthy participant group might be underestimated, explaining the

significant interaction between group and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on BOLD-FC. Nevertheless,  systematic group

differences  in  the  relation  between  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  BOLD-FC  exist,  possibly  due  to  intact

compensatory  mechanisms  in  the  healthy  vascular-hemodynamic  system.  Cerebrovascular

reactivity could be a potential candidate for such a mechanism, as impaired CVR has also been

shown in our cohort of asymptomatic ICAS patients (Kaczmarz et al., 2021).  Interestingly, CVR is

not only reduced ipsilateral to the stenosis compared to the unaffected contralateral side, but also

bilaterally compared to healthy controls (see Figure 3 in Kaczmarz et al., 2021). Since an intact CVR

is necessary for healthy blood flow responses to increased neuronal activity (De Vis et al., 2015;

D’Esposito  et  al.,  2003;  Lewis  et  al.,  2020;  Mark  et  al.,  2015;  van  Niftrik  et  al.,  2019),  weak

physiological differences in CTH might be compensated by an intact CVR.
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The question of  which possible  hemodynamic and physiological  processes might  underpin the

effect of CTH increases on BOLD-FC decreases will be discussed below using our simulation results

for interpretation.

2.3.1.2 Baseline perfusion, namely CBF and rCBV, and its impact on BOLD-FC.

Reductions  in  BOLD-FC  were  also  related  to  increasing  cross-hemispheric  differences  in  local

baseline CBF (Fig. 7b) but not to differences in rCBV (Fig. 7c). In contrast to CTH, there were no

ICAS group specific effects of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on BOLD-FC, but age had a small and significant effect. In my

cohort of asymptomatic  ICAS patients, increases in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across correspond to reduced

CBF and increased CBV ipsilateral to the stenosis (see Figure 3 in Kaczmarz et al., 2021). The ICAS

patients’ average |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, but not |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, increased weakly but significantly with the

degree of stenosis (Fig. 6).  Since hemodynamic impairments strongly depend on the individual

vascular anatomy, mainly collateralization across the circle of Willis (Kaczmarz et al., 2018; Richter

et  al.,  2017),  this  weak  dependence  fits  my  expectation.  In  ICAS  patients,  reductions  in

microvascular perfusion (i.e., baseline CBF) and accompanying, compensatory increases in rCBV

ipsilateral to the stenosis (Kaczmarz et al., 2021) are supposed to result from a reduced cerebral

perfusion pressure (Powers, 1987; Schroeder, 1988). While the healthy controls do not show global

baseline  CBF  and rCBV differences  between hemispheres  (Kaczmarz  et  al.,  2021),  my regional

analysis still revealed small but significant pairwise differences for baseline CBF (Fig. 3g,k) and rCBV

(Fig. 3h,l), albeit to a significantly lower degree as compared to ICAS patients (see Fig. 4 & 5 for a

detailed regional analysis).

Concerning the significant influence of baseline CBF on BOLD-FC, my result is in line with several

previous findings.  For example, BOLD-FC was found to be significantly correlated with regional

baseline CBF in functional brain network hubs (Liang et al., 2013) and coupled to regional baseline

CBF (Z. Li et al., 2012). Using a scaling approach, first proposed by Qiu et al. (2017), Champagne et

al. (2020) demonstrated recently that accounting for regional differences in baseline CBF reduced

the difference in BOLD-FC patterns observed between patients with mild traumatic brain injury and

healthy controls. 

Concerning the relatively stronger |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across than |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across effect on BOLD-FC, my results suggest a

link among previously separate findings. In patients with Alzheimer’s disease, not only aberrant

CTH has been demonstrated (Nielsen et al., 2020; Østergaard, Aamand, et al., 2013), but also an

impact of reduced baseline CBF on BOLD-FC (Göttler, Preibisch, et al., 2019). In ICAS patients, I
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similarly found aberrant CTH and impact of reduced baseline CBF on BOLD-FC but also increased

rCBV (see Figure 3 in Kaczmarz et al., 2021). Thus, I suggest more generally, that brain disorders of

subtle  but  chronic  hypo-perfusion,  which  are  likely  accompanied  by  chronic  compensatory

vasodilation, are at higher risk for CTH alterations. Based on our results of relatively smaller effects

of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF] compared to |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, the relevance of CTH alterations seems to be higher for BOLD-FC,

than the influence of baseline perfusion. This might be explained by an inherently larger extent of

CTH changes than those of  baseline CBF and compensatory rCBV changes.  This  explanation is

inspired by our finding in asymptomatic ICAS patients, namely that CTH increases ipsilateral to the

stenoses  are  much  more  widespread  than  those  of  baseline  CBF  and  rCBV,  which  are  rather

restricted to vascular border zone areas (Kaczmarz et al., 2021). In any case, the simultaneous and

strongly correlated impact of both CTH and baseline CBF on BOLD-FC accords with an inherent link

between these variables (Jespersen & Østergaard, 2012). 

Finally, the small moderating effect of age on the influence of CBF, with stronger effects in healthy

older subjects, could hint at a loss of compensatory factors countering the detrimental effects of

CBF  differences  with  progressing  age.  Given  the  widespread  impact  of  age  on  various

hemodynamic-vascular processes and thus NVC (Beishon et al., 2021), a larger moderating effect

could be expected in a sample with a larger age range. The negligible effect of age among ICAS

patients on the other hand, fits with my assumption of already depleted compensatory factors.

2.3.2 Simulations reveal CBF timing impact on BOLD-FC

Our simulations of BOLD-FC across a range of characteristic time constants  τf demonstrate the

dependency  of  BOLD-FC  on  delayed  and  broadened  CBF  responses.  For  a  purely  sinusoidal

neuronal input of 0.05 Hz, we found diminished BOLD-FC for characteristic CBF time constants

deviating more than a second from the healthy reference at  τf =  2 sec.  Regarding slower CBF

responses, BOLD-FC is already clearly reduced for τf = 2.5 sec, turning largely insignificant for τf =

3.0 sec, and finally getting negative for  τf  > 3.0 sec (see  Fig. 8c & d). This behavior can be well

explained by an increasingly positive lag with increasing τf, where bright colors in Figure 8b indicate

that the target BOLD-TCs for τf > 6.5 sec are almost in opposite phase to the reference BOLD-TC (at

τf = 2.0 sec). 

The result of diminished BOLD-FC fits with our empirical results as well as with a number of rs-fMRI

studies that demonstrated decreased rs-fMRI-based BOLD functional connectivity in patients with

vascular diseases including ICAS (Avirame et al., 2015; T.-Y. Chang et al., 2016; Cheng et al., 2012;
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C.-J. Lin et al., 2014; T. Wang et al., 2017), but also in neurodegenerative diseases, depression and

schizophrenia (Brandl et al., 2019; Manoliu et al., 2014; Zhou et al., 2010; Zhou & Seeley, 2014). All

these disorders have also been associated with perfusion deficits (Göttler et al.,  2020; Göttler,

Preibisch, et al., 2019; Kaczmarz et al., 2021; Katsel et al., 2017; Love & Miners, 2016). In addition

and  highly  interestingly,  negative  BOLD-FC  has  been  observed  in  a  range  of  different  brain

disorders from Alzheimer’s disease or Frontotemporal Dementia (Nuttall et al., 2016; Zhou et al.,

2010)  to  schizophrenia  (Damaraju  et  al.,  2014;  Manoliu  et  al.,  2014),  all  of  which  have  been

associated with significant perfusion deficits (Katsel et al., 2017; Love & Miners, 2016). Typically,

negative BOLD-FC has been explained by potential effects of either global signal changes (C. Chang

et al., 2016; Schölvinck et al., 2010; Turchi et al., 2018) or problematic pre-processing of rs-fMRI

data with respect to the global grey matter BOLD signal such as global signal regression (Liu et al.,

2017; Murphy & Fox, 2017; Power et al., 2012; Siegel et al., 2014). However, our simulation results

shed new light on that issue, offering effects of impaired neurovascular coupling, such as local

perfusion delays, as a possible explanatory mechanism for the emergence of negative BOLD-FC.

Thus moving the field forward in the understanding of a phenomenon that has proven challenging

and has thus been largely ignored so far.

Exploring the frequency dependence of BOLD-FC, we performed simulations for neuronal inputs

between  0.01  Hz  and  0.1  Hz  (Fig.  8).  Again,  observed  BOLD-FC  changes  at  different  input

frequencies ν can be explained by the interplay of changing peak-to-peak amplitudes (Fig. 8a) and

temporal lags/phase shifts (Fig. 8b). Areas of diminished BOLD-FC (in the (τf,  ν) parameter space)

either overlap with areas of low to vanishing BOLD-TC amplitudes (see  Fig. 8a) or coincide with

relevant lags (see Fig. 8b). Strong positive BOLD-FC (Fig. 8c) is observed where high peak-to-peak

amplitudes coincide with temporal  lags around zero, indicating that the BOLD-TCs of seed and

target regions are in phase. Significantly negative BOLD-FC values are observed in parts of the

parameter space, where the BOLD-TCs are shifted by about half a period where the BOLD-TCs in

the seed and target region are roughly in opposite phase.  Remarkably, the area with low and

diminished BOLD-FC in the parameter space extends with increasing input frequency and shrinks

with decreasing input frequency, compared to the middle input frequency of 0.05Hz (see Fig. 8c).

This finding implies a filter effect of NVC, in a sense that low frequency neuronal input (< 0.05 Hz)

appears more likely to produce positive BOLD-FC than high frequency neuronal input (> 0.05 Hz).

This simulation-based finding fits very well with a recent experimental observation (Siegel et al.,

2016). In a cohort of patients with subacute stroke, the authors found a decrease of BOLD signal
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power with frequency in non-lesioned brain areas that exhibited significant lags in the BOLD signal.

Interestingly,  brain  areas  without  and  with  lag,  respectively,  showed  comparable  BOLD  signal

power  between 0.01  and 0.04  Hz.  At  higher  frequencies  (0.04  to  0.09  Hz)  the  overall  power

decreased, but was significantly lower in areas exhibiting a lag in BOLD signal (see Figure 2 in Siegel

et al., 2016). This finding provides evidence for a low pass filter effect of NVC whose efficiency

increases  in  the  presence  of  perfusion  delays.  However,  it  has  to  be  noted  that  Siegel  et  al.

investigated the dependence of  BOLD-FC on  systemic  BOLD signal  time lags  instead of  timing

aspects of local NVC as in our current study. However, systemic perfusion delays are well known to

occur in vascular diseases, as is the case in our cohort of asymptomatic ICAS patients (Kaczmarz et

al., 2021). Thus, further studies are clearly needed to disentangle the effects of local and systemic

perfusion delays.

2.3.3 Linking empirical and simulation results of local NVC impact on BOLD-FC

2.3.3.1 CTH and CBF responses

As outlined in methods section ‘2.1.2 Theoretical considerations regarding the link between CTH

and CBF response’, we suggest that increased CTH could serve as a marker for broadened and

delayed CBF responses. Based on this kind of 0th-order approximation, the simulation model might

help us to understand how timing aspects of the CBF response influence BOLD-FC. In accordance

with previous work, we assumed a normal CMRO2 response with τm = 2 sec (Archila-Meléndez et

al., 2020). An equally fast and narrow CBF response with τf = 2 sec causes a positive BOLD signal

change when the delivery of oxygen surpasses its consumption. In our simulations, this condition is

well met by assuming CBF and CMRO2 response amplitudes of 50% and 25%, respectively. When

the CBF response is now delayed and broadened – while keeping the absolute amount of delivered

blood constant – the delivery of oxygenated blood is stretched across a longer period of time,

resulting in a diminished short-term delivery of oxygen and in turn, a diminished positive BOLD

response. With increasing  τf,  the peak CBF response is increasingly delayed and the maximum

amplitude  diminished so  that  at  a  certain  point,  the  oxygen consumption,  i.e.,  the  simulated

normal  CMRO2 response,  surpasses the oxygen delivery,  eventually  resulting in an increase of

deoxyhemoglobin and thus a negative BOLD response and consequently also a negative BOLD-FC.

The  point  in  parameter  space  where  exactly  this  happens  depends  on  the  frequency  of  the

neuronal input (see Fig. 8c) but also on the assumptions with regard to the reference seed.
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In general, my empirical finding of decreasing BOLD-FC with increasing |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across between VOI pairs,

fits very well with our simulation result of decreasing BOLD-FC with increasing τf, particularly if one

accepts  a  link  between CTH  and  CBF  response  timing.  As  discussed  above,  in  our  sample  of

asymptomatic ICAS patients, an increase in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across corresponds to CTH increases ipsilateral to the

stenosis. As the reference seed BOLD-TC was chosen to represent a ‘healthy’ NVC response, BOLD-

FC values with increasing τf  correspond to situations with increasingly delayed and broadened CBF

responses in an impaired target region. This corresponds to the situation in our asymptomatic ICAS

patients, where CTH is increased in VOIs ipsilateral to the stenosis compared to the contralateral

(healthy) VOIs.  As we can see in  Figure 8 across the range of  simulated frequencies,  BOLD-FC

decreases with increasing τf across the entire range of simulated frequencies, which perfectly fits

our empirical results, where we found that unilateral CTH increases cause decreases in pairwise

homotopic  BOLD-FC.  Thus,  it  appears  plausible  to  consider  CTH  as  an  indicator  for  the  CBF

response’s  characteristic  time  constant  τf,  where  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  roughly  relates  to  differences  in

characteristic time constants  τf,  which causes phase shifts and amplitude modulations between

BOLD-TCs in paired homotopic VOIs. BOLD-FC between pairwise VOIs is in turn diminished even

though neural activity is most likely largely comparable across homotopic VOI pairs as discussed

above.

As  indicated  by  my  empirical  analysis,  BOLD-FC  is  also  influenced  by  baseline  values  of  CBF.

However,  baseline CBF is  not explicitly  considered in our simulation approach. All  changes are

simulated relative to a normalized baseline. What actually matters are the changes relative to this

baseline, and in this respect, it would be important to know if and how baseline CBF influences the

CBF response amplitude. Since increased rCBV as well as reduced CVR have been detected in our

cohort of asymptomatic ICAS patients (Kaczmarz et al., 2021), it is likely that reduced baseline CBF

is  often accompanied by a reduced CBF response amplitude,  which according to our  previous

simulations also predicts reduced BOLD-FC (Archila-Meléndez et al., 2020). However, one should

be aware that this is not necessarily the case (Amemiya et al., 2012; Powers et al., 1988; Siero et

al., 2015).

With respect to rCBV, my empirical analyses did not show a significant influence. This again fits

with our simulations because the assumed slow CBV response acts to dampen the influence of CBV

in the presence of fast oscillatory neuronal activity as can be seen in  Figure 2b  and has been

discussed in detail previously (Archila-Meléndez et al., 2020).
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3.3.3.2 Pathophysiology of local NVC in ICAS and its impact on BOLD-FC

The ICAS patients included in my study showed mild to moderate capillary dysfunction, which,

beyond increases in CTH, manifested in reduced baseline CBF and CVR as well as elevated rCBV

(Kaczmarz et al., 2021) with ipsilateral CMRO2 comparable to healthy controls (Göttler, Kaczmarz,

et al., 2019). Mean grey matter CTH was found to be about 2.8 sec in healthy elderly (Kaczmarz et

al.,  2021) and mean CTH differences between VOI pairs are about 0.9 sec and 0.7 sec for ICAS

patients and healthy controls, respectively (with a small fraction of VOIs showing lager |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

values  up  to  ≈ 3s  sec).  These  values  indicate  that  in  the  majority  of  voxels  pathological  CBF

responses  in  ICAS  patients  do  not  differ  too  much  from  the  reference  seed  assumed  in  our

simulation approach. This means that the simulated τf range exceeds the pathophysiological range

in ICAS patients by far. 

The  reduction  in  baseline  CBF  certainly  also  plays  a  role,  especially  in  combination  with  the

observed ipsilateral rCBV increase, indicating potentially chronic compensatory vasodilation and

simultaneously reduced CVR, which has indeed been demonstrated on group level (Kaczmarz et

al., 2021). According to our previous simulation study (Archila-Meléndez et al., 2020) and results

from other groups (D’Esposito et al., 2003; Göttler, Kaczmarz, et al., 2019; Lewis et al., 2020; Mark

et al., 2015; van Niftrik et al., 2019, intact CVR is an important prerequisite of BOLD fMRI studies

not only in the resting state.

Finally,  as  CTH  is  expected  to  depend  on  baseline  CBF  (Jespersen  &  Østergaard,  2012),  ICAS

patients might also be affected from an inability to reduce CTH in response to neuronal activity

that has been observed in animal studies (Jespersen &  Østergaard, 2012; Kleinfeld et al.,  1998;

Schulte et al., 2003; Stefanovic et al., 2008).

2.3.4 Limitations

There are several shortcomings for this Project, which have to be acknowledged. In the following, I

list these limitations together with a brief discussion point-by-point.

Multi-parametric hemodynamic MRI: With respect to ASL, there are a number of known issues

with regard to regional differences in arterial transit times, which potentially impede baseline CBF

quantification  with  single-PLD  ASL,  especially  in  elderly  subjects  and  patients  with  vascular

diseases (Göttler, Preibisch, et al., 2019; Kaczmarz et al., 2021). We tried to minimize respective

bias by using a PLD of 2000 ms as recommended (Alsop et al., 2015) and carefully checked data for
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arterial transit time artefacts (Kaczmarz et al., 2021). In addition, reduced labeling efficiency due to

increased flow velocities in the stenosed vessel (Chen et al., 2017) as well as reduced compliance

in patients could impact on CBF data quality.  Furthermore, I  included pCASL data with 2D EPI

readouts  in  15  subjects  because  pCASL  with  3D  GRASE  readout  was  either  not  available  (6

subjects) or rated of inferior quality. While these deviant data were distributed evenly between

groups  and  a  rating-based  group  comparison  of  CBF  data  quality  (data  not  shown)  does  not

indicate significant group differences, I cannot exclude that measurement accuracy and SNR could

potentially influence the results of my analyses. Similarly, there are a number of known issues with

DSC MRI, starting from the valid definition of an arterial input function to potential influences of

contrast agent leakage effects (Hedderich et al., 2019; Kluge et al., 2016). Likewise, CTH calculation

relies on a number of assumptions that might not necessarily be fulfilled (Kaczmarz et al., 2021;

Mouridsen et al., 2014). In addition, contrast agent application in 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 confounded by numerous

influences, I included several control variables in my analysis. Importantly, I included age because

detrimental effects of age on BOLD-FC have been repeatedly demonstrated (Farras-Permanyer et

al., 2019; Varangis et al., 2019) and sex because it has been found to influence cerebral blood flow

and metabolism (Aanerud et al., 2017; Alisch et al., 2021; Daniel et al., 1989; Duque et al., 2017).

An analysis regarding sex differences in CTH did not reveal a significant effects in my subject cohort

(data not shown). Other potentially confounding participant traits, e.g., hypertension or diabetes,

were clearly associated with the grouping structure, i.e., more prevalent in ICAS patients (see Table

1),  which prevented individual inclusion due to multicollinearity. Thus, I included the factor group

as  an  overarching  control  variable,  also to  avoid fitting an  overly  complex  model.  While  such

variables could, therefore, have an individual impact on BOLD-FC or moderate the influence of NVC

differences  in  BOLD-FC,  the  present  study  design  is  not  suited  to  disentangle  such  individual

effects. The larger impact of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on BOLD-FC for ICAS patients could therefore also be related

to additional factors associated with ICAS, beyond an impaired CTH. However, hypertension was

found to be associated with both BOLD hyper-and hypo-connectivity only for few selected regions

(Carnevale et al., 2020; Feng et al., 2020; Son et al., 2015). Blood pressure likewise has been found

to only impair the BOLD signal under conditions of rapid change (Kalisch et al., 2001; Reimann et

al.,  2018). Even though CVR, besides CBF and CBV, is well known to influence the BOLD signal
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(Archila-Meléndez et al., 2020), I decided not to include CVR for mainly two reasons: (1) sufficient

quality breath-hold CVR data are only available from about two thirds of my study participants, (2)

missing endtidal  CO2 data  restrict  analysis  to  purely  qualitative statistical  maps.  However,  the

additional influence of CVR is an important factor that needs to be addressed in future studies. 

My model explains 23% of the BOLD-FC variance, clearly indicating that further factors impact

BOLD-FC. Among these, cardiac and respiratory pulsations are best known (Beall & Lowe, 2007;

Yoshikawa et al., 2020) but more recently, influence of systemic perfusion delays has also been

demonstrated,  e.g.,  in  Moyamoya disease,  stroke,  stenosis  patients  and even healthy  controls

(Christen et al., 2015, p. 20; Y. Lv et al., 2013; Siegel et al., 2016; Tong et al., 2017; Tong, Yao, et al.,

2019). Beyond that, intrinsic local fluctuations in arteriole diameter, partially independent from

resting-state neural activity, may drive blood flow oscillations and impact on BOLD-FC (Mateo et

al., 2017; Winder et al., 2017). Likewise, the global brain signal, which I decided not to regress out

certainly has an impact on BOLD-FC (Liu et al., 2017). Further factors include motion not detected

by  common  motion  regression  procedures  (Beall  &  Lowe,  2014).  Lastly  simply  spontaneous

differences in the underlying neuronal activity would lead to reduced BOLD-FC as well.

BOLD-FC modelling and the link between CTH and CBF response timing: A major strength of our

simulation approach is that it allows detailed simulations regarding the impact of NVC impairments

on BOLD-FC. The most important general issues about the validity of our approach have already

been discussed (Archila-Meléndez et al., 2020).

As outlined above, our simulations demonstrate that delayed and broadened CBF responses can

explain  reductions of  BOLD-FC independent  of  reductions  in  neuronal  activity.  With  regard  to

experimental evidence, we proposed a link between CTH increases and broadened and delayed

CBF  responses.  This  appears  plausible  on  a  qualitative  level,  however,  for  future  studies,  our

simulation model clearly needs to be developed further. To establish a firm link between BOLD-FC

and measurable physiological parameters in humans, an improved model needs to consider the

interplay of MTT, CTH, CBV and CBF (Østergaard et al.,  1996, 1999) as well as the complexities

introduced by the effects of  CTH on brain oxygenation (Jespersen & Østergaard,  2012)  and in

particular BOLD responses (Angleys et al., 2018; Rasmussen et al., 2015). Moreover, the influence

of the baseline physiology has been neglected in this study because OEF was unimpaired in our

sample of ICAS patients (Kaczmarz et al., 2021) and statistical analysis did not indicate influence of

CBV (Fig. 7c). However, future studies need to consider that BOLD signal changes also depend on
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baseline physiology, in particular OEF and venous blood volume (Archila-Meléndez et al.,  2020;

Obata et al., 2004). 

In  addition,  ICAS  patients  feature  additional  hemodynamic  impairments,  most  importantly

reductions  in  CVR  and  CBF,  which  could  explain  BOLD-FC  reductions  equally  well.  While  my

statistical analysis supports the view that the influence of CTH is stronger than the influence of

baseline CBF, I cannot completely rule out that CVR might play an important role as well. This point

certainly also needs further investigation based on high quality multi-parametric MRI data and

more specific and detailed modelling.

2.3.5 Conclusions

My empirical results demonstrate that increasing CTH differences between homotopic brain areas

lead  to  BOLD-FC  reductions,  which  can  be  well  explained  by  our  simulation  results  when

considering increased CTH as an indicator of delayed and broadened CBF responses. Given these

complex  and  non-linear  influences  as  well  as  variable  sources  of  vascular  delays,  i.e.,

macrovascular  systemic  as  well  as  local  microvascular  contributions,  I  suggest  that  calibration

approaches like linear regression of BOLD-TCs with vascular noise predictors (Christen et al., 2015;

Erdoğan  et  al.,  2016;  Liu  et  al.,  2017;  Siegel  et  al.,  2016)  are  not  sufficient  to  fully  recover

information on underlying neuronal activity. I suggest to overcome the limitations of conventional

rs-fMRI-based BOLD-FC analyses by combining our recent BOLD-FC simulation approach (Archila-

Meléndez et al.,  2020)  with comprehensive hemodynamic-oxygenation MRI, i.e., CVR, CBF, CBV

and OEF, to aid the interpretation of BOLD-FC alterations in patient populations. 
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3. Project 2: Comparison of influence on BOLD-FC by local and 
systemic hemodynamic-vascular parameters

Results  of  this  Project  have  previously  been  published  as  an  original  research  article  in

NeuroImage, 281, in 2023 (Schneider et al., 2023) with chapters 3.1 to 3.3 of this thesis adapted

from this publication:

 

Schneider, S. C., Kaczmarz, S., Göttler, J., Kufer, J., Zott, B., Priller, J., Kallmayer, M., Zimmer, C., Sorg,

C., & Preibisch, C. (2023). Stronger influence of systemic than local hemodynamic-vascular factors

on  resting-state  BOLD  functional  connectivity.  NeuroImage,  281,  120380.

https://doi.org/10.1016/j.neuroimage.2023.120380

3.1. Methods of Project 2

My  investigations  are  based  on  data  from  the  same  quantitative  multimodal  MRI  study  in

asymptomatic unilateral  ICAS patients and healthy controls  (HC) as Project 1 (Schneider et  al.,

2022). For this project, I analyzed rs-fMRI for estimation of BOLD-FC and BOLD time lags, dynamic

susceptibility contrast (DSC) MRI for estimation of TTP, relative CBV (rCBV) and CTH, and pseudo-

continuous ASL (pCASL) for estimation of CBF. 

3.1.1 Participants

From a previously analyzed sample of 29 ICAS patients and 30 healthy controls (Göttler et al., 2020;

Göttler,  Kaczmarz,  et  al.,  2019;  Kaczmarz  et  al.,  2021;  Schneider  et  al.,  2022),  I  analyzed  a

subsample of 51 participants, 26 ICAS patients (10 females) and 25 controls (14 females), from

whom  all  necessary  data  existed  in  sufficient  quality.  Overall  4  participants  from  Project  1

(Schneider et al.,  2022) had to be excluded due to either bad or missing data. Healthy elderly

controls  were  age-matched  to  ICAS  patients.  Median  age  across  ICAS  patients  and  HC in  the

present study sample was 72 years (range: 52 to 84 years).  All  participants underwent neuro-

radiological,  neurological,  psychiatric,  cognitive and kidney function testing to ensure inclusion

criteria. The study was approved by the medical ethical board of the Klinikum rechts der Isar of the

Technical University of Munich; all participants provided written informed consent to all conducted

examinations. For a detailed description of the overall sample characteristics see Table 5.
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Table 5. Summary of participant characteristics for Project 2 and 3.

Parameter Control (N=25) ICAS (N=26) p

Age [years]: mean (SD) 70.4 (4.9) 70.3 (7.3 ) 0.94

Sex – female: N (%) 14 (56.0%) 10 (38.5%) 0.21

Side of stenosis – left: N (%) - 11 (39.3)

Stenotic degree (% NASCET): mean (SD) - 81% (10%)

BMI: mean (SD) 27.2 (4.2) 25.9 (4.8) 0.31

Smoking [packs per year]: mean (SD) 7.1 (12.5) 13.3 (18.7) 0.18

Fazekas: mean (SD) 0.9 (0.9) 1.5 (0.8) 0.01

PAOD: N (%) 3 (12.0%) 8 (30.8%) 0.1

CHD: N (%) 2 (8.0%) 8 (32.0%) 0.03

Hypertension: N (%) 15 (60.0%) 20 (76.9%) 0.19

BP [mmHG] 

- systolic: mean (SD) 142 (19.3) 153.6 (25.3) 0.08

- diastolic: mean (SD) 85.1 (7.1) 85.5 (10.3) 0.86

Diabetes: N (%) 2 (8.0%) 5 (20.0%) 0.22

Statins: N (%) 5 (20.0%) 18 (69.2%) < 0.001

Antiplatelets: N (%) 5 (20.0%) 23 (88.5%) < 0.001

Antihypertensives: N (%) 11 (44.0%) 17 (65.4%) 0.13

Antidiabetics: N (%) 2 (8.0%) 2 (7.7%) 0.97

MMSE: mean (SD) 28.6( 1.4) 28.3 (2.4) 0.61

TMT-A: mean (SD) 42.7 (13.2) 49.9 (24.3) 0.2

TMT-B: mean (SD) 104 (40.8) 139.2 (66.4) 0.03

LBT [abs. % deviation from center]: mean (SD) 3.1 (1.8) 2.3 (2.2) 0.18

BDI: mean (SD) 8.3 (5.3) 8.4 (8.2) 0.96

STAI: mean (SD) 35 (10.5) 37.9 (10.4) 0.34

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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3.1.2 MRI data acquisition

As for Project 1 (Schneider et al., 2022), MR imaging was performed on a 3T Philips Ingenia MR-

Scanner (Philips Healthcare, Best, The Netherlands). Anatomical imaging comprised a T1-weighted

magnetization prepared rapid gradient echo (MPRAGE; TE = 4 ms, TR = 9 ms, α = 8°, TI = 1000 ms,

shot interval = 2300 ms, SENSE AP/RL 1.5/2.0, 170 slices, matrix size = 240x238, voxel size = 1x1x1

mm³) and a T2-weighted fluid attenuated inversion recovery (FLAIR; TE = 289 ms, TR = 4800 ms,

inversion delay = 1650 ms, TSE factor = 167, 163 slices, matrix size = 224x224, voxel size = 1.12

mm³ isotropic). BOLD-FC and BOLD temporal lags were derived from T2*-weighted multiband echo

planar imaging (EPI) time series (TE = 30 ms, TR = 1.2 s, α = 70°, multiband factor 2, SENSE factor 2,

38 slices, matrix size = 192x192, voxel size = 3x3x3 mm³, 500 dynamic scans, scan duration 10 min).

TTP, rCBV and CTH were derived from DSC MRI (80 single-shot EPI volumes, TE = 30 ms, TR = 1513

ms,  α  =  60°,  26  slices,  voxel  size  =  2.0x2.0x3.5  mm³,  bolus  injection  of  Gd-Dota  with  a

concentration of 0.5 mmol/ml, a dose of 0.1 mmol/kg and at least 7.5 mmol per subject). Pseudo-

continuous arterial  spin  labeling  (pCASL)  acquisitions  (post  label  delay  (PLD)  =  2000  ms,  label

duration = 1800 ms, 16 slices) were evaluated for baseline CBF. From the pCASL data that were

acquired for sequence comparisons (Kaczmarz et al., 2016), I included for each subject the highest

quality CBF data. For 36 subjects, a 3D gradient spin echo (GRASE) readout with 4 background

suppression (BGS) pulses, TE/TR/α = 7.4 ms/ 4377 ms/90°, turbo spin echo factor 19, EPI factor 7,

voxel size = 2.75x2.75x6 mm³ was employed. For the remaining subjects, a 2D EPI readout with

similar acquisition parameters was used, with either 4 BGS pulses (6 subjects), 2 BGS pulses (7

subjects), or no BGS (1 subject).

3.1.3 BOLD signal preprocessing

The BOLD fMRI data was minimally preprocessed with the Data Processing Assistant for Resting-

State fMRI advanced edition (DPARSFA) toolbox V5.0_200401 (Yan, C.G. & Zang, Y.F., 2010) and

SPM12  (v7771;  Wellcome  Trust  Centre  for  Neuroimaging,  UCL,  London,  UK)  using  MATLAB

(R2019b; MathWorks, Natick, MA, USA). Preprocessing included removal of the first ten volumes to

reach  steady-state  magnetization,  spatial  realignment  of  acquired  EPI  volumes,  slice  time

correction,  reorientation  to  the  anterior-posterior  commissure  (AC-PC),  a  nuisance  covariate

regression including six motion parameter and a linear trend, 6mm full width at half maximum

(FWHM) smoothing and lastly temporal bandpass filtering from 0.01 to 0.1 Hz. 
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The anatomical  images were initially neck cropped and then co-registered with the functional

images,  which  was  followed  by  segmentation  using  Diffeomorphic  Anatomical  Registration

Through Exponentiated Lie Algebra (DARTEL; Ashburner, 2007). 

3.1.4 Calculation of hemodynamic-vascular parameter maps 

Parameter  maps  were  calculated  and  spatially  coregistered  with  custom  MATLAB  programs

(R2016b; MathWorks,  Natick,  MA, USA) and SPM12 (Wellcome Trust Centre for  Neuroimaging,

UCL, London, UK) as previously described in detail (Kaczmarz et al., 2021; Schneider et al., 2022). In

short, TTP, rCBV and CTH were derived from DSC data. Relative CBV was calculated by integrating

the leakage corrected concentration time curve that was derived from DSC data (Hedderich et al.,

2019; Kluge et al.,  2016).  Resulting rCBV maps were re-referenced to normal  appearing white

matter (NAWM) with CBV=2.5% (Leenders, 1994). CTH parameter maps were created based on

parametric modeling (Jespersen & Østergaard, 2012; Mouridsen et al., 2014) assuming a gamma

variate function as probability density distribution of the capillary transit times. CTH represents the

standard deviation of the capillary transit times in seconds, with larger values indicating a larger

heterogeneity.  Quantitative  baseline  CBF  maps  were  derived  from  the  pCASL  data  following

recommendations outlined in the ISMRM perfusion study group consensus paper (Alsop et al.,

2015). In short, the label and control images were motion corrected, averaged and subtracted,

with M0 being used for normalization. 

BOLD  lag  maps  were  derived  from  preprocessed BOLD  fMRI  data  via  cross-correlation  of  the

individual participants’ superior sagittal sinus (SSS) time course signal with signals from all voxels

within the brain. Lag mapping was conducted with rapidtide, a Python based toolbox providing

automated time delay analysis for fMRI data (Frederick et al., 2022; Tong et al., 2011; Tong, Hocke,

et al.,  2019; Tong & Frederick, 2014). For the analysis, a predefined set of options refining the

analysis was chosen, which included temporal up-sampling of the input fMRI data by a factor of 3,

repeated measures  control  and recursive  selection of  a  reference time course  for  each lag  to

improve the mapping. The initial SSS reference time course was extracted from a SSS mask, which

was individually created for each participant using multi-echo gradient-spin echo data, where the

SSS could be segmented based on the vascular voxels’ accelerated signal decay with TE (see Fig. 9).

The cross-correlation between the SSS reference and each voxel BOLD-TC was conducted within

the range of -20 to +20 TRs. The temporal shift at which the maximum correlation is achieved

constitutes the voxel specific BOLD lag. Negative lag values indicate that the SSS time course lags
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behind the tissue VOIs BOLD-TC, i.e., BOLD time course features appear earlier in tissue than SSS

blood. Positive BOLD lag values on the other hand indicate a lead of the SSS BOLD signal. 

For generation of group averages, all parameter maps were transformed to MNI space and then

separately  averaged  for  healthy  controls  and  ICAS  patients.  To  ensure  consistent  averaging  of

unilateral ICAS-related hemodynamic impairments, all hemodynamic-vascular data from left-sided

ICAS patients were flipped to the right side along the x-axis after MNI normalization. 

Figure 9. Superior Sagittal Sinus (SSS) mask.

Exemplary mask of a participant’s segmented SSS that was used for the creation of BOLD lag maps. The segmented

voxels (blue) are overlaid on sagittal (left) coronal (middle), and axial (right) slices of the participant’s T1-weighted

MPRAGE. 

3.1.5 Homotopic VOI analyses of BOLD-FC and hemodynamic-vascular parameters 

Homotopic VOIs. Analysis between homotopic VOIs ensured that BOLD-FC measures were mostly

unaffected by confounding factors  such as differing vascular  geometry and anatomically  based

blood arrival times, vasomotion and neural activity. Homotopic VOI pairs were taken from the Atlas

of Intrinsic Connectivity of Homotopic Areas , derived from a sample of 281 healthy participants.

The  AICHA  parcellation  is  explicitly  weighted  towards  homotopic  organization  and  functional

separation, containing 192 cross-hemispheric VOI pairs across cortical and subcortical grey matter. 

BOLD-FC analysis. All  analyses were carried out in the participants’  native space, to which the

AICHA was transformed via the reverse flow field, initially obtained by MNI normalization of the

participants’ anatomical MPRAGE data. The atlas was subsequently resliced to fMRI resolution and,

to reduce contributions  from non-GM areas,  masked by an individual  gray matter  (GM) mask
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(pGM>0.3), derived from the participants’ segmented anatomical data. From the 384 GM-masked

VOIs, average BOLD-TCs were then extracted, correlated (Pearson’s) between respective left and

right homotopic areas, and then Fisher-r-to-Z transformed to obtain BOLD-FC values (see Fig. 10). 

Figure  10.  Subject-average  hemodynamic-vascular  parameter  maps,  homotopic  VOI  atlas  and  illustration  of

homotopic VOI pair value extraction procedure. 

(A) For healthy controls (top) and ICAS patients (bottom),  subject average local  hemodynamic-vascular parameter

maps (MNI space) are depicted in panel A.1 and systemic parameter maps in panel A.2. Units and color scheme for the

respective parameter maps are indicated below each column. An axial slice of a right sided ICAS patient in native space

is depicted in Panels B to D, hemispheres are indicated at the bottom of B. (B) Atlas of homotopic regions, AICHA

(Joliot et al., 2015), resampled to fMRI resolution in subject space and masked by a grey matter mask (p>0.3) on top of
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the resampled T1w MPRAGE. Identically colored voxels on the ipsi- and contralateral hemispheres indicate homotopic

VOI pairs. Voxels belonging to any VOI are marked by black outlines in all panels. The VOI pair indicated by the red

circles was used to demonstrate matching VOIs for BOLD-FC (panel C) and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (panel D). (C) Overlay of BOLD-

fMRI data on top of accordingly resampled T1w MPRAGE data. The inset depicts left (light green) and right (dark green)

hemispheric BOLD signal time courses averaged across all voxels from the respective VOIs highlighted in green. BOLD-

FC between this homotopic VOI pair is indicated in the same panel. (D) BOLD lag map on top of the same anatomical

slice. The inset illustrates the calculation of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  based on lag values extracted from the green VOI pair.

Abbreviations:  CTH,  capillary  transit  time  heterogeneity;  CBF,  cerebral  blood  flow;  rCBV,  relative  cerebral  blood

volume; TTP,  time-to-peak;  BOLD lag,  blood oxygenation level  dependent lag;  HC,  healthy controls;  ICAS,  Internal

carotid artery stenosis;  R, right; L,  left; Ipsi.,  Ipsilateral to the stenosis;  Contra.,  Contralateral to the stenosis;  VOI,

volume of interest; BOLD-FC, BOLD functional connectivity. 

Hemodynamic-vascular  parameter  analysis.  Similarly,  hemispheric  differences  in  local  (CTH,

baseline CBF and rCBV) and systemic (TTP and BOLD lag) hemodynamic-vascular parameter values

were extracted from these homotopic VOI pairs. The AICHA atlas, already in subject-space, was

resliced to the respective parameter maps and subsequently masked by an accordingly resliced

GM mask. For each metric, VOI-average values were then extracted, and the differences between

pairwise homotopic VOIs calculated by subtracting the right from the left sided VOI values, e.g., for

CTH: ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH [sec] = CTHVOI-Left - CTHVOI-Right (see  Fig. 10 B - D). While a difference of 0 indicates an

equilibrium  between  the  respective  hemodynamic-vascular  parameters,  values  unequal  to  0

indicate a homotopic cortical imbalance. Positive values relate to larger left-sided values and vice

versa for negative values. For BOLD lag values, however, this order is reversed, with negative values

indicating earlier blood arrival times for the left-sided region and positive values indicating earlier

arrival times for the right-sided region. This is due to the lag range spanning both negative and

positive values.

Outlier exclusion: Prior to the statistical analysis, the extracted VOI data were cleaned considering

VOI size and possible outlier values to achieve sufficient data quality. As brain coverage varied for

different  sequences,  parameter  maps  did  cover  GM to  different  extents.  VOIs  were  therefore

excluded if, after GM masking, more than 25% of voxels within the respective VOI were missing or

constituted  NaN  values.  Second,  a  minimal  VOI  size  was  determined  for  VOIs  across  the

hemodynamic-vascular maps, by excluding the 10% smallest VOIs. Minimal VOI volumes (in mm³)

depended on spatial resolution along with the modality specific outlier exclusion procedure and

resulted in VBOLD-FC/BOLD lag = 297 mm³, VCTH/rCBV = 252 mm³, VCBF = 275 mm³, VTTP = 282 mm³. Further, to
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exclude physiologically implausible values resulting from artifacts or partial volume effects, VOI-

average values were z-standardized (to 0 instead of the distribution mean, for z-scores of 0 to be

in-line with a difference of 0) and values below and above 3 standard deviations were excluded.

VOIs with a missing homotopic partner VOI after this procedure were excluded as well. 

3.1.6 Statistical analysis.

Hemodynamic-vascular VOI-average parameters:  Potential baseline differences between healthy

controls and ICAS patients among the collected VOI data were examined via a Wilcoxon rank sum

test.  Group comparisons  were conducted for  both subject-averaged VOI parameter values and

homotopic VOI difference values. 

Between-hemisphere comparisons: To assess unilateral hemodynamic-vascular impairments of the

ICAS patients, I compared VOI-average values ipsilateral and contralateral to the stenosis for ICAS

patients  using  the  Wilcoxon  signed-rank  test;  for  the  healthy  controls,  the  left and  right

hemispheric VOI values were likewise compared. 

Parameter  relationships: To  assess  relationships  between  the  different  local  and  systemic

hemodynamic-vascular  parameters  and  their  differences,  I  conducted  a  repeated  measures

correlation (Bakdash & Marusich, 2017; AICHA; Joliot et al.,  2015), which assesses the average

within-participant correlation strength across multiple participants. Repeated measures correlation

relies on an ANCOVA approach, which in comparison to other common correlation approaches,

does  neither  rely  on  the  assumption  of  independence  nor  does  it  require  an  aggregation  or

averaging of single subject data, which increases power. As an output, this analysis provided the

average correlation coefficient across subjects between each hemodynamic-vascular  parameter

and their differences. Resulting p-values were corrected for false-discovery rate (FDR) due to the

multiple comparison.

Regression analysis: With respect to the main aim of my study, I analyzed distinct influences of

systemic and local  hemodynamic-vascular parameters on BOLD-FC, by means of a linear mixed

model (LMM), incorporating BOLD-FC as the dependent variable of interest and the homotopic VOI

differences  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  of  each  systemic  and local  hemodynamic-vascular  parameter  X  as  regression

predictors.  Further  control  variables  were  the  participants’  group  affiliation,  ICAS  or  healthy
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controls, and age. Using a LMM allowed for assessing the full complexity of a potential association

by  capturing  the  between-subject  variance  with  regard  to  the  individual  influence  of  the

hemodynamic-vascular predictors and baseline BOLD-FC. 

To achieve comparable effect sizes, z-standardized hemodynamic-vascular regressors were used for

the regression model. This yielded an identical scale for all included parameters, i.e., |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across of 1

always indicates a change of 1 standard deviation (σ),  even though the standard deviations of

different parameter values differed in unit and size, e.g., σCTH = 1.1 sec and σCBF = 4.9 ml/100g/1

min. The regression coefficient β then indicates a standardized change in BOLD-FC, ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD-FC, for a

hemodynamic-vascular parameter difference of one standard deviation, i.e. β [
ΔBOLD− FC

σ |Δ|

]. 

For the LMM, the participants’ pairwise homotopic BOLD-FC values were the dependent variable

and the differences in local and systemic hemodynamic-vascular parameters, i.e. |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, were setup as the regression predictors |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across. To control

for the effects of group (healthy control or ICAS) and age, group affiliation and participants’ age

(centered on the sample median age, i.e., 72 years) were further included as both stand-alone and

interaction  terms  in  the  model.  Importantly,  the  model  (random-coefficient)  allowed for  both

intercepts and regression coefficients of participants to deviate from the estimated group-wise

intercepts and coefficients (random slopes for |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across had to be eventually excluded for the local

model and along with and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across also for the local and systemic model, see below, as variation

between  subjects  was  too  little,  leading  to  a singular  fit).  The  regression  model  itself  was

calculated using the lme4 package (Bates et al., 2015) for R (R Core Team, 2020) within Rstudio

(RStudio  Team,  2019).  Degrees  of  freedom and  p-values  for  regressors  and  interactions  were

estimated using Satterthwaite’s method with the Tests in Linear Mixed Effects Models ( lmerTest)

package (Kuznetsova et al., 2017). 

Model comparison: I further compared the predictive value, i.e., the overall explained variance of

pairwise BOLD-FC across all participants, between three nested regression models with increasing

complexity. Explained variance (including both fixed and random effects) was determined using the

method  proposed  by  Nakagawa,  Johnson  and  Schielzeth  (Nakagawa  et  al.,  2017)  via  the

performance package (Lüdecke et al., 2021). As baseline, only the participants’ intercepts, group

affiliation  and  age  were  chosen  (Intercept model).  The  intercepts,  in  this  case,  represent  the

participants’ overall average BOLD-FC. For the second model, the local hemodynamic-vascular VOI
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differences, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across were added (intercept + local model). By the inclusion of

these VOI differences, the intercepts now represent the participants’ average pairwise BOLD-FC in

the absence of any pairwise local hemodynamic-vascular parameter differences. Finally, the local

model was supplemented with the two systemic hemodynamic-vascular VOI differences |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD  lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  to  achieve  a  local  and  systemic model,  where  all  measured  hemodynamic-

vascular VOI differences along with the participants’ group affiliation and age were accounted for.

For this local and systemic model (full model),  the intercepts indicate the participants’  average

pairwise  BOLD-FC  in  the  absence  of  any  pairwise  local  and  systemic  hemodynamic-vascular

differences. Models were subsequently estimated and incrementally compared by means of a Χ² –

test (chi-squared).

3.2 Results of Project 2

The focus of my study is on a comparison of influences from local and systemic hemodynamic-

vascular factors (see Fig. 10 A for average parameter maps) on homotopic BOLD-FC (see Fig. 10 B –

D for workflow demonstration) in healthy controls and a group of patients with ICAS, representing

a  lesion-model.  Since  the  interpretation  of  my  main  results  depends  on  both  these  factors’

distributions and their inherent pairwise correlations, I present an overview of pairwise homotopic

differences for the five local and systemic hemodynamic-vascular factors (Fig. 11 A for distributions

and  B for group differences),  as well as their inherent correlations (in  Fig. 11 C).  I  additionally

present  –  as  background  information  –  distributions,  inherent  correlations  and  between-

hemisphere differences of regional values of hemodynamic-vascular factors in Figure 13 and Figure

14. 

Pairwise  homotopic  hemodynamic-vascular  parameter  differences  and their  correlations: When

comparing average homotopic VOI differences (averaged across all VOI pairs within participants),

i.e., average |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, I found significantly larger homotopic differences in |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across for

ICAS patients, while other parameter homotopic differences were not significantly different across

groups (see  Fig. 11 B.1  and B.2).  Concerning relationships among these variables, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across was

moderately correlated with |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across for both groups (ICAS: r = 0.26; healthy controls: r = 0.3). |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across was furthermore significantly correlated with |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across in ICAS patients (r = 0.24) but to a

lesser degree in healthy controls (r = 0.11). In addition, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across was moderately correlated with |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across
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ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  in  ICAS  patients  (r  =  0.17)  but  again  much  less  in  controls  (r  =  0.08).  The  remaining

differences showed again either weak (-0.1 <= r <= 0.1) or no correlations (see Fig. 11 C). 
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Figure 11. Frequency distribution, group differences and inter-correlation of hemodynamic-vascular homotopic VOI-

parameter differences between hemispheres.

The first row depicts the frequency distributions of homotopic differences for each of the local (A.1), i.e., ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH, ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF

and  ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV,  as  well  as  systemic  (A.2),  i.e.,  ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP  and  ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD  lag,  hemodynamic-vascular  parameters  across  all

participants and separately for the two participant groups. Negative values imply larger values for the right-sided VOI

of a pair and vice versa for positive values, except BOLD lag where the direction is reversed. Darkened areas indicate an

overlap between the two groups. For these two panels the x-axis were truncated to encompass values within -4σ to

+4σ,  i.e.  99.9%  of  included  values.  The  second  row  depicts  participants’  average  local  (B.1)  and  systemic  (B.2)

homotopic  VOI  differences  as  dots.  Diamonds  with  orange  outlines  indicate  group  means.  Group  means  were

compared between HC and ICAS with a Wilcoxon test, revealing significantly larger CBF and BOLD lag homotopic VOI

differences on average for ICAS patients, indicated by the brackets on top (n.s. = not significant, *: p<=0.05, **: p<=

0.01,  ***:  p< 0.001,  ****:  p<=0.0001).  Panel  C  in  the  bottom row depicts  the  average correlation  between the

different  homotopic  hemodynamic-vascular  VOI  differences  across  participants  (repeated  measures  correlation).

Numbers  within tiles indicate the participants’  average correlation coefficients  between the respective parameter

differences.  Correlations between differences were calculated separately for participant groups.  Correlations were

considered  significant  after  group-wise  FDR  correction  (p  <  0.05),  empty  tiles  indicate  insignificant  correlations.

Abbreviations:  CTH,  capillary  transit  time  heterogeneity;  CBF,  cerebral  blood  flow;  rCBV,  relative  cerebral  blood

volume; TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; VOI, volume of interest; ICAS, internal

carotid artery stenosis.

Group differences in average homotopic connectivity: Comparing intercepts across my models did

not reveal significant group differences for average homotopic BOLD-FC (see  Fig. 12).  However,

there was a strong trend towards significance between healthy controls (1.19) and ICAS (1.09) for

the intercept model (p = 0.06;  see Table 6). ICAS patients exhibited a lower average homotopic

BOLD-FC, as the interaction of intercept and group factor for this model represents the estimated

average group-wise homotopic BOLD-FC (for participants of median sample age). For the both the

local as well as the local and systemic model this trend vanished (p = 0.46 and p = 0.68, see Table 8

and 7 respectively) and intercepts were on comparable levels (local: healthy controls 1.23 and ICAS

1.19,  systemic  and  local:  healthy  controls  1.35  and  ICAS  1.33).  Note  that  for  these  models

intercepts do no longer represent generally estimated average homotopic BOLD-FC, but average

homotopic  BOLD-FC  in  absence  of  the  respective  included  local  and  systemic  hemodynamic-

vascular predictors. Thus, the inclusion of hemodynamic-vascular differences between homotopic

VOIs  led  to  an  alignment  of  estimated  homotopic  BOLD-FC  between  groups.  The  respective

estimated average BOLD-FC,  as indicated by the intercepts,  furthermore increased with model

complexity and was lowest when hemodynamic-vascular predictors were not considered.
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Figure 12. Group-wise intercepts and participant distributions across all regression models. 

The  y-axis  depicts  estimated  intercepts,  i.e.,  BOLD-FC,  for  the  three  regression  models  depicted  on  the  x-axis.

Diamonds represent the respective group-wise average. For the boxplots, notches indicate median estimated intercept

values across participants, upper and lower borders of the boxes the interquartile range (IQR), or the 75th and 25th

percentile of estimated intercept values, respectively. Lines extending beyond the boxes and meeting with the density

estimates indicate the largest and smallest values lying within 1.5 times the IQR above or below the 75th and 25th

percentile,  respectively.  Dots  indicate  outliers  beyond  that  range.  The  shaded  areas  indicate  distribution  density

estimates of  participants’  intercepts.  Brackets  on top indicate  p-values of  the estimated between-group intercept

differences, as indicated in the models. Note that the interpretation of intercepts changes across models, as described

in Methods section ‘Group differences in average homotopic connectivity’. Abbreviations: BOLD-FC, blood oxygenation

level dependent functional connectivity; ICAS, internal carotid artery stenosis.

Table 6. Summary of Intercept regression model.

Predictors Estimates CI Statistic p

(Intercept) 1,14 1.09 – 1.19 45,99 <0.001

Group 0,05 0 – 0.1 1,96 0.06

Age 0,00 -0.01 – 0.01 0,08 0.93

Group:Age 0,00 0 – 0.01 0,98 0.33

Note: Under predictors the variables incorporated in the model are listed. Categorical variables were deviation coded

(Group: ICAS = 1, Controls = 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.
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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 (Group: to health controls, age to one year above median of 72 years of age).

Interactions between participant group and predictors are indicated by a colon. 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 ICAS patients are identical  to those of the healthy control  group, except being reversed in polarity

(Group coding for ICAS patients = -1). 

Influence of local and systemic hemodynamic-vascular factors on BOLD-FC: To study both local and

systemic hemodynamic-vascular influences on BOLD-FC, I applied a linear mixed model approach

with homotopic BOLD-FC as the dependent variable and the homotopic VOI differences |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across of

each  systemic  and  local  hemodynamic-vascular  parameter  X  as  independent  variables  or

regression predictors. According to this, BOLD-FC is most strongly influenced by systemic BOLD lags

(|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across; β = -0.19; 95% confidence interval, CI: -0.21 to -0.16; σ = 1.6 s), followed by systemic

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (β = -0.07; 95% CI: -0.09 to -0.04; σ = 1.4 s), local |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (β = -0.04; 95% CI: -0.06 to -0.02;

σ = 4.9 [mL/100 g/min]) and finally local |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across (β = -0.03; 95% CI: -0.05 to -0.02; σ = 1.1 s).

Differences in rCBV had no significant influence on BOLD-FC (see Fig. 13 A and B). These estimates

were not significantly influenced by age or group, i.e., healthy controls and ICAS patients (Table 7

for full result presentation). 

Table 7.  Summary of  Intercept + Local  + Systemic hemodynamic-vascular parameter  regression

model.

Predictors Estimates CI Statistic p

Intercept 1,34 1.28 – 1.39 45,29 <0.001

Group 0,01 -0.05 – 0.07 0,41 0.68

Age 0,00 -0.01 – 0.01 0,37 0.71

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,03 -0.05 – -0.02 -6,20 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,04 -0.06 – -0.02 -3,28 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0.01 0,35 0.72

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,07 -0.09 – -0.04 -4,76 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,19 -0.21 – -0.16 -16,06 <0.001

Group:Age 0,00 -0.01 – 0.01 0,81 0.42

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,01 -0.01 – 0.02 1,07 0.28

Age: |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 1,46 0.14

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,01 -0.02 – 0.03 0,61 0.54
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Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -1,38 0.18

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0.01 -0,01 0.99

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 0,11 0.91

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.03 – 0.03 0,08 0.93

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -0,24 0.82

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,01 -0.03 – 0.02 -0,53 0.6

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 0,47 0.64

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 1,96 0.05

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -1,56 0.13

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 0,95 0.34

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -0,84 0.41

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0.01 0,68 0.5

Note: Under predictors the variables incorporated in the model are listed. Categorical variables were deviation coded

(Group: ICAS = -1, Controls = 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 and without the presence of any local and systemic hemodynamic-vascular

parameter differences. Estimates for other variables indicate the estimated change in BOLD-FC should the predictor

value increase by 1 (Group: to health controls, age: to one year above median age of 72 and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across by one respective

standard  deviation).  Interactions  between  participant  group  and  predictors  are  indicated  by  a  colon.  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 ICAS patients are identical to those of the healthy control group, except being

reversed in polarity (Group coding for ICAS patients = -1).

Hemodynamic-vascular factors  explain about 20% of  BOLD-FC variability: In  my comparison of

three  nested  regression  models  (see  Fig.  13  C),  the  baseline  model  encompassing  only  the

participants’  intercepts,  age and group affiliation explained 20.5% of  overall  pairwise  BOLD-FC

across  all  participants  in  the  sample  (see  Table  6 for  full  results).  Adding  differences  in  local

hemodynamic-vascular parameters significantly increased the explained variance, reaching 27.7%

overall  (see Table  8  for  full  results).  The  additional  inclusion  of  differences  in  systemic

hemodynamic-vascular parameters further significantly increased the explained BOLD-FC variance,

reaching 40.7% (Fig. 13 C). Thus, local and systemic hemodynamic-vascular VOI differences alone

can  explain  about  20%  of  variance  in  pairwise  BOLD-FC.  Note  that  the  inclusion  of  systemic

parameters led to a larger increase in explained variance (+13 percent points; pp.), as compared to

the local parameters (+7.2 pp.).
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Table 8. Summary of Intercept + Local hemodynamic-vascular parameter regression model.

Predictors Estimates CI Statistic p

(Intercept) 1,21 1.15 – 1.26 41,88 <0.001

Group 0,02 -0.03 – 0.08 0,75 0.46

Age 0,00 -0.01 – 0.01 0,39 0.7

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,05 -0.07 – -0.04 -5,88 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0,04 -0.07 – -0.01 -2,92 0.01

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.02 – 0.01 -0,55 0.58

Group:Age 0,00 0 – 0.01 0,97 0.33

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,02 0 – 0.03 1,86 0.07

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0.01 1,71 0.09

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,01 -0.02 – 0.04 0,85 0.4

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -1,19 0.24

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.02 – 0.01 -0,50 0.61

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 -0,71 0.48

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 0,74 0.47

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 -0.01 – 0 -0,92 0.36

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0,00 0 – 0 0,20 0.84

Note: Under predictors the variables incorporated in the model are listed. Categorical variables were deviation coded

(Group: ICAS = -1, Controls = 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 and without the presence of any local hemodynamic-vascular parameter

differences.  Estimates  for  other  variables  indicate  the  estimated  change  in  BOLD-FC  should  the  predictor  value

increase by 1 (Group: to health controls, age: to one year above median age of 72 and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across by one respective standard

deviation). Interactions between participant group and predictors are indicated by a colon. 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 ICAS patients are identical to those of the healthy control group, except being reversed in

polarity (Group coding for ICAS patients = -1).
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Figure  13.  Group  and  subject  effects  of  BOLD-FC  variance  explained  by  hemodynamic-vascular  parameter

differences.

Group  regression  lines  for  local  (A.1),  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  systemic  (A.2),  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD  lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,

hemodynamic-vascular parameter differences are depicted in the first row. Group-wise regression coefficients (β) are

indicated below the respective lines, the estimated average regression coefficient and significance is indicated above

the lines  (n.s.  =  not  significant,  *:  p  <=0.05,  **:  p  <=  0.01,  ***:  p  <=  0.001;  not  adjusted for  age,  depicted  for

participants  with  the median age of  72).  Slopes indicate  the decrease in  pairwise  BOLD-FC with  increasing |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across

between pairwise VOIs. |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on the x-axis were limited to a range of 3σ. Shaded areas around the lines indicate the

95% confidence intervals. Subject specific regression coefficients, including random effects and interactions with age
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and  group  affiliation,  are  depicted  in  panels  (B.1)  for  local  and  (B.2)  systemic  hemodynamic-vascular  parameter

differences. Dots indicate individual participant values, diamonds the respective group-wise average. Brackets on top

indicate significant group differences in β values (α = 5%, n.s. = not significant). Regression coefficients β indicate a

change in  pairwise  BOLD-FC (ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD-FC)  for  hemodynamic-vascular  parameter  differences,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  of  one standard

deviation (σ). Standard deviations for the respective hemodynamic-vascular parameter differences are indicated at the

bottom of panels B.1 and B.2. Panel C shows a tabular comparison of regression models. The first column, Models,

indicates which hemodynamic-vascular variables were included in the respective model. The last column indicates

whether  the  listed  model  constitutes  a  significant  improvement  in  variance explained  over  the  previous  one,  as

indicated  by  a  χ²-test  (***:  p  <=  0.001).  Abbreviations:  BOLD-FC,  blood  oxygenation  level  dependent  functional

connectivity; CTH, capillary transit time heterogeneity; CBF, cerebral blood flow; rCBV, relative cerebral blood volume;

TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; ICAS, internal carotid artery stenosis.

Hemodynamic-vascular  parameter  values  for  the  whole-brain,  the  hemispheres  and  their

correlation: The  whole-brain  VOI-average  parameter  values  (averaged  across  all  VOIs  within

participants in native space) did not significantly differ between healthy controls and ICAS patients

(see  Fig.  14  B.1  and B.2).  The  comparison  of  hemisphere-averaged  VOI  values  within  groups

revealed that all hemodynamic-vascular parameters differed significantly between hemispheres for

ICAS patients (see Fig. 15). While CTH, rCBV and TTP were significantly increased ipsilateral to the

stenosis, CBF was significantly reduced. BOLD lags were significantly less negative on the ipsilateral

hemisphere. Healthy controls also exhibited significant between-hemispheric differences for CTH,

with  on  average  slightly  larger  CTH  values  the  right  hemisphere.  There  were  no  significant

between-hemispheric  differences  for  the  remaining  hemodynamic-vascular  parameters  in  the

control group.

The  repeated measures  correlation  analysis  revealed  several  correlations  and  anti-correlations

between hemodynamic-vascular parameters (see  Fig. 14 C). In ICAS patients as well as healthy

controls,  CTH  was  moderately  correlated  with  both  rCBV  (ICAS:  r  =  0.37-ipsilateral/0.37-

contralateral;  healthy  controls:  r  =  0.44-left/0.43-right)  and  TTP  (ICAS:  r  =  0.39/0.38;  healthy

controls: r = 0.34/0.35). In addition, CTH showed a weak negative correlation with CBF (ICAS: r = -

0.24/-0.22; healthy controls: r = -0.18/-0.26) and TTP was weakly negatively correlated with CBF

(ICAS: r = -0.15/-0.13; healthy controls: r = -0.1/-0.12). The remaining parameters showed either

weak (-0.1 <= r <= 0.1) or insignificant correlations. 
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Figure 14. Frequency distribution, group differences and inter-correlation of brain averaged hemodynamic-vascular

VOI parameter values. 

The first row depicts the frequency distributions of VOI-average hemodynamic-vascular parameter values for the local

(A.1) parameters CTH, CBF and rCBV as well as systemic (A.2) parameters, i.e., TTP and BOLD lag, across all participants

and separately  for the two participant groups.  Darkened areas indicate an overlap between the two groups.  The

second row depicts participants’ local (B.1) and systemic (B.2) parameter averages across VOIs as dots. Diamonds with

orange outlines indicate group means, with the 95% confidence interval presented in orange as well.  In the right

panels A.2 and B.2, the dashed line marks a BOLD lag of zero; negative lags correspond to SSS time courses lagging

behind tissue VOIs and vice versa for positive lags. For these two panels the x-axis were truncated to encompass values

within -4σ to +4σ, i.e. 99.9% of included values. Means for healthy controls and ICAS patients were compared with a

Wilcoxon tests, revealing no significant group differences as indicated by the brackets on top (n.s. = not significant).

Panel C in the bottom row depicts the average correlation between the different hemodynamic-vascular VOI-average

parameter  values  across  participants  (repeated  measures  correlation).  Numbers  within  tiles  indicate  the  average

correlation  coefficients  between  the  respective  parameters  across  participants.  Correlations  between  parameter

values were calculated separately for hemispheres and participant groups. Correlations were considered significant

after  group-  and  hemisphere-wise  FDR  correction  at  p  <  0.05,  empty  tiles  indicate  insignificant  correlations.

Abbreviations:  CTH,  capillary  transit  time  heterogeneity;  CBF,  cerebral  blood  flow;  rCBV,  relative  cerebral  blood

volume; TTP, time-to-peak; BOLD lag, blood oxygen level dependent lag; VOI, volume of interest; ICAS, internal carotid

artery stenosis; SSS, superior sagittal sinus.
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Figure 15. Between-hemisphere comparison of VOI-average hemodynamic-vascular parameters. 

Dots indicate individual participants’ local (A.1), CTH, CBF and rCBV, as well as systemic (A.2), TTP and BOLD lag, VOI-

averaged  hemodynamic-vascular  parameters  across  all  included  VOIs  for  the  respective  hemispheres.  For  ICAS

patients, values were compared between the hemispheres ipsi- and contralateral to the stenosis; for healthy controls,

between the  left and right  hemispheres.  Diamonds with  orange  outlines  indicate  group  means.  Brackets  on top

indicate significance of pairwise hemisphere value comparisons with Wilcoxon’s signed rank test (n.s. = not significant,

*: p<=0.05, **: p<= 0.01, ***: p< 0.001, ****: p<=0.0001). In the right panel of A.2 the horizontal dashed line marks a

lag of zero, negative lags correspond to the SSS time courses lagging behind tissue VOIs and vice versa for positive lags.

Abbreviations:  CTH,  capillary  transit  time  heterogeneity;  CBF,  cerebral  blood  flow;  rCBV,  relative  cerebral  blood

volume; TTP, time-to-peak; BOLD lag, blood oxygen level dependent lag; VOI, volume of interest; SSS, superior sagittal

sinus.

3.3 Interim-Discussion of Project 2

To  compare  the  impact  of  systemic  and  local  hemodynamic-vascular  factors  on  BOLD-FC  in

humans,  I  conducted an analysis  of  multiple  hemodynamic-vascular  MRI  parameters  and their

impact on homotopic BOLD-FC. Equally for both healthy controls and patients with ICAS, I found

that  local (CTH, CBV, and CBF) and systemic (TTP and BOLD lag) hemodynamic factors together

accounted  for  about  20%  of  homotopic  BOLD-FC  variance. Systemic  hemodynamic-vascular

parameters exerted about twice the influence on BOLD-FC as compared to local hemodynamic-

vascular  parameters.  Considering  inter-subject  differences  in  baseline  BOLD-FC  (i.e.,  estimated
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average BOLD-FC in absence of any hemodynamic-vascular difference), my model explains 40.7%

of BOLD-FC variance. My results provide – to the best of my knowledge – the first comprehensive

and direct comparisons of  systemic and local  hemodynamic-vascular  influences on BOLD-FC in

humans. Results demonstrate that about one-fifth of homotopic BOLD-FC variance is explained by

hemodynamic-vascular factors in humans, with a larger impact of systemic versus local factors.

Data  suggest  that  BOLD-FC  in  patient  populations  with  potential  local  and/or  systemic

hemodynamic-vascular impairments need to be interpreted with care.

3.3.1 Systemic and local hemodynamic-vascular influences on BOLD-FC

By means of a linear mixed model approach, I found that most of the investigated hemodynamic-

vascular  parameters  explained  some  BOLD-FC  variance  in  both  groups  (Fig.  13  A and  B).

Specifically, VOI differences in the local parameters CTH and CBF and the systemic parameters TTP

and BOLD lag lead to a reduced BOLD-FC.

3.3.1.1 Comparing local and systemic hemodynamic-vascular influences on BOLD-FC.

I compared the relative influence of hemodynamic-vascular factors – in categories of systemic and

local – on BOLD-FC by the use of nested multiple regression models.  The baseline model, which

only  included  the  participants’  intercepts  (average  BOLD-FC  across  all  homotopic  VOIs)  and

interactions with age and Group as predictors, explained 20.5% of overall BOLD-FC variance in the

sample, with no significant interaction. This indicates that there is clear inter-subject variability of

average homotopic BOLD-FC in the sample, which is not associated with the participants’ age or

group affiliation. Such variability  between participants has previously been found to be region

specific and linked to differences in cortical surface area and folding patterns (Mueller et al., 2013).

Further  factors  such  as  the  participants’  arousal  status  might  have  varied  as  well  due  to  the

prolonged scanning sessions, which has also been shown to increase BOLD-FC variability (Gu et al.,

2019), along with other variables such as individual hemoglobin level (Ward et al., 2020). 

Adding local hemodynamic-vascular parameters, namely CTH, CBF and rCBV, to the model led to a

significantly better fit of the model and increased explained variance by 7.2 percent points to

27.7% overall. In line with previously reported results (Schneider et al., 2022) both homotopic VOI

differences in CTH and CBF led to decreased BOLD-FC, with significantly higher decreases due to

CTH  differences  for  ICAS  patients.  Using  an  approach  combining  simulations  and  empirical

analyses, BOLD-FC decreases due to CTH differences were previously related to the timing of blood
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flow responses to neuronal activity (Schneider et  al.,  2022). The influence of baseline CBF has

repeatedly been reported and tentatively related to differing systemic physiological noise levels

between VOIs exhibiting different baseline CBF (Champagne et al., 2020; Chu et al., 2018; Göttler,

Preibisch, et al., 2019; Jann et al., 2015; Schneider et al., 2022).

Finally, I included two systemic hemodynamic-vascular parameters, namely TTP and BOLD lag, into

the full model. This further increased explained BOLD-FC variance by 13 percent points to overall

40.7%. The addition of these systemic parameters therefore led to a substantially larger gain in

variance  explained,  i.e.,  13  percent  points  compared  to  7.2  percent  points  for  the  local

hemodynamic-vascular  parameters  alone.  This  is  in  line  with  previous  findings,  for  example,

systemic BOLD lags have been demonstrated to explain BOLD-FC variability within brain networks

(Erdoğan et al.,  2016) to create spurious BOLD-FC (Tong et al.,  2015) and cause a recoverable

reduction in BOLD-FC (Christen et al., 2015).  Together, local and systemic hemodynamic-vascular

parameters explained about 20% of overall  BOLD-FC variance in my sample,  with a two times

stronger contribution of systemic parameters.

3.3.1.2 Individual hemodynamic-vascular influences on BOLD-FC:

Next, I discuss the individual influence of single hemodynamic-vascular factors on BOLD-FC and

how they link with other factors and their influences, respectively. 

BOLD lag: In the full model, encompassing all available local and systemic hemodynamic-vascular

parameters,  the strongest  influence on BOLD-FC was exerted by homotopic  VOI  differences  in

BOLD lag. This is line with previous results showing a strong influence of BOLD lags on BOLD-FC in

simulations (Christen et al., 2015; Tong et al., 2015), healthy controls (Erdoğan et al., 2016; Tong et

al.,  2015)  and  populations  with  systemic  hemodynamic-vascular  impairments,  for  example  in

patients with Moyamoya-disease (Amemiya et  al.,  2014;  Christen et al.,  2015; Jahanian et al.,

2018; Y. Lv et al., 2013; Siegel et al., 2016; T. Wang et al., 2017). The origin of lags in the BOLD

signal has previously been strongly linked to systemic cerebral blood transit times and intrinsic

hemodynamic properties of the traveling blood (Amemiya et al., 2020; Aso et al., 2019; Donahue

et al., 2016; Khalil et al., 2020; Tong et al., 2017; Tong, Yao, et al., 2019; Tong & Frederick, 2014;

Yao et al., 2019). Temporal differences in blood delivery between brain regions are supposed to

result in temporally mismatched BOLD signal components, which finally – and without relation to

neuronal activity – lead to reduced BOLD-FC (Erdoğan et al., 2016; Jahanian et al., 2018; Tong et
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al.,  2015).  Interestingly,  in  my  sample,  BOLD  lag  and  in  particular  lag  differences  between

hemispheres (ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag) were only very weakly correlated to the other parameters and parameter

differences,  indicating  that  BOLD  lag  represents  a  hemodynamic-vascular  parameter  rather

independent from the selected others. Actually, I expected a higher correlation with TTP because

of previous studies that compared TTP with BOLD lag maps albeit with different approaches as in

the present study. However, BOLD lag maps and DSC-derived TTP depend on a voxels’ vascular

composition, i.e., the relative percentage of arteries, capillaries and veins, which matters because

the BOLD signal is less sensitive to arterial signals (Amemiya et al., 2014; Tong et al., 2017). Such

effects may well contribute to the observed difference between TTP and BOLD lags in my VOI-

based analyses.

TTP: VOI differences in contrast agent-based TTP exerted the second strongest influence on BOLD-

FC, which, to the best of my knowledge, has not yet been investigated. While – as discussed above

– TTP actually resembles some aspects of BOLD lags and is an established indicator for systemic

cerebral perfusion delay, it also represents a summary signal that partially incorporates aspects of

tissue transit times and arterial dispersion (Wouters et al., 2017), which can vary between regions

as well. In line with previous physiological findings showing an association between TTP and CBF

(Hara et al., 2017), TTP was moderately correlated to both CTH and CBF across all participants,

with differences in TTP consequently being likewise correlated to differences in CTH and CBF for

both  groups,  albeit  much  stronger  in  ICAS  patients.  This  also  indicates  a  small  degree  of

multicollinearity between TTP, CTH and CBF, implying also some shared BOLD-FC variance, i.e.,

variance not unambiguously explained by TTP, CTH or CBF differences. 

CTH and CBF: Finally, and in agreement with our previous study (Schneider et al., 2022), CTH and

CBF differences were likewise found to significantly influence homotopic BOLD-FC. Interestingly, as

compared to the hierarchically lower model,  incorporating only participant intercepts and local

hemodynamic-vascular parameters, the estimated influence of CTH differences on BOLD-FC was

weaker in the full  model and the group-effect likewise vanished. This is  most likely due to the

additional  inclusion  of  TTP  and  BOLD  lag,  which  may  explain  some  of  the  variance  that  was

previously solely attributed to CTH, as their simultaneous influence was previously not controlled

for.  Across  participants,  VOI-average  CTH  values,  along  with  their  pairwise  differences,  were

additionally correlated with CBF and rCBV and their corresponding differences. This is in line with
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previous  work  considering  the  interplay  of  CBF  and  CTH  (Jespersen  &  Østergaard,  2012;

Østergaard, 2020; Schneider et al., 2022). As already stated above, this indicates some degree of

multicollinearity, resulting in some shared, not unambiguously explained BOLD-FC variance. This

could also explain why no significant overall effect of rCBV on BOLD-FC was found. However, our

previous simulation results also indicate that the influence of CBV should to be rather negligible in

the realm of intrinsic low frequency BOLD signal oscillations (Archila-Meléndez et al., 2020). 

Overall, both local and systemic hemodynamic-vascular parameters appear to be fundamental in

shaping regionally specific BOLD signal fluctuations which are not necessarily related to neuronal

activity. Differences in the timing of blood oxygenation changes, both on a local (CTH) but primarily

on a systemic level (TTP and BOLD lag), seem to be the primary cause for mismatches in BOLD

signal time courses and therefore decreased correlation, i.e., BOLD-FC. 

3.3.2 Implications for BOLD-FC studies in populations with hemodynamic-vascular 
impairments

In general, my results support a BOLD model, where observed BOLD signal fluctuations are shaped

by both local  neurally-evoked and non-neural  oxygenation fluctuations (Das et  al.,  2021; Drew,

2019), with hemodynamic-vascular factors being a substantial part of non-neuronal factors shaping

BOLD signal fluctuations. This has considerable implications for rs-fMRI studies in populations with

distinct  hemodynamic-vascular  disorders.  In  my sample  including  ICAS  patients,  I  did  not  find

differences between healthy controls and ICAS patients regarding the impact of hemodynamic-

vascular  differences  between  homotopic  VOIs  on  BOLD-FC,  i.e.,  there  was  no  evidence  for

principally stronger effects in this patient population. However, there was a strong trend for an

overall lower homotopic BOLD-FC among the ICAS patients, as compared to healthy controls, as

indicated  by  the  lower  intercept  (p  =  0.06)  in  the  intercept  model.  This  intercept  difference

vanished once local  hemodynamic-vascular  differences  were  included and even more  so  after

inclusion of systemic parameter differences in the full model. This shows that ICAS patients exhibit

lower baseline homotopic BOLD-FC, if hemodynamic-vascular differences between VOI pairs are

not considered. In other words, while the estimated absolute impact of hemodynamic-vascular

differences on BOLD-FC is equally strong between healthy controls and ICAS patients, the larger

between VOI differences among patients led to overall larger BOLD-FC impairments. These results,

even though  not  significant,  are  well  in  line  with  previous  reports  of  BOLD-FC  aberrations  in
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samples of ICAS patients. These previous studies reported a significantly lower homotopic BOLD-FC

for ICAS patients as compared to healthy controls,  specifically in the bilateral  putamen, lateral

parietal lobes, premotor, somatosensory, planum temporale, and opercular cortices (Gao et al.,

2019) as well as a generally reduced network symmetry and reduced BOLD-FC between bilateral

dorsolateral prefrontal cortices and bilateral (intra) parietal lobules (Avirame et al., 2015; Cheng et

al., 2012). In our previous work, I likewise found localized homotopic BOLD-FC differences between

regions of the parahippocampal, superior orbitofrontal, lateral as well as medial occipital gyruses

and orbital sulcus (see Figure S1 in Schneider et al., 2022). Overall these results corroborate the

strong trend towards generally and significantly lower homotopic BOLD-FC in ICAS patients I found

in  this  study.  The  fact  that  this  trend  vanishes  with  the  inclusion  of  hemodynamic-vascular

parameters, substantiates the conclusion that differences in BOLD-FC for ICAS patients are caused

by and could be accounted for by hemodynamic-vascular differences between brain regions. A

similar approach has also been shown to be successful for BOLD-FC estimates between healthy

younger  and older  adults  as  well  as  healthy  controls  and mild-traumatic  brain  injury  patients

(Champagne et al., 2020, 2022).

Larger and less homogenously distributed hemodynamic-vascular differences between homotopic

VOIs might occur in other disorders,  which can explain larger BOLD-FC alterations as seen for

example in patients with Moyamoya, stroke or Alzheimer’s disease (Christen et al., 2015; Göttler,

Preibisch, et al., 2019; Jahanian et al., 2018). Furthermore, my findings suggest a paradoxical effect

of local and systemic hemodynamic-vascular disorders on BOLD-FC: I expect that focal impacts on

the  hemodynamic-vascular  system,  e.g.,  a  stenosis  of  a  feeding  artery  such  as  ICAS,  lead  to

stronger  BOLD-FC  aberrations  than  broad  and  widespread  disorders  of  local  hemodynamic-

vascular  parameters,  such  as  neurovascular  coupling,  NVC.  Such  NVC  impairments  are,  for

example,  present  across  different  neuropsychiatric  disorder  like  schizophrenia  or  depression

(Hoirisch-Clapauch et al., 2014; Katsel et al., 2017; Najjar et al., 2017; Shalev et al., 2009), stroke,

dementia or multiple sclerosis (Merlini et al., 2012; Soto-Rojas et al., 2021; VanGilder et al., 2011;

Yu et al., 2020; Zlokovic, 2011). NVC disorders may be expected to primarily cause alterations of

local  hemodynamic-vascular  parameters  such  as  CTH  or  CBF  and  less  alterations  of  systemic

parameters  such as  TTP  or  BOLD lag.  However,  as  I  have  shown above,  local  NVC parameter

aberrations exhibit less impact on BOLD-FC than aberrations of systemic parameters, which result

from isolated and focal lesions, such as carotid artery stenosis or occlusion, Moyamoya or stroke

(Amemiya et al., 2012, 2014; Christen et al., 2015; Ciacciarelli et al., 2020; Kaczmarz et al., 2021;
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Siegel et al., 2016; Viticchi et al., 2021; L. Wang et al., 2021; Zou et al., 2022). The latter diseases

lead to both sweeping systemic perfusion delays and alterations of local NVC, and thus, exert an

influence  on  BOLD-FC  by  both  impairments  of  local  and  systemic  hemodynamic-vascular

parameters.  Largest  BOLD-FC  impairments  would  therefore  be  expected  in  populations  with

aberrations of systemic parameters,  which are caused by focal  disorders. The interpretation of

BOLD-FC  in  patient  populations  should,  therefore,  consider  which  aspects  of  the  cerebral

hemodynamic-vascular  system  is  affected,  i.e.,  more  local  or  systemic  hemodynamic-vascular

parameters. 

3.3.3 Strength & Limitations

In  this  study,  I  implemented  a  procedure  that  allows  a  standardized  comparison  of  multiple

different  hemodynamic-vascular  parameters’  influences  on BOLD-FC via  regression  coefficients,

offering an intuitive interpretation of these coefficients, namely standardized change in BOLD-FC,

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD-FC, for a hemodynamic-vascular parameter difference of one standard deviation, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across. This

approach can be easily extended to include further parameters, is scalable to larger sample sizes,

and can be used for different participant and patient groups. I thus argue that the current study

design is suitable to implement a standardized comparison of hemodynamic-vascular parameter

influences  on  BOLD-FC  across  different  populations.  Furthermore,  the  incorporation  of

hemodynamic-vascular  parameters  from  different  acquisitions,  i.e.,  DSC,  pCASL  and  functional

BOLD MRI also strengthen my approach. Instead of  being restricted to one modality and thus

suffering from less generalizable results and less robust estimates, I could show a significant impact

of  various  hemodynamic-vascular  parameters  on BOLD-FC,  irrespective of  acquisition modality.

This also suggests that hemodynamic-vascular parameters from further acquisition methods can

easily be incorporated in future studies. 

However,  quantitative measurement of physiological MRI parameters also suffers from a number

of limitations that have been discussed in detail before, e.g., potential measurement bias due to

prolonged arterial transit times in single PLD pCASL (Kaczmarz et al., 2021; Schneider et al., 2022).

With respect to my statistical analysis, some of the parameters and parameter differences were

interrelated, irrespective of acquisition method. While this is inevitable and even expected due to

the nature of their interplay in orchestrating and indicating cerebral blood and oxygen supply, it

raises  the  issue  of  multicollinearity  in  regression  analysis.  However,  the  average  correlation

strengths were sufficiently low and restricted to only very few parameters allowing them to be

94



included. Furthermore, I could not account for all potential hemodynamic-vascular influences on

BOLD-FC in the model and had to restrict my analysis to a selected set of accessible parameters.

The  included  parameters  were,  however,  derived  from  both  previous  studies  and  theoretical

implications covering  a wide range of  potential  influences  on  both  a local  and systemic  level.

Nevertheless,  future  studies  could  benefit  from  adding  additional parameters  such  as

cerebrovascular reactivity or oxygen metabolism. In line with that,  I also could not account for

neuronal factors that could for example be covered by EEG-based regional brain activity. Lastly, I

also did not account for interactions between hemodynamic-vascular parameters, i.e., the effect

on BOLD-FC if differences among two or more of the parameters are concurrently present for a

homotopic VOI pair. While this would likely constitute a model with better ecological validity and

increase variance explained, the model complexity would also increase by a large margin.  This

would  not  only  be  computationally  intense,  but  more  importantly  also  significantly  hinder

interpretations because of  a  less stable and generalizable model.  To keep the analysis  robust,

generalizable, and interpretable, I therefore restricted my approach to only include interactions

with group affiliation and age. 

3.3.4 Conclusion

In healthy elderly and patients with asymptomatic ICAS, about one-fifth of BOLD-FC variance is

explained by hemodynamic-vascular factors, with systemic factors having plainly more impact than

local  ones.  This  implies  that  largest  BOLD-FC  impairments  would  be  expected  in  patient

populations with focal brain disorders that primarily exhibit aberrations of systemic hemodynamic-

vascular  parameters.  In  any  case,  acquisition  of  additional  hemodynamic-vascular  MRI  aids

interpretation of BOLD-FC in particular in patients.
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4. Project 3: Comparison of hemodynamic-vascular influences 
on BOLD-FC between FC-types

Results of this Project have not been previously presented publicly or submitted to a journal.

4.1 Methods of Project 3

This project used a largely identical study sample, data and procedures as compared to Project 2

(Schneider et al., 2023). Therefore, identical aspects will not be described again in detail in the

following  methodological  descriptions  but  I  will  refer  to  previous  descriptions  instead.  New

methods will be detailed in sections 4.1.5. and 4.1.6.

4.1.1 Participants

The same sample of 51 participants, 26 ICAS patients (10 females) and 25 controls (14 females)

used for Project 2,  from the previously described ICAS sample  (Göttler,  Kaczmarz, et al.,  2019;

Kaczmarz et al., 2021; Schneider et al., 2022, 2023) (see also Projects 1 and 2), were re-analyzed

for Project 3. Mean age was 72 years (range: 52 to 84 years), see 3.1.1 and Table 5 for a detailed

description.

4.1.2 MRI data acquisition

As for Projects 1 and 2 (Schneider et al., 2022, 2023), MR imaging was performed on a 3T Philips

Ingenia MR-Scanner (Philips Healthcare, Best, The Netherlands). Used images were derived from

T1-weighted  MPRAGE,  T2*-weighted  multiband  EPI  time  series,  Gd-Dota  based  DSC  MRI  and

pCASL (see 3.1.2 for a detailed description).

4.1.3 BOLD signal preprocessing

The minimally preprocessed BOLD fMRI data from Project 2 (Schneider et al.,  2023),  was used

again for Project 3 (see 3.1.3 for more details).

4.1.4 Calculation of hemodynamic-vascular parameter maps

Akin to the previous sections, calculation of hemodynamic-vascular parameters was identical to

Project 2 and comprised calculation of CTH, rCBV and TTP from DSC data, quantitative baseline CBF

from pCASL and BOLD lag maps from BOLD rs-fMRI (see 3.1.4 for a detailed description). 
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4.1.5 Calculation of BOLD-FC and hemodynamic-vascular differences for different FC-
types

BOLD-FC calculation: Whereas previously only homotopic BOLD-FC was considered, the analysis for

Project 3 required calculation of  heterotopic as well as  intrahemispheric BOLD-FC. To this end, I

largely followed the same procedure as described in Projects  1 and 2 (Schneider et  al.,  2022,

2023). All analysis were carried out in the participants’ native fMRI space, to which the  Atlas of

Intrinsic Connectivity of Homotopic Areas  (AICHA; Joliot et al.,  2015), comprising 384 VOIs, was

resliced and masked by an individual GM mask (see 3.1.5 BOLD-FC analysis for more details). Then

pairwise BOLD-FC was calculated between all  384 VOIs for each participant and classified into

three FC-types:  Homotopic-BOLD-FC, i.e., FC between interhemispheric left and right homotopic

areas,  heterotopic BOLD-FC,  i.e.,  FC  between interhemispheric,  but  non-homotopic,  areas  and

intrahemispheric BOLD-FC, i.e., BOLD-FC between areas on the same hemisphere, left and right

(see  Fig.  16 for  a  demonstration  of  FC-types).  BOLD-FC  was  generally  derived  by  calculating

Pearson’s  correlation  between  the  respective  VOIs’  BOLD-time  courses  and  subsequently

performing Fisher-r-to-Z transformation on the correlation values to obtain BOLD-FC values.

Hemodynamic-vascular parameter analysis:  Pairwise differences in the respective hemodynamic-

vascular parameters, local (CTH, baseline CBF and rCBV) and systemic (TTP and BOLD lag), were

obtained similar to the above described BOLD-FC calculation (see 3.1.5  Hemodynamic-vascular

parameter analysis). From the same GM-masked AICHA atlas that was resliced to the individual

parameter  maps,  VOI-average  parameter  values  were  extracted  for  all  384  VOIs  for  each

participant. Pairwise absolute parameter differences between all VOIs were then calculated, e.g.,

for CTH, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across [sec] = |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTHVOI-1 – CTHVOI-2|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across. Calculated differences were classified into different

types,  depending  on  the  spatial  relationship  between  the  regions  involved,  i.e.,  Homotopic

difference (if  calculated between interhemispheric left and right homotopic  areas),  heterotopic

difference  (if  calculated  between  interhemispheric,  but  non-homotopic,  areas)  and

intrahemispheric difference (if calculated between areas on the same hemisphere, left and right).

Differences of 0, therefore, indicate equal regional parameter values while differences unequal to 0

indicate a mismatch in the respective parameter between the involved regions. 

Outlier exclusion: Following the procedure established for Project 2 (Schneider et al., 2023), some

VOIs were excluded prior to the statistical analysis. This followed the same rational as described in
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3.1.5 Outlier  exclusion.  VOIs previously excluded by that  procedure were likewise excluded for

Project 3. Further, to exclude physiologically implausible values resulting from artifacts or partial

volume effects, VOI-average values were z-standardized and values below and above 3 standard

deviations were excluded. VOIs with a missing homotopic partner VOI after this procedure were

excluded as well. This lead to an overall number of 1.6 Million BOLD-FC estimates to be included in

the analysis across all FC-types and participants. 

Figure 16. Overview of FC-types used for Project 3. 

The different types of BOLD-FC are indicated with respect to the seed region in the upper right corner indicated with a

red circle. Homotopic BOLD-FC is defined as the FC between the seed region and its homotopic partner region on the
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contralateral hemisphere. Heterotopic BOLD-FC is the FC between the seed region and any other, non-homotopic,

region on the contralateral hemisphere. Intrahemispheric BOLD-FC is the FC between the seed region and any other

region  on  the  ipsilateral  hemisphere.  Abbreviations:  FC,  functional  connectivity,  i.e.  blood-oxygenation-level-

dependent functional connectivity (BOLD-FC).

4.1.6 Statistical Analysis

Baseline differences in hemodynamic-vascular differences for FC-types: To assess potential baseline

differences  in  hemodynamic-vascular  VOI  differences,  I  compared group average  absolute  VOI

differences for each parameter and FC-type via a Wilcoxon rank sum test. In addition, I examined if

VOI differences differed significantly between the FC-types within groups.

Baseline BOLD-FC differences between FC-types: Before comparing the influence of hemodynamic-

vascular parameters between FC-types, I first wanted to examine potential baseline differences in

connectivity strength between both the FC-types and the participant groups. For that, I used a

regression model containing participants’ BOLD-FC as dependent variable and FC-type as well as

the factor group, ICAS or healthy controls, as sole predictor variables. This allowed both generally

comparing  average  FC-strength  between  types  of  BOLD-FC,  i.e.,  homotopic,  heterotopic  and

intrahemispheric, as well as between group differences for each type of FC separately.

Regression analysis for hemodynamic-vascular differences: The approach for analyzing potential

differences between FC-types with regard to the influence of hemodynamic-vascular parameters

followed the same regression logic as in Projects 1 and 2 (Schneider et al., 2022, 2023): The distinct

influence of systemic and local hemodynamic-vascular parameters on BOLD-FC across different FC-

types  was  analyzed  via  a  linear-mixed  model  (LMM).  The  model  contained  BOLD-FC  as  the

dependent  variable  and  the  VOI  differences  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  of  each  systemic  and  local  hemodynamic-

vascular parameter as regression predictors, as well as the group variable, ICAS or healthy controls,

and participant age (centered on the median of 72 years), akin to Projects 1 and 2 (Schneider et al.,

2022, 2023). As a new feature, the variable FC-type was introduced, which allowed to discern the

influence of hemodynamic-vascular parameters by type of BOLD-FC. 

In order to achieve comparable effect sizes between hemodynamic-vascular regressors, differences

were z-standardized as described in detail for Projects 1 and 2 (Schneider et al., 2022, 2023 and

see 3.1.6). However, to specifically obtain effect sizes comparable to Project 2 (Schneider et al.,
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2023), the hemodynamic-vascular differences for Project 3 were z-standardized using the standard

deviation for homotopic differences only and not overall standard-deviation. 

The regression analysis was carried out using lme4 package (Bates et al., 2015) for R (R Core Team,

2020)  within  Rstudio  (RStudio  Team,  2019).  The  p-values  for  prediction  terms  and  respective

degrees of freedom were estimated using Satterthwaite’s method using the Tests in Linear Mixed

Effects Models (lmerTest) package (Kuznetsova et al., 2017), as for Project 1 and 2 (Schneider et al.,

2022, 2023). 

Post-hoc  analysis  of  FC-type  differences:  With  the  introduction  of  the  factor  FC-types  in  the

regression  model,  not  all  pairwise  comparisons  could  be  directly  assessed  with  the  baseline

regression models, because the FC-type factor features 3 levels. The baseline modesl itself only

allow for a within-group comparison of a  change in intercept or slopes between the reference

level,  i.e.,  homotopic  BOLD-FC,  and  the  two  other  levels,  i.e.,  heterotopic  as  well  as

intrahemispheric  BOLD-FC,  respectively.  However,  a  within-group  comparison  of  absolute

intercepts and slopes between all  three FC-types cannot be directly assessed. Neither can the

models directly provide between-group comparisons of absolute intercepts and slopes for all three

FC-types,  but  solely  group  differences  with  regard  to  the  respective  change compared to  the

reference FC-type, i.e., homotopic BOLD-FC. 

I  therefore  conducted  additional  Tukey  post-hoc  tests  to  assess  pairwise  differences  between

absolute intercepts  and slopes  across  FC-types  within  groups  and also  differences  of  absolute

intercepts and slopes between groups for each FC-type. For the intercept model,  mean BOLD-FC

(not change in BOLD-FC) was thus first compared between groups for each of the FC-types, i.e.,

difference in average BOLD-FC between healthy controls and ICAS for each homotopic, heterotopic

and intrahemispheric BOLD-FC. Within-group differences of mean BOLD-FC were then compared

pairwise across the three FC-types, i.e., first difference between homotopic and heterotopic BOLD-

FC, second between homotopic and intrahemispheric BOLD-FC and lastly between heterotopic and

intrahemispheric BOLD-FC. For the full-model containing hemodynamic-vascular differences, this

procedure was then likewise conducted for the slopes of all five hemodynamic-vascular predictors.

P-values were corrected for multiple comparison within each “set” of comparisons, i.e., for each

slope and intercept separately. 
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4.2 Results of Project 3

Aim of Project 3 was to investigate whether the influence of hemodynamic-vascular parameters

differs between different types of BOLD-FC, i.e., homotopic, heterotopic and intrahemispheric. I

additionally  examined  if  the  average  BOLD-FC  strength  of  ICAS  patients  differs  from  healthy

controls for the three connectivity types, respectively. 

Pairwise  homotopic  hemodynamic-vascular  parameter  differences  and their  correlations: When

comparing average VOI differences (averaged across all VOI pairs within participants), i.e., average

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across,  I  found  significantly  larger  homotopic  differences  in  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  and  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD  lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  for  ICAS

patients,  while  other  parameters  homotopic  differences  were not  significantly  different  across

groups (see Fig. 17 and 18). For heterotopic VOI pairs, ICAS patients exhibited significantly larger

BOLD lag differences (see Fig. 18). There were no significant group differences for intrahemispheric

VOI pairs.

For  within  group  differences  a  consistent  pattern  emerged  for  both  groups  and  across  all

parameters. Homotopic VOI differences were always significantly smaller as compared to either

heterotopic  or  intrahemispheric  VOI  differences  (see  Fig.  19).  Likewise,  intrahemispheric  VOI

differences  were  always  slightly,  but  significantly  smaller  as  compared to  differences  between

heterotopic VOIs for all parameters (see Fig. 19)
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Figure 17.  Frequency distribution of  hemodynamic-vascular  VOI-average parameter  differences for  different FC-

types.

The first row depicts the frequency distributions of homotopic VOI differences for each of the local (A.1), i.e., ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH,

ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF and ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV, as well as systemic (A.2),  i.e., ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP and ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag, hemodynamic-vascular parameters across all

participants and separately for the two participant groups. Rows 2 and 3 indicate these distributions for heterotopic

(B.1 and B.2) and intrahemispheric (C.1 and C.2) VOI pairs, respectively. Negative values imply larger values for the

right-sided VOI of a pair and vice versa for positive values, except BOLD lag where the directionality is reversed. For

these two panels the x-axis were truncated to encompass values within -4σ to +4σ, i.e. 99.9% of included values.

Abbreviations:  CTH,  capillary  transit  time  heterogeneity;  CBF,  cerebral  blood  flow;  rCBV,  relative  cerebral  blood

volume; TTP, time-to-peak; BOLD lag, blood oxygen level dependent lag; ICAS, internal carotid artery stenosis.
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Figure 18. Between-group differences of hemodynamic-vascular VOI-parameter differences for different FC-types. 

The first row depicts participants’ average local (A.1) and systemic (A.2) homotopic VOI differences for homotopic VOI

pairs as dots. Diamonds with orange outlines indicate group means. Rows 2 to 3 indicate the same for heterotopic (B.1

and B.2) and intrahemispheric (C.1 and C.2) VOI pairs respectively. Group means were compared between HC and ICAS

with a Wilcoxon test. Signifiance is indicated by the brackets on top (n.s. = not significant, *: p<=0.05, **: p<= 0.01,

***: p< 0.001, ****: p<=0.0001). Abbreviations: CTH, capillary transit time heterogeneity; CBF, cerebral blood flow;

rCBV, relative cerebral blood volume; TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; VOI, volume

of interest; ICAS, internal carotid artery stenosis.

Figure 19. Within-group differences of hemodynamic-vascular VOI-parameter differences between FC-types. 

Panels  depicts  group  average  local  (A.1)  and  systemic  (A.2)  VOI  differences  for  homotopic,  heterotopic  and

intrahemispheric VOI  pairs as diamonds.  Larger values on the y-axis  indicate  larger VOI  differences.  Within group

differences between the FC-types were compared with a paired Wilcoxon-test. Significance is indicated by the brackets

on top (n.s. = not significant, *: p<=0.05, **: p<= 0.01, ***: p< 0.001, ****: p<=0.0001), with color depicting the

respective groups. Abbreviations: CTH, capillary transit time heterogeneity; CBF, cerebral blood flow; rCBV, relative

cerebral blood volume; TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; VOI, volume of interest;

ICAS, internal carotid artery stenosis.
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Average  BOLD-FC  strength  for  FC-types  and  groups: Comparing  group-wise  average  BOLD-FC

strength across FC-types via the intercept regression model revealed clearly and significantly (p <

0.001)  lower  average  BOLD-FC  strength  for  heterotopic  (-0.68)  and  intrahemispheric  (-0.652)

BOLD-FC as compared to homotopic BOLD-FC (1.135, see Table 9) across both groups (see Fig. 20).

This decrease in FC strength was slightly but significantly stronger for healthy controls as compared

to ICAS patients (p < 0.001, see interaction of FC types with group factor in Table 9). The regression

analysis  furthermore  indicated  a  strong  trend  towards  overall  significantly  lower  homotopic

connectivity strength for ICAS patients as compared to the healthy controls, as likewise detected in

Project 2 (p = 0.06, see also interaction of intercept and group factor in Table 9).

To obtain absolute group-wise estimates (not only differences) of mean BOLD-FC and all pairwise

comparisons, I furthermore conducted a post-hoc analysis of the intercept regression model. For

between-group  comparisons  the  post-hoc  analysis  revealed  largely  similar  average  BOLD-FC

between healthy controls and ICAS patients for both heterotopic (p = 0.4) and intrahemispheric

BOLD-FC (p = 0.5), but highlighted again the different homotopic BOLD-FC (p=0.06) (see Table 10

and Fig. 20). 

For  within-group  comparisons,  this  additionally  revealed  slightly,  but  significantly  higher

intrahemispheric BOLD-FC as compared to heterotopic BOLD-FC for both groups (see Table 11 and

Fig. 20) and corroborated the significant differences between homotopic FC and the other types,

as found in the regression model (see Table 9 and 11). For full results, including absolute estimates

of average BOLD-FC and within-as between-group differences see Tables 10 and 11. 

Table 9. Summary of FC-type Intercept regression model.

Predictors Estimates CI Statistic p

(Intercept) 1.14 1.085 – 1.186 44.05 <0.001

Group 0.05 -0.002 – 0.099 1.9 0.06

Age 0 -0.008 – 0.009 0.1 0.93

Group:Age 0 -0.004 – 0.013 1.02 0.31

FC-type[Hetero.] -0.68 -0.687 – -0.674 -203.74 <0.001

FC-type[Hetero.]:Group -0.03 -0.034 – -0.021 -8.26 <0.001

FC-type[Hetero.]:Age 0 -0.001 – 0.001 -0.2 0.84

FC-type[Hetero.]:Group:Age 0 -0.003 – -0.001 -3.98 <0.001
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FC-type[Intra.] -0.65 -0.659 – -0.645 -195.19 <0.001

FC-type[Intra.]:Group -0.03 -0.039 – -0.026 -9.85 <0.001

FC-type[Intra.]:Age 0 -0.001 – 0.001 -0.35 0.73

FC-type[Intra.]:Group:Age 0 -0.004 – -0.001 -4.27 <0.001

Note: Under predictors the variables incorporated in the model are listed. Group variable was deviation coded (Group:

ICAS = -1, Controls = 1). The FC-type variable consisted of three levels, homotopic BOLD-FC as the reference level

(coded as 0), and heterotopic as intrahemishpheric BOLD-FC as the two further levels. and 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 and for

homotopic BOLD-FC. Estimates for other variables indicate the estimated change in BOLD-FC should the predictor

value increase by 1 (Group: to health controls, age: to one year above median age of 72 and FC-type to heterotopic or

intrahemispheric  BOLD-FC respectively).  Interactions between participant group and predictors  are indicated by a

colon. 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 ICAS patients are identical to those of the healthy control

group, except being reversed in polarity (Group coding for ICAS patients = -1).

Table 10. Summary of  post-hoc analysis for  between group-differences of the  FC-type Intercept

regression model.

FC-type Control: mean ICAS: mean Difference p

Homotopic 1.18 1.09 0.1 0.06

Heterotopic 0.48 0.43 0.04 0.41

Intrahemispheric 0.5 0.47 0.03 0.54

Note: Columns 2 and 3 indicate group-wise mean BOLD-FC for the respective FC-type. P-values were derived from

Tukey’s test of multiple comparison.

Table  11. Summary  of  post-hoc  analysis for  within group-differences  of  the  FC-type  Intercept

regression model.

Contrast Control: mean Control: difference ICAS: mean ICAS: difference

Homo : Hetero 1.18 : 0.48 0.71, p < 0.001 (60 %) 1.09 : 0.43 0.65, p < 0.001 (60 %)

Homo : Intra 1.18 : 0.50 0.69, p < 0.001 (58 %) 1.09 : 0.47 0.62, p < 0.001 (57 %)

Hetero : Intra 0.48 : 0.50 -0.02, p < 0.001 (-5 %) 0.43 : 0.47 -0.03, p < 0.001 (-8 %)

Note: Columns 2 and 4 indicate group-wise mean BOLD-FC for the respective FC-types, as indicated by the Contrast

column. P-values were derived from Tukey’s test of multiple comparison and adjusted for multiple comparison.
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Figure 20. Comparison of average BOLD-FC between and within groups.

Estimated average BOLD-FC, i.e., intercept, (intercept model) for homotopic, heterotopic and intrahemispheric BOLD-

FC is depicted for both groups, healthy controls and ICAS patients. The intercept estimate describes average BOLD-FC

when all other predictor variables are 0, i.e., for all included participants of median age. Within and between groups

differences across the FC-types were compared with Tukey’s test. Within-group differences between the FC-types are

depicted on top (n.s. = not significant, *: p<=0.05, **: p<= 0.001), with color depicting the respective groups. Between

group differences are depicted below the respective estimates in orange. Abbreviations: CTH, capillary transit time

heterogeneity;  CBF,  cerebral blood flow; rCBV, relative cerebral blood volume; TTP, time-to-peak;  BOLD lag, blood

oxygenation level dependent lag; VOI, volume of interest; ICAS, internal carotid artery stenosis.

Influence of hemodynamic-vascular parameters across FC-types:  With this regression approach, I

found overall, across all hemodynamic-vascular parameters and both groups, a significantly weaker

influence  on  BOLD-FC  for  heterotopic  and  intrahemispheric  connectivity  as  compared  to  the

homotopic case (see Fig . 21 and 22, as also Table 12). One exception to this general finding was

the  difference  between  homotopic  and  heterotopic  BOLD-FC  for  rCBV  differences,  which  not

significant (p = 0.07).  Note that rCBV had in general  (on average across groups) no significant
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impact  on  BOLD-FC  for  homotopic  BOLD-FC.  While  parameters  differences  between  VOIs  still

caused reductions in BOLD-FC for heterotopic and intrahemispheric BOLD-FC, effects were strongly

reduced as compared to reductions in homotopic BOLD-FC (see Table 12 and 14). While there were

some  significant  differences  between  groups  for  some  interactions,  the  majority  only  had  a

minuscule  effect  on  the  overall  interpretation  (see  Table  12,  e.g.  a  small  difference  of  0.003

regarding  the  influence  of  age  on  the  influence  of  CTH  differences).  The  only  major  group

differences were found for the influence of TTP differences on BOLD-FC, which was significantly

weaker (for the same absolute TTP difference) for healthy controls as compared to healthy controls

for homotopic BOLD-FC (p = 0.002). Alongside that, the change in TTP slope between homotopic

and heterotopic  (p  <  0.001)  as  well  as  intrahemispheric  (p  <  0.001)  was  less  pronounced for

healthy controls as compared to the ICAS patients, since the influence of TTP on homotopic BOLD-

FC was already lower for healthy controls (see Fig. 22 and Table 12). 

To  additionally  examine  all  pairwise  within-group  and  between-group  comparisons  of  slope

estimates, which are not indicated by the regression model, I conducted Tukey post-hoc analyses

for each of the hemodynamic-vascular difference predictors. Between-group differences were only

found for the impact of rCBV on intrahemispheric BOLD-FC, where the effect in healthy controls

was minimally but significantly weaker(see Table 13 and Fig. 22), and for the influence of TTP on

homotopic BOLD-FC, where – for identical TTP differences – BOLD-FC decreases were significantly

lower for healthy controls, as stated above (see  Table 12). Otherwise, slope estimates were not

significantly different between groups for all FC-types and parameter differences. For within group-

differences between FC-types, this analysis revealed that rCBV did not show a significantly different

influence between homotopic BOLD-FC and both heterotopic as well as intrahemispheric BOLD-FC

for  both  groups  (see  Table  14 and  Fig.  22).  It  additionally  revealed  that  CBF  did  not  exert  a

significantly  different  impact  between  homotopic  and  intrahemispheric  BOLD-FC  for  healthy

controls  only  (see  Table  14 and  Fig.22).  All  other  within  group-comparisons  were significantly

different  with  highest  BOLD-FC  reductions  for  homotopic  BOLD-FC,  but  also  slightly  stronger

reductions for intrahemispheric as compared to heterotopic BOLD-FC within both groups (see Fig.

22 and Table 14 for both absolute estimates and differences).
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Figure 21. Effect of hemodynamic-vascular differences on BOLD-FC for each type of BOLD-FC. 

Group regression lines for homotopic BOLD-FC and respective local (A.1), |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across as systemic (A.2),

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across and |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across, hemodynamic-vascular parameter differences are depicted with solid lines. Regression lines

for heterotopic and intrahemispheric BOLD-FC are depicted with dotted and dashed lines, respectively. Slopes indicate

the decrease in pairwise BOLD-FC with increasing |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across between pairwise VOIs. |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across on the x-axis were limited to a

range of 3σ. Shaded areas around the lines indicate the 95% confidence intervals.  Abbreviations:  BOLD-FC,  blood

oxygenation level dependent functional connectivity; CTH, capillary transit time heterogeneity; CBF, cerebral blood

flow; rCBV, relative cerebral blood volume; TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; ICAS,

internal carotid artery stenosis.
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Figure 22. Within- and between-group comparison of regression coefficients for FC-types. 

Diamonds represent slopes (β, i.e., decrease in BOLD-FC for one standard deviation of |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across) for each hemodynamic-

vascular differences, Group and FC-type. Error-bars indicate the 95% confidence intervals. Within and between group

differences of slopes for the FC-types were compared with Tukey’s test. Within-group differences between the FC-

types are depicted on top (n.s. = not significant, *: p<=0.05, **: p<= 0.001), with color depicting the respective groups.

Between group differences are depicted below the respective slope estimates in orange. Abbreviations:  BOLD-FC,

blood oxygenation level dependent functional connectivity; CTH, capillary transit time heterogeneity; CBF, cerebral

blood  flow;  Homo.,  Homotopic  BOLD-FC;  Hetero.,  Heterotopic  BOLD-FC;  Intra.,  Intrahemispheric  BOLD-FC;  rCBV,

relative cerebral blood volume; TTP, time-to-peak; BOLD lag, blood oxygenation level dependent lag; ICAS, internal

carotid artery stenosis.

Table  12. Summary  of  FC-type  Intercept  +  local  +  systemic  hemodynamic-vascular  differences

regression model.

Predictors Estimates CI Statistic p

Intercept 1.32 1.261 – 1.371 46.84 <0.001

Group 0.01 -0.045 – 0.066 0.38 0.71

Age 0 -0.008 – 0.011 0.34 0.74
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|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.03 -0.041 – -0.024 -7.45 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.04 -0.049 – -0.029 -7.5 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.004 – 0.014 1.12 0.26

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.07 -0.075 – -0.056 -13.13 <0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.17 -0.185 – -0.152 -19.75 <0.001

Group:Age 0.01 -0.004 – 0.015 1.22 0.23

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.002 – 0.015 1.54 0.13

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.003 – 0.017 1.36 0.18

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.007 – 0.011 0.51 0.61

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.02 0.006 – 0.025 3.09 0

Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.025 – 0.008 -1.01 0.32

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.001 – 0.003 1.25 0.21

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.004 – -0.001 -2.58 0.01

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.002 0.09 0.93

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0.001 – 0.004 2.54 0.01

Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.003 0.38 0.7

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0.002 – 0.005 3.67 <0.001

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.007 – -0.003 -5.16 <0.001

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.001 – 0.002 1.01 0.31

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.003 – 0.001 -1.01 0.31

Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.003 0.29 0.77

FC-type[Hetero.] -0.72 -0.733 – -0.708 -115.16 <0.001

FC-type[Hetero.]:Group 0 -0.012 – 0.012 -0.01 0.99

FC-type[Hetero.]:Age 0 -0.005 – -0.001 -2.89 0

FC-type[Hetero.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.03 0.019 – 0.035 6.54 <0.001

FC-type[Hetero.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.03 0.019 – 0.038 6.07 <0.001

FC-type[Hetero.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.017 – 0.001 -1.84 0.07

FC-type[Hetero.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.04 0.035 – 0.05 11.33 <0.001

FC-type[Hetero.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.07 0.057 – 0.073 15.54 <0.001

FC-type[Hetero.]:Group:Age -0.01 -0.008 – -0.004 -5.22 <0.001

FC-type[Hetero.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across: -0.01 -0.015 – 0.001 -1.64 0.1

FC-type[Hetero.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.016 – 0.002 -1.52 0.13

FC-type[Hetero.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.011 – 0.007 -0.53 0.6

FC-type[Hetero.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.02 -0.022 – -0.008 -3.99 <0.001
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FC-type[Hetero.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.002 – 0.014 1.49 0.14

FC-type[Hetero.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -1 0.32

FC-type[Hetero.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0.001 – 0.004 2.82 0.01

FC-type[Hetero.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.45 0.65

FC-type[Hetero.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.98 0.33

FC-type[Hetero.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.002 1.3 0.19

FC-type[Hetero.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.005 – -0.001 -3.53 <0.001

FC-type[Hetero.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 0.003 – 0.006 5.2 <0.001

FC-type[Hetero.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.94 0.35

FC-type[Hetero.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.003 2.66 0.01

FC-type[Hetero.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.003 1.5 0.13

FC-type[Intra.] -0.67 -0.68 – -0.655 -106.72 <0.001

FC-type[Intra.]:Group 0 -0.016 – 0.008 -0.65 0.52

FC-type[Intra.]:Age 0 -0.005 – -0.001 -2.83 0.01

FC-type[Intra.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.03 0.017 – 0.033 6.02 <0.001

FC-type[Intra.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.02 0.008 – 0.026 3.69 <0.001

FC-type[Intra.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.021 – -0.003 -2.7 0.01

FC-type[Intra.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.04 0.031 – 0.046 10.28 <0.001

FC-type[Intra.]:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.06 0.051 – 0.067 14.14 <0.001

FC-type[Intra.]:Group:Age -0.01 -0.008 – -0.004 -5.34 <0.001

FC-type[Intra.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.014 – 0.002 -1.5 0.13

FC-type[Intra.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.01 -0.018 – 0.001 -1.81 0.07

FC-type[Intra.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.01 – 0.008 -0.3 0.76

FC-type[Intra.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across -0.02 -0.024 – -0.01 -4.51 <0.001

FC-type[Intra.]:Group:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0.01 -0.001 – 0.016 1.82 0.07

FC-type[Intra.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.89 0.37

FC-type[Intra.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.004 2.27 0.02

FC-type[Intra.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.36 0.72

FC-type[Intra.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.82 0.41

FC-type[Intra.]:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.003 1.59 0.11

FC-type[Intra.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.004 – -0.001 -3.23 0

FC-type[Intra.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0.003 – 0.006 5.08 <0.001

FC-type[Intra.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 -0.002 – 0.001 -0.78 0.43

FC-type[Intra.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.003 2.17 0.03
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FC-type[Intra.]:Group:Age:|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across 0 0 – 0.003 1.44 0.15

Note: Under predictors the variables incorporated in the model are listed. Group variable was deviation coded (Group:

ICAS = -1, Controls = 1). The FC-type variable consisted of three levels, homotopic BOLD-FC as the reference level

(coded as 0), and heterotopic as intrahemishpheric BOLD-FC as the two further levels. and 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 and for

homotopic BOLD-FC and in the absence of any hemodynamic-vascular differences, |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across. Estimates for other variables

indicate the estimated change in BOLD-FC should the predictor value increase by 1 (Group: to health controls, age: to

one  year  above  median  age  of  72,  |ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossX|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across  by  one  respective  standard  deviation  and  FC-type  to  heterotopic  or

intrahemispheric  BOLD-FC respectively).  Interactions between participant group and predictors  are indicated by a

colon. 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 ICAS patients are identical to those of the healthy control

group, except being reversed in polarity (Group coding for ICAS patients = -1).

Table 13. Summary of post-hoc analysis for between group-differences of the FC-type Intercept +

local + systemic hemodynamic-vascular differences regression model.

Predictors FC-type βControl βICAS Difference p

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homotopic -0.03 -0.04 0.01 0.13

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Heterotopic -0.01 -0.01 0 0.99

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Intrahemispheric -0.01 -0.01 0 0.71

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homotopic -0.03 -0.05 0.01 0.18

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Heterotopic -0.01 -0.01 0 0.96

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Intrahemispheric -0.02 -0.02 0 0.52

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homotopic 0.01 0 0.01 0.61

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Heterotopic 0 0 0 0.83

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Intrahemispheric -0.01 -0.01 0 < 0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homotopic -0.05 -0.08 0.03 < 0.001

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Heterotopic -0.02 -0.02 0 0.87

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Intrahemispheric -0.03 -0.03 0 0.68

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homotopic -0.18 -0.16 -0.02 0.32

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Heterotopic -0.11 -0.1 -0.01 0.74

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Intrahemispheric -0.11 -0.11 0 0.89

Note: Columns 2 and 3 indicate group-wise mean slopes (decrease in BOLD-FC for one standard deviation) for the

respective  predictor  (column  1)  and  FC-type  (column  2).  P-values  were  derived  from  Tukey’s  test  of  multiple

comparison.
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Table 14. Summary of  post-hoc analysis for  within group-differences of the  FC-type Intercept +

local + systemic hemodynamic-vascular differences regression model.

Predictors Contrast Control: means Control: diff. ICAS: means ICAS: diff.

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Hetero -0.026:-0.006
-0.02, p = 0.002 

(77 %)

-0.039:-

0.006

-0.033, p < 0.001 

(85 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Intra -0.026:-0.007
-0.018, p = 0.006 

(73 %)

-0.039:-

0.009

-0.031, p < 0.001 

(77 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCTH|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Hetero:Intra -0.006:-0.007
0.002, p = 0.003 

(-17 %)

-0.006:-

0.009

0.003, p < 0.001 

(-50 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Hetero -0.032:-0.011
-0.021, p = 0.009 

(66 %)
-0.046:-0.01

-0.036, p < 0.001 

(78 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Intra -0.032:-0.023
-0.009, p = 0.438 

(28 %)
-0.046:-0.02

-0.026, p < 0.001 

(57 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossCBF|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Hetero:Intra -0.011:-0.023
0.012, p < 0.001 

(-109 %)
-0.01:-0.02

0.01, p < 0.001 (-

100 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Hetero 0.007:-0.003
0.011, p = 0.241 

(143 %)
0.003:-0.003

0.006, p = 0.601 

(200 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Intra 0.007:-0.006
0.014, p = 0.101 

(186 %)
0.003:-0.008

0.011, p = 0.183 

(367 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossrCBV|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Hetero:Intra -0.003:-0.006
0.003, p < 0.001 

(-100 %)

-0.003:-

0.008

0.005, p < 0.001 

(-167 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Hetero -0.05:-0.023
-0.027, p < 0.001 

(54 %)

-0.081:-

0.024

-0.057, p < 0.001 

(70 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Intra -0.05:-0.029
-0.022, p < 0.001 

(42 %)

-0.081:-

0.026

-0.055, p < 0.001 

(68 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossTTP|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Hetero:Intra -0.023:-0.029
0.006, p < 0.001 

(-26 %)

-0.024:-

0.026

0.002, p < 0.001 

(-8 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Hetero -0.177:-0.106
-0.071, p < 0.001 

(40 %)
-0.16:-0.101

-0.058, p < 0.001 

(37 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Homo:Intra -0.177:-0.111
-0.066, p < 0.001 

(37 %)
-0.16:-0.109

-0.051, p < 0.001 

(32 %)

|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) acrossBOLD lag|ΔCTH| (2nd row), |ΔCBF| (3rd row) and |ΔrCBV| (bottom) across Hetero:Intra -0.106:-0.111
0.004, p < 0.001 

(-5 %)

-0.101:-

0.109

0.007, p < 0.001 

(-8 %)

Note: Columns 2 and 4 indicate group-wise mean slopes (decrease in BOLD-FC for one standard deviation) for the

respective hemodynamic-vascular predictors (column 1) and contrasts (column 2). P-values were derived from Tukey’s

test of multiple comparison and adjusted for multiple comparison.
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4.3 Interim-Discussion of Project 3

The  goal  of  this  study  was  to  examine  if  the  influence  of  hemodynamic-vascular  parameters

depends on the type of BOLD-FC, to be precise, if  observed effects differ between homotopic,

heterotopic  and  intrahemispheric  FC.  I  found  that  hemodynamic-vascular  differences  exert  a

significantly  stronger  influence  on  homotopic  BOLD-FC  as  compared  to  BOLD-FC  between

heterotopic  and intrahemispheric  VOIs.  The influence of  hemodynamic-vascular  parameters on

heterotopic  and  intrahemispheric  BOLD-FC  was  largely  comparable,  but  still  slightly  and

significantly stronger for intrahemispheric BOLD-FC. This pattern was largely identical for both ICAS

patients  and  healthy  controls  and  applied  to  both  local  and  systemic  hemodynamic-vascular

parameters. I furthermore found that ICAS patients compared to healthy controls only exhibited

lower BOLD-FC between homotopic VOI pairs, but otherwise showed largely comparable average

heterotopic and intrahemispheric BOLD-FC, which was overall lower for both groups as compared

to  homotopic  BOLD-FC.  To  the best  of  my knowledge,  this  is  the  first  study  to systematically

examine the impact of regional hemodynamic-vascular differences on BOLD-FC, demonstrating a

stronger  influence  of  hemodynamic-vascular  parameters  on  homotopic  BOLD-FC  compared  to

heterotopic  and  intrahemispheric  BOLD-FC.  This  implies  a  differing  vulnerability  for  BOLD-FC

aberrations across samples with hemodynamic-vascular impairments, depending on the type of

BOLD-FC analyses.

4.3.1 Baseline differences between ICAS and healthy controls for different FC-types

I  found that for both groups, average BOLD-FC estimates were lower between heterotopic and

intrahemispheric VOIs as compared to homotopic VOIs. This is a pattern well in-line with previous

studies, confirming the well-known dominant BOLD-FC strength for homotopic regions (Gee et al.,

2011; Stark et al., 2008). Reasons for this have been discussed before in detail (Mancuso et al.,

2019; Stark et al.,  2008; Zuo et al.,  2010), but the most important reasons are the particularly

strong WM fiber  connectivity  (Johnston et  al.,  2008;  Van Den Heuvel  et  al.,  2009),  the more

synchronous neural and metabolic activity (Duffy et al., 1996; Lee et al., 2008; Nir et al., 2008) and

also  symmetrical  hemodynamic-vascular  properties  (Mateo  et  al.,  2017).  Interestingly,  marked

differences in BOLD-FC between ICAS patients and healthy controls (even though not statistically

significant at p < 0.05) were only found for homotopic, but not heterotopic and intrahemispheric

BOLD-FC. As discussed for Project 2 (see 3.3.2),  reductions in homotopic BOLD-FC among ICAS
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patients have been reported before (Avirame et al., 2015; Cheng et al., 2012; Gao et al., 2019;

Schneider et al., 2022, 2023) and vanished in my experiment, when controlling for hemodynamic-

vascular differences. Similarly, for intrahemispheric VOIs, decreased BOLD-FC has been reported

between dorsal  lateral  prefrontal  cortices  and the  anterior  inferior  parietal  lobules  as  well  as

between the PCC and hippocampus (Cheng et al., 2012), and further between PCC and supra- as

medial prefrontal cortex (Avirame et al., 2015; Cheng et al., 2012; T. Wang et al., 2017). Graph-

theory based analyses likewise indicated reduced connectivity on the ipsilateral hemisphere (T.-Y.

Chang  et  al.,  2016).  However,  results  are  mixed  as  also  no  significant  differences  in

intrahemispheric  BOLD-FC  between  ICAS  patients  and  healthy  controls  on  neither  ipsi-  nor

contralateral hemispheres were previously reported (Fischer et al., 2022). For heterotopic BOLD-

FC,  reductions have been reported between contralateral  primary motor cortex and ipsilateral

premotor cortex, superior occipital gyrus and precuneus, along with BOLD-FC reductions between

contralateral insula and ipsilateral right premotor area, inferior orbitofrontal - , supramarginal -,

middle temporal – and cingular gyri (K.-L. Huang et al.,  2018). Reductions in BOLD-FC between

heterotopic  areas  of  different  RSN have  likewise  been reported before  (C.-J.  Lin  et  al.,  2014).

However, some findings of impaired heterotopic and intrahemispheric BOLD-FC have previously

been noted (Fischer et al., 2022) to be potentially associated with the severity of stenosis in the

underlying sample, i.e., to appear in samples with a high percentage of full occlusions (Avirame et

al., 2015) or even previous strokes (T.-Y. Chang et al., 2016). This paints a picture of predominately

impaired homotopic BOLD-FC, and fairly robust heterotopic- and intrahemispheric BOLD-FC, only

exhibiting highly specific, small and localized changes, if any at all, which in addition have been

linked to much stronger perfusion impairments as observed in the current sample (Fischer et al.,

2022).  As  previous  findings  of  non-homotopic  BOLD-FC  aberrations  were  highly  regional,  my

approach  of  merely  comparing  mean  connectivity  values  for  FC-types  between  groups,  likely

averaged out potential more specific BOLD-FC differences. Overall, my finding of generally reduced

homotopic BOLD-FC for ICAS patients, but comparable heterotopic and intrahemispheric BOLD-FC,

therefore, fits with previous results. I furthermore found that the differences between homotopic

and heterotopic as well as intrahemispheric BOLD-FC were slightly but significantly stronger for

healthy controls as compared to ICAS patients.  However, this is  most likely due to the initially

higher homotopic BOLD-FC for healthy controls, making the decrease in BOLD-FC for heterotopic

and intrahemispheric BOLD-FC, where groups did not differ, more pronounced for healthy controls

as compared to ICAS patients, who showed a lower homotopic BOLD-FC to begin with. 
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4.3.2 Stronger influence of hemodynamic-vascular impairments on homotopic 
BOLD-FC

Overall, I found a significantly weaker influence of hemodynamic-vascular differences on BOLD-FC

between heterotopic  and intrahemispheric  VOIs,  as compared to homotopic  connections,  with

BOLD-FC decreases being as low as half the estimate for homotopic BOLD-FC. Following a model of

both neural and non-neural BOLD components (Das et al., 2021; Drew, 2019), I suspect this is due

to  an  inherent  difference in  both neural  and non-neural  components  of  non-homotopic  brain

regions.

Homotopic regions largely benefit from the often strongly symmetrical features of the brain, as

discussed above (Duffy et al., 1996; Johnston et al., 2008; Lee et al., 2008; Mateo et al., 2017; Nir

et al., 2008; Van Den Heuvel et al., 2009), leading to the robustly observed stronger BOLD-FC as

compared to heterotopic and intrahemispheric connections – in healthy participants (Mancuso et

al., 2019; Stark et al., 2008; Zuo et al., 2010). The strong homotopic BOLD-FC therefore relies on

largely identical regional features – both neural and non-neural. Consequently an imbalance in one

of the features, e.g., one or multiple hemodynamic-vascular parameters, leads to strong reductions

in BOLD-FC, as I have shown. 

For heterotopic and intrahemispheric BOLD-FC, this symmetry does not apply. Consequently, BOLD

signal components between these regions differ not only in hemodynamic-vascular parameters,

but also in other components, i.e., a potentially fundamentally different neural activity (Nir et al.,

2008), metabolism or fiber connectivity (Garcés et al., 2016; Lee et al., 2008). BOLD-FC between

such  regions  is  therefore  already  reduced,  even  without  differences  in  non-neural  BOLD

components such as the chosen hemodynamic-vascular parameters. Thus, it appears plausible that

differences in these parameters play a less prominent role. It is important to note though, that I

would assume the same impact of hemodynamic-vascular differences on BOLD-FC across different

types of connectivities if region pairs either showed otherwise identical features or or all other

potential  differences  would  be  controlled  for  in  a  hypothetical  regression  analysis.  This

interpretation is supported by findings of slightly increased BOLD-FC following revascularization for

intrahemispheric  BOLD-FC  (Cheng  et  al.,  2012;  Fischer  et  al.,  2022;  C.-J.  Lin  et  al.,  2014),

highlighting at  least  some relevance of  hemodynamic-vascular  differences  for  intrahemispheric

BOLD-FC. 
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4.3.3 Interpretation of BOLD-FC in ICAS 

In my analysis, I have shown that homotopic BOLD-FC is reduced in ICAS patients as compared to

healthy controls, but largely identical for heterotopic and intrahemispheric BOLD-FC, in line with

previous  research.  I  additionally  found that  vascular-hemodynamic differences have a stronger

influence on homotopic BOLD-FC as compared to heterotopic and intrahemispheric BOLD-FC, with

at  most  minor  differences  between healthy  controls  and ICAS patients  regarding  the BOLD-FC

decrease for given hemodynamic-vascular differences (with the exception for TTP, which will be

discussed at the end of this chapter). Additionally I have shown (in Project 2, see Figs. 11 and 15),

that ICAS patients exhibit overall larger homotopic hemodynamic-vascular parameter differences

and hemispheric asymmetry due to the stenosis. While ICAS patients, therefore, do not principally

demonstrate a stronger decrease in BOLD-FC for a given parameter difference, they show larger

hemodynamic-vascular  differences.  It  is  then feasible to assume, that these lead to an overall

decreased homotopic BOLD-FC, which is more prone to aberrations as compared to heterotopic

and intrahemispheric BOLD-FC (as discussed above). Therefore, the repeatedly observed pattern of

reduced homotopic  BOLD-FC  emerges  because  homotopic  BOLD-FC  is  especially  prone  to  the

influence of stenosis related asymmetries, which exert less influence on the other FC-types.

One  exception  to  this  otherwise  comparable  influence  of  hemodynamic-vascular  differences

between groups was  TTP  for  homotopic  BOLD-FC of  this  analysis.  For  the same absolute  TTP

difference healthy controls exhibited a lesser decrease in BOLD-FC (-0.05) as compared to ICAS (-

0.07). However, the mean effect estimated across both groups was -0.07, same as for the analysis

of homotopic BOLD-FC in Project 2 (Schneider et al., 2023), where no significant group differences

was found. It therefore seems that the introduction of different FC-types in this analysis curiously

gave raise to group difference, not observed before for the same underlying data. Reasons for this

could be changes in the model fitting procedure, due to the vastly increased sample size. Therefore

I would hesitate to interpret this group difference as based on underlying features unique to either

the ICAS or healthy control group, due to its instability across two analyses and especially as other

parameters for homotopic BOLD-FC showed little to no change between Project 2 (Schneider et al.,

2023) and 3, as expected. 

4.3.4 Strength and Limitations

For this project, I extended my previous procedure to estimate the influence of hemodynamic-

vascular differences on different types of BOLD-FC. I did so by including a further factorial term in
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the  regression  analysis,  FC-types,  representing  the  three  chosen  variants,  i.e.,  homotopic,

heterotopic and intrahemispheric BOLD-FC. Other variables were kept identical as compared to

Project 1 and 2 (Schneider et al., 2022, 2023). While I have chosen these types of connectivity

based on my research question, this approach would also allow for incorporating other types of

comparisons, e.g., a finer parcellation of connectivity types or a comparison between RSN, due to

is simplicity. This project therefore extends the framework of Projects 1 and 2 (Schneider et al.,

2022, 2023) to compare the influence of various differences, not limited to hemodynamic-vascular

ones, on different kinds of BOLD-FC measurements in a standardized and straightforward way. By

incorporating a large number of observations (1.6 million BOLD-FC estimates), I have furthermore

shown that this approach can also be applied to samples of much larger size or with much more

observations, opening the possibility to also examine pooled or public datasets, thus overcoming

often observed limitation of small sample sizes in rs-fMRI studies. 

Limitations of quantitative MRI parameter measurements used for this study as well as statistical

limitations have been discussed before for projects 1 and 2 (see above and Kaczmarz et al., 2021;

Schneider et al., 2022, 2023) and will not be repeated here. Uniquely, for this project, a new FC-

type term with three levels has been introduced in the regression model. This lead to a steep

increase of overall predictor terms in the model, from 36 in the already fairly complex full model

for  Project  2,  to  72 terms in  the  regression  model  for  this  project.  However,  this  increase  in

complexity went along with an even larger increase in the number of observations, thus, allowing

for such a complex model, as available observations vastly outnumber the number of regression

terms.  Consequently,  as  larger  sample  sizes  are  generally  more  favorable  for  regression,  the

amount of observations in my model does not constitute an issue, but instead boosts statistical

power. 

4.3.5 Conclusion 

In this project, I examined whether the influence of hemodynamic-vascular parameters, i.e., CTH,

CBF, rCBV, TTP and BOLD lag, differs between types of BOLD-FC, i.e., homotopic, heterotopic and

intrahemispheric. I found that hemodynamic-vascular differences had a much stronger influence

on homotopic BOLD-FC as compared to heterotopic and intrahemispheric BOLD-FC. In contrast,

heterotopic and intrahemispheric BOLD-FC did only differ slightly, which held for both groups, i.e.,

healthy  controls  and  ICAS  patients.  Furthermore,  I  found  that  average  heterotopic  and

intrahemispheric BOLD-FC were largely identical between ICAS patients as compared to healthy
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controls, in contrast to homotopic BOLD-FC. Homotopic BOLD-FC, therefore, seems to be generally

much  more  sensitive  to  hemodynamic-vascular  impairments  in  ICAS  patients,  leading  to  the

observed group differences. 
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5. General Conclusion

Within the scope of this work, I set out to examine how hemodynamic-vascular parameters can

affect BOLD signal  derived functional connectivity in the resting-state. To this end, I  conducted

several analyses on existing multi-parametric MRI data from ICAS patients and healthy elderly that

examined different aspects of the hypothesized influence. 

For Project 1, I combined experimental results from this multi-parametric human fMRI study with

BOLD-FC  simulations  and  probed  causal  mechanism  of  BOLD-FC  aberrations  due  to  local

hemodynamic-vascular parameters, namely CTH, CBF and rCBV (Schneider et al., 2022). I found

that for homotopic BOLD-FC, both differences in CTH and CBF between homotopic brain areas,

lead to reduction in BOLD-FC – in line with the simulation results. In particular, we proposed that

CTH  constitutes  an  indicator  for  a  delayed  and  broadened  local  CBF  response,  which  exerts

complex and non-linear influences on local BOLD signal time courses, thus affecting BOLD-FC. This

has implications for possible correction strategies, often relying on linear approaches, which most

likely do not capture all aspects, thus still leaving behind BOLD-FC affected by non-neural factors. 

This  analysis  was then extended in Project  2,  where I  not only examined local  hemodynamic-

vascular parameters, but compared the influence of local, i.e., CTH, CBF and rCBV, and systemic,

i.e., TTP and BOLD lag, hemodynamic vascular parameters on homotopic BOLD-FC (Schneider et

al.,  2023).  For this,  I  set  up a stepwise comparison of  regression models,  containing first  only

participants intercepts, i.e., average BOLD-FC, then local hemodynamic-vascular differences and

lastly, both local and systemic hemodynamic-vascular differences. I found that overall,  with the

complete model, about 40% of homotopic BOLD-FC in my sample could be explained, with roughly

20% stemming from the hemodynamic-vascular VOI differences alone. Among these differences,

the systemic parameters had a substantially larger impact on BOLD-FC as compared to the local

ones. This implies that, paradoxically, participant samples with focal disorders, such as an ICAS,

causing aberrations in systemic hemodynamic-vascular parameters, should have more pronounced

BOLD-FC aberrations as compared to study samples with widespread local hemodynamic-vascular

aberrations, which are affected less. 
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Lastly for Project 3, I extended my analyses to different types of BOLD-FC, which are commonly

used in rs-fMRI analysis, i.e., not only homotopic, but also heterotopic and intrahemispheric BOLD-

FC. For this, I largely extended the initial analyses of Projects 1 and 2 to extract all possible pairwise

BOLD-FC  and  hemodynamic-vascular  differences  from  the  chosen  VOI  atlas,  which  were  then

categorized into the three FC-types. The factor FC-types, was then incorporated into the regression

approach, once into an intercept-only model, to assess average BOLD-FC across the FC-types, and

once into the full model of Project 2, containing both local and systemic hemodynamic-vascular

differences. Based on this, I confirmed that ICAS patients exhibit lower average homotopic BOLD-

FC as compared to healthy controls,  but show largely similar  heterotopic and intrahemispheric

BOLD-FC.  Secondly,  I  found  that  hemodynamic-vascular  differences  exert  a  significantly  larger

influence on homotopic, as compared to heterotopic and intrahemispheric BOLD-FC. This paints

the picture that homotopic BOLD-FC is much more sensitive with regard to hemodynamic-vascular

aberrations, which consequently manifests in reduced BOLD-FC in ICAS patients and most likely

also other patient groups with hemodynamic-vascular aberrations. 

With respect to my initial research question regarding the influences of hemodynamic-vascular

parameters on BOLD-FC, I can therefore conclude: Hemodynamic-vascular parameters have both

linear and complex non-linear influences on BOLD-FC, leading to reduced BOLD-FC, with systemic

parameters  exerting  an  overall  stronger  influence  and  homotopic  BOLD-FC  being  particularly

vulnerable to hemodynamic-vascular impairments. This indicates that the widely accepted nature

of BOLD-FC as a proxy measure for  synchronized neural  activity between brain regions can be

flawed, due to non-neural hemodynamic-vascular influences on BOLD-FC, distorting any underlying

truly neuronal association.

These results have several consequences for the study of both healthy participants and patient

samples with suspected hemodynamic-vascular aberrations. With regard to largely non-significant

group  differences  concerning  the  influence  of  individual  hemodynamic-vascular  parameters,  I

conclude that  some aspects  of  BOLD-FC  in  healthy  samples  are  likewise  affected  by  naturally

occurring hemodynamic-vascular differences between brain regions, shrouding the underlying true

neural  coherence.  In  samples  with  suspected  hemodynamic-vascular  aberrations,  this  effect  is

amplified as hemodynamic-vascular differences are more pronounced, leading to stronger BOLD-

FC impairments, depending on the underlying aberrations. Interpretation of BOLD-FC alterations as

neural alterations in such samples need, therefore, be taken with care, especially in comparisons to
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healthy control  samples,  if  hemodynamic-vascular  factors are not  considered or controlled for.

While some techniques for controlling for hemodynamic-vascular factors have been developed in

recent years, these were either limited to singular factors or relying on simple linear procedures. In

contrast, I have shown that multiple factors can affect BOLD-FC, with some potentially also exert

complex non-linear influences. Therefore, in order to assure more informative rs-fMRI BOLD-FC

results,  I  propose to combine rs-fMRI  measurements  with  additional  modalities.  Ideally,  these

would consist of precise measurement of all influencing physiological parameters during resting-

state  recordings.  Particularly  relevant  parameters,  beyond  heart  rate,  breathing  and  blinking,

would  be  electrophysiological  measurements  and  a  comprehensive  assessment  of  additional

hemodynamic-vascular parameters via pCASL and DSC MRI. As a combination of all of these steps

is most likely not possible for all study setups and samples or scanning environments, a thorough

(literature based) investigation of potential hemodynamic-vascular aberrations among the relevant

participant pool seems to be the minimally expected procedure.  However,  since BOLD lag can

directly be derived from rs-fMRI data, this information should be evaluated in any case.

Therefore, while rs-fMRI based BOLD-FC overall has come a long way since its inception in 1995

and a lot of its initial obstacles have been overcome, there are still fundamental issues regarding its

specific relationship to neural activity and connectivity, which have to be resolved in order to make

it a trustworthy method for sampling ongoing neural activity in humans.
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