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Abstract 
 

Although general anesthesia has been widely used for over a century now, mechanisms of how 

anesthetic agents modulate consciousness are only partly understood. One topic of debate in 

anesthesia systems neuroscience is whether these effects are mainly explained by ‘bottom-up’ or  ‘top-

down’ processes. Using data of two independent previously-recorded simultaneous EEG-fMRI 

experiments in healthy volunteers, anesthetized with sevoflurane and propofol, respectively, the 

subcortical influences on neural correlates of anesthesia-induced unconsciousness measured by blood 

oxygenation fluctuations (BOLD) of functional MRI (fMRI) were explored. Three projects were 

conducted.  

 

The first two projects focused on one of the most consistent neural correlate of anesthesia-induced 

unconsciousness: the reduction of the intrinsic functional connectivity in the so-called default mode 

network (DMN), i.e., reduced correlations of ongoing infra-slow activity BOLD fluctuations (intrinsic 

functional connectivity) among medial cingulate and lateral parietal-temporal cortices. While this 

finding has been replicated several times, its underlying mechanisms are incompletely understood. 

Experiments in animals and humans suggest that the subcortical neuromodulatory nuclei, such as the 

midbrain dopaminergic ventral tegmental area (VTA) and the cholinergic basal forebrain anterior part 

(a-cBF), which are projecting into the DMN, are also associated with the modulation of wakefulness, 

making these nuclei possible candidates of influencing DMN anesthesia-related effects. In the first 

project, using seed-based functional connectivity and mediation analyses, results showed that the 

connectivity reduction within the DMN during anesthesia-induced unconsciousness is mediated by the 

reduction of VTA-DMN connectivity. Reduction of a-cBF-DMN connectivity did not mediate within-

DMN connectivity reduction, instead it was found a strong correlation between them, especially with 

sevoflurane anesthesia. This finding provides indirect evidence of the dopaminergic and cholinergic 

neuromodulatory influence on cortical DMN modulation during anesthesia-induced unconsciousness.  

 

In the second project, we studied transient large-scale synchronizations of BOLD discrete events across 

DMN regions in a time window of ~50 seconds. Results from humans and animals suggest that 

transient large-scale synchronizations across the cortex are a hallmark of the awake state. This was 

measured by the Fano Factor (FF) and its distribution. The FF captures higher order correlation and 

global synchrony between discrete events and allows to quantify if the observed neural variability 

compares with the expected variability for a Poisson process. Results showed that during anesthetized 

states, BOLD synchronizations were reduced across the DMN. Interestingly, these reductions were 
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mediated by VTA-DMN connectivity, but not by a-cBF-DMN one, upon wakefulness post-anesthesia. 

We demonstrated that -beyond static functional connectivity- large-scale BOLD DMN synchronizations 

were affected during anesthesia-induced unconsciousness, and additionally, findings suggest that the 

recovery of the within-DMN organization might be influenced by the recovery of a coherent DMN and 

midbrain arousal system interaction. Taken together, these findings from the first two projects support 

the idea that anesthesia-induced cortical DMN changes with sevoflurane or propofol, respectively, 

might be modulated by neuromodulatory subcortical influences, especially by the midbrain VTA. 

 

Finally, our third project focused on burst suppression state (BS) induced with 4vol% sevoflurane 

anesthesia. BS is a global electroencephalogram (EEG) pattern characterized by an alternating high-

voltage activity (bursts) and isoelectric quiescence (flat line or suppression). This pattern has been 

identified as a global state of profound brain inactivation, physiologically seen during comatose states 

but also pharmacologically induced by deep anesthesia. Evidence from animal and human data suggest 

that cortical areas, thalamus, and the ascending arousal system (ARAS) participate in the generation 

of burst and suppression; however, the dynamics of this process is still unclear, especially when 

discerning global vs. local activity. We have studied functional connectivity of fMRI BOLD fluctuations 

from cortical, thalamus and ARAS regions up to 18 seconds before a bursting event. Events where 

labelled using EEG signal. To detect local differences when the global activity seems to govern, we have 

applied an event-like partial jackknife correlation approach, consisting in a repeatedly re-estimating 

the pair-wise correlation value between two regions after the removal of a single observation. The 

results indicate that just before the bursting global event, connectivity between ARAS and cortical 

regions, and thalamus and cortical areas increase significantly, compared to cortico-cortical 

connectivity. Thalamus-related results were supported by event-related BOLD response analyses. This 

suggests that subcortical activity, specially from the medial thalamus, could participate in the 

generation of single global bursting events during sevoflurane-induced burst suppression. 

 

In total, we provide various evidence for prominent subcortical neuromodulatory influences on cortical 

particularly DMN blood oxygenation correlations during distinct states of anesthesia, supporting a 

general bottom-up arousal model of anesthesia-induced unconsciousness. 
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Zusammenfassung 

 

Obwohl die Allgemeinanästhesie seit über einem Jahrhundert weit verbreitet ist, sind die konkreten 

Wirkmechanismen von Anästhetika auf das Bewusstsein nur teilweise bekannt. Dabei ist die Frage, ob 

die Effekte hauptsächlich durch "bottom-up"- oder "top-down"-Prozesse erklärt werden, ein zentraler 

Bestandteil der neurowissenschaftlichen Debatte. Ziel der vorliegenden Studien war es daher, 

subkortikale (bottom-up) Einflüsse auf neuronale Korrelate der narkosebedingten Bewusstlosigkeit zu 

untersuchen, anhand von Daten zweier unabhängiger EEG-fMRI Experimente an gesunden Probanden, 

die mit Sevofluran bzw. Propofol narkotisiert wurden. Die Schwankungen in der 

Blutsauerstoffsättigung (BOLD) der fMRI Messung waren das zentrale Hirnmaß in den drei 

nachfolgenden Projekten. 

  

Die ersten beiden Projekte konzentrierten sich auf eines der beständigsten neuronalen Korrelate der 

anästhesiebedingten Bewusstlosigkeit: Die Verringerung der intrinsischen funktionellen Konnektivität 

im so genannten „Default Mode Network“ (DMN), d.h. eine verringerte Korrelation der infra-

langsamen BOLD Schwankungen (intrinsische funktionelle Konnektivität) zwischen dem medialen 

cingulären Kortex sowie dem lateralen parieto-temporalen Kortex. Obwohl diese Beobachtung 

wiederholt, gefunden werden konnte, sind die zugrunde liegenden Mechanismen noch nicht 

vollständig geklärt. Tier- und Humanexperimente zeigten, dass subkortikale neuromodulatorische 

Kerne wie das dopaminerge ventrale tegmentale Areal (VTA) des Mittelhirns und der cholinerge 

vordere Teil des basalen Vorderhirns (a-cBF) zum einen mit der Modulation des Wachseins in 

Verbindung stehen, zum anderen in das DMN projizieren.  

Das erste Projekt, basierend auf funktionellen Konnektivitäts- und Mediationsanalysen, zeigte, dass 

die Verminderung der funktionellen Konnektivität innerhalb des DMN während narkosebedingter 

Bewusstlosigkeit durch eine Reduktion der VTA-DMN-Konnektivität vermittelt wird. Weiter fanden wir, 

dass eine Verringerung der a-cBF-DMN-Konnektivität mit einer Verringerung der Konnektivität 

innerhalb des DMN korrelierte. Diese Ergebnisse liefern somit einen indirekten Beweis für den 

dopaminergen und cholinergen neuromodulatorischen Einfluss auf die kortikale DMN-Modulation 

während der anästhesieinduzierten Bewusstlosigkeit. 

 

Im zweiten Projekt untersuchten wir vorübergehende Synchronisationen von diskreten BOLD-

Ereignissen in DMN-Regionen in einem Zeitfenster von etwa 50 Sekunden. Studien an sowohl 

Menschen als auch Tieren deuten darauf hin, dass solche Synchronisationen im gesamten Kortex ein 

Kennzeichen des Wachzustands sein können. Dies wurde anhand des Fano-Faktors (FF) und seiner 



vi 
 

Wahrscheinlichkeitsverteilung gemessen. Der FF erfasst Korrelationen höherer Ordnung und globale 

Synchronizität zwischen diskreten Ereignissen. Die Ergebnisse zeigten, dass während einer Narkose 

durch Sevofluran und Propofol die BOLD-Synchronisationen im gesamten DMN reduziert waren. 

Interessanterweise wurde diese Verringerung durch die VTA-DMN-Konnektivität nach der Narkose im 

Wachzustand vermittelt, jedoch nicht durch die a-cBF-DMN-Konnektivität. Die Ergebnisse deuten 

darauf hin, dass die Erholung der DMN-internen Synchronisation durch die Wiederherstellung einer 

kohärenten Interaktion zwischen DMN und dem Erregungssystem des Mittelhirns beeinflusst werden.  

Zusammengenommen unterstützen die Ergebnisse der ersten beiden Projekte die Idee, dass die durch 

Sevofluran oder Propofol induzierten kortikalen DMN-Veränderungen durch neuromodulatorische 

subkortikale bottom-up Einflüsse, insbesondere durch das VTA des Mittelhirns, moduliert werden 

könnten. 

  

Das dritte Projekt schließlich befasste sich mit dem so-genannten Burst-Suppressions-Zustand (BS), der 

durch eine 4-Vol%-Sevofluran-Anästhesie ausgelöst wird. BS ist ein globales Elektroenzephalogramm 

(EEG)-Muster, das durch eine abwechselnde Hochspannungsaktivität (Bursts) und isoelektrische Ruhe 

(flache Linie oder „Suppression“) gekennzeichnet ist. Dieses Muster wird als ein globaler Zustand 

tiefgreifend veränderter Hirnaktivierung identifiziert, der ursprünglich bei komatösen Zuständen 

beobachtet wurde, jedoch auch pharmakologisch durch tiefe Anästhesie ausgelöst werden kann. 

Ergebnisse deuten darauf hin, dass kortikale Areale, der Thalamus sowie das aufsteigende 

Erregungssystem (ARAS) an der Erzeugung von Burst- oder Suppression-Ereignissen beteiligt sind. Wir 

haben deshalb die funktionelle Konnektivität von fMRI-BOLD-Fluktuationen aus kortikalen, Thalamus- 

und ARAS-Regionen bis zu 18 Sekunden vor einem Burst-Ereignis, indiziert durch EEG-Veränderungen, 

untersucht. Um lokale Unterschiede zu erkennen, wenn globale Aktivität sich verändert, haben wir 

einen Ereignis-ähnlichen partiellen Jackknife-Korrelationsansatz angewandt. Die Ergebnisse zeigen, 

dass kurz vor einem globalen Burst-Ereignis die Konnektivität zwischen ARAS und den kortikalen 

Regionen sowie zwischen Thalamus und den kortikalen Bereichen im Vergleich zur kortikalen 

Konnektivität signifikant zunimmt. Insgesamt deuten diese Ergebnisse darauf hin, dass subkortikale 

Aktivität, insbesondere aus dem medialen Thalamus, an der Erzeugung einzelner globaler Burst-

Ereignisse, während eines sevofluraninduzierten Burst-Supression-Zustands beteiligt sind. 

  

Diese Befunde zeigen, dass subkortikale neuromodulatorische Systeme während verschiedener 

Anästhesiezustände und unter Verwendung verschiedener Anästhetika die kortikale BOLD funktionelle 

Konnektivität beeinflussen, insbesondere die des DMN. Sie unterstützen das allgemeine Bottom-up-

Arousal-Modell der anästhesieinduzierten Bewusstlosigkeit. 
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1. Introduction 

1.1. General anesthesia and state of unconsciousness 
 

Consciousness can be described as the presence of a subjective experience (Tononi & Koch, 2015). 

More specifically, it is defined based on two critical components: (i) arousal, which refers to the overall 

state of alertness (i.e., wakefulness), and (ii) awareness, which refers to the proper subjective 

experience (i.e., content of consciousness: awareness of environment and of the self) (Boly et al., 

2013; Laureys, 2005). Both components are integral and interdependent parts of the human 

consciousness, i.e., arousal pathways originating in the brainstem activate awareness networks in the 

cerebral cortex, while cortical activity provides continuous feedback to subcortical and brainstem 

areas to sustain cognitive processes (Parvizi & Damasio, 2001). During clinical examination, arousal is 

assessed by the opening of the eyes, and awareness is inferred by the ability of the subject to follow 

commands (Boly et al., 2013; Lee et al., 2022).  

 

Consciousness can be altered or modified in different ways, e.g., physiologically during sleep, 

pathologically after a brain insult such a traumatic brain injury, or pharmacologically with the use of 

anesthesia, which is a common practice in the clinical setting. This drug-induced reversible condition 

is called general anesthesia or pharmacological sedation. The aim of its use is to provide patients a 

state where they can tolerate painful or invasive procedures (Bonhomme et al., 2019) by inducing and 

maintaining specific behavioral and physiological traits, such as amnesia, analgesia, akinesia, and loss 

of consciousness (i.e., anesthesia-induced unconsciousness), while guaranteeing stability of the 

autonomic, cardiovascular, respiratory, and thermoregulatory systems (Brown et al., 2010). Besides 

the clinical setting, general anesthesia serves as a useful model to modulate consciousness levels in a 

controlled reversible way to understand neural-related processes involved in the induction of and 

emergence from unconsciousness; therefore, of great interest in biological and computational 

neuroscience research.  

In this process, concentration of the administered anesthetic plays a decisive role, for instance, low-

sedative levels produce analgesia, amnesia, distorted time perception, depersonalization, and 

increased sleepiness; higher doses usually induce a complete absence of response to commands, 

commonly recognized as ‘unconsciousness’ (Alkire et al., 2008). In humans, the process of sedation 

(and indirectly consciousness modulation), can be assessed through various physiological measures: 

(i) electroencephalogram (EEG) monitoring, specifically via visual inspection of the raw signal, or by 
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tracking changes in its spectral edge frequency or monitoring the depth of anesthesia with the 

bispectral index (BIS); (ii) behavioral quantification of reusability via the Ramsay Sedation Scale,  which 

consists of four levels of sedation defined by responses to stimuli (corresponding to the levels 3 to 6 

in the scale), a level of ‘cooperative oriented and tranquil’ (level 2), and a level for ‘anxious, agitated, 

or restless’ (level 1) (Sessler et al., 2008) ; and (iii) using a protocol based on end-tidal anesthetic agent 

concentration monitoring, currently used in clinical settings (Eger et al., 1965; Hendrickx & De Wolf, 

2022). In rodents, besides EEG readouts, the assessment of the loss or return of the righting reflex, 

(i.e., a binary measure assessed by placing the animal in a supine position and measuring the time it 

takes to return to all fours) represent the two more prominent correlates of consciousness (Vincent 

et al., 2021).  

 

General anesthesia is a complex process and can elicit different experiences in each subject. It has 

been proposed that these reflect different states of consciousness: (i) unconsciousness, i.e., a 

complete absence of a subjective experience, (ii) disconnected consciousness, i.e., a conscious 

experience without perception of the environment, and (iii) connected consciousness, i.e., episodes 

of oriented consciousness state potentially followed by explicit or implicit memories (Bonhomme et 

al., 2019; Sanders et al., 2012). Additionally to these, it has been described that higher-order brain 

functions and a disembodied self-awareness can be retained until high concentrations of the 

anesthetic drug (Sleigh et al., 2018). Furthermore, depending on the anesthetic agent of choice, 

experiences might drastically vary, specially by using dissociative anesthetics like ketamine, where 

subjects report hallucinations and vivid dreams (Mueller et al., 2018; Tucker et al., 1984). These 

complex alterations emerge as a function of the equilibrium between the pharmacodynamic 

properties of anesthetic agents and their concentration in the body (Bonhomme et al., 2019).  

These premises immediately suggest that unresponsiveness does not strictly implicate being 

unconscious (Sanders et al., 2012), however, due to the complexity and the high inter-subject 

variability of experiences, the term anesthesia induced-unconsciousness has been classically used 

interchangeably with anesthesia-induced unresponsiveness throughout the published literature, as 

well as in this thesis.  

  

The underlying mechanisms by which different anesthetic agents modulate consciousness remain 

unclear. The leading question to this problem relates to the primacy of bottom-up vs. top-down 

mechanisms of anesthesia-induced unconsciousness (Mashour, 2014). As posed in classic literature, 

the term ‘bottom-up’ relates to the effect of anesthesia on midbrain arousal pathways and 

diencephalic structures, such as thalamus and subcortical nuclei. These structures project to the 
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cortex and modulate wake-like behavior through the actions of distinct neurotransmitters such as 

dopamine or acetylcholine, i.e., modulation of the arousal hierarchy (Mashour, 2014). A further 

meaning of ‘bottom-up’ relates to the disruption of processes that occur from smaller to larger 

structural scales, e.g., from molecular, to the cellular, to the neuroanatomical, to the network level in 

the brain, i.e., modulation of structural hierarchy (Mashour, 2014) . On the other hand, ‘top-down’ or 

‘network level’ mechanisms refer to primarily cortical changes induced by anesthesia incompatible 

with conscious processes (Dehaene & Changeux, 2011; Koch et al., 2016; Tononi, 2012), which can on 

the one hand reflect the effect on subcortical areas, or on the other hand either precede subcortical 

changes or be totally independent from them (Mashour, 2014). However, currently it is been 

discussed whether the disruption at the network level,  might not be simply a signature of lower-order 

anesthetic actions but rather reflect a subcortical modulation of cortical dynamics (Mashour, 2014).   

 

The aim of this thesis is to investigate characteristic cortical neural correlates of anesthesia-induced 

unconsciousness in humans, with a focus on subcortical influences measured by BOLD fMRI. 

 

1.2. Neural correlates of anesthesia-induced unconsciousness  
 

1.2.1. Micro-level: Anesthetic agent’s molecular mechanisms 

 

There are 5 main classes of anesthetic agents: intravenous (IV) anesthetics (e.g., etomidate, ketamine, 

propofol, thiopental), inhalational anesthetics (e.g., halothane, desflurane, enflurane, isoflurane, 

sevoflurane, etc.), IV sedatives (e.g., benzodiazepines), synthetic opioids (e.g., fentanyl and 

derivatives), and neuromuscular blocking drugs used to facilitate endotracheal intubation (e.g., 

succinylcholine, rocuronium, vecuronium, etc.). In the clinical setting, general anesthesia is most 

commonly achieved via induction with IV agents and analgesics followed by maintenance with volatic 

anesthetics (Smith et al., 2022). All general anesthetics -by definition- are administered to reach the 

end point of loss of consciousness, yet it is remarkable that such a structurally diverse group of drugs, 

ranging from simple inert gases, like halogenated ethers, to complex barbiturates and steroids, 

produce the same effect (Franks, 2008); from these, propofol and sevoflurane are the most used 

anesthetic agents (Brown et al., 2018). 

 

At the molecular level, most of the anesthetic agents modulate neural activity through two main 

actions: depression of fast excitatory and enhancement of fast inhibitory synaptic transmission (Hao 
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et al., 2020; Hemmings, 2009; Hemmings et al., 2005). This can lead to the silencing of normal synaptic 

transmission and result in decreased excitation of the postsynaptic neurons. Alternatively, their effect 

might result from direct action on the process of exocytosis, either by inhibiting calcium entry into the 

presynaptic bouton or by direct action on the exocytotic machinery (Hao et al., 2020). 

   

Propofol and sevoflurane target gamma-amino butyric acid type A (GABAA) presynaptic receptors, the 

main inhibitory receptors in the brain expressed in around one-third of all synapses (Bloom & Iversen, 

1971; Uhrig et al., 2014). This binding causes a receptor’s conformational change, which induces the 

opening of postsynaptic chloride channels, enhances the inward chloride current and augments 

GABAA-receptor-mediated inhibition of postsynaptic neuronal excitability (Brown et al., 2011; 

Campagna et al., 2003; Jones & Harrison, 1993; Peduto et al., 1991; Uhrig et al., 2014). Because a small 

numbers of inhibitory interneurons (20-30% of neocortical neurons) control large numbers of 

excitatory pyramidal neurons (70-80% of cortical neurons) (DeFelipe & Farinas, 1992; Markram et al., 

2004), the hypnotic-induced enhancement of GABAA inhibition can efficiently inactivate large brain 

regions. This translates into a breakdown of the tight balance between neuronal inhibition and 

excitation characteristic of the awake state (Brown et al., 2011). Subcortical regions such as thalamus, 

striatum, as well as respiratory and arousal centers in the brainstem are similarly affected by these 

agents (Brown et al., 2018; Feldman et al., 2003; Franks, 2008). 

 

Besides GABAA receptors, further ion channels are sensitive to clinically effective concentrations of 

sevoflurane, including 2-pore potassium channels, nicotinic acetylcholine, serotonin type 3, glycine 

and  glutamate receptors (both, N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid (AMPA) receptors) (Brown et al., 2018; Campagna et al., 2003; Hemmings, 

2009). The effect of these anesthetics on direct neurotransmitter release in the central nervous 

system has also been reported; dopamine and acetylcholine (ACh) are of main interest due to their 

association with the waking condition.  

 

Regarding dopamine-reported changes with volatile anesthetics, halothane and isoflurane modulate 

presynaptic dopamine striatal release in a biphasic way: enhancing the spontaneous release of 

dopamine while inhibiting the NMDA-evoked release via GABAA-receptor enhancement and 

depression of presynaptic NMDA receptor responses relative to the concentration of the anesthetic 

(Keita et al., 1999). In other studies, the presence of sevoflurane resulted in an increased dopamine 

release in rat brain cortical slices (Silva et al., 2007), while halothane (in clinical concentration) and 

isoflurane (in concentrations above clinical) reversibly inhibit dopamine transporters linked to a 
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reduced dopamine uptake by synaptosomes (el-Maghrabi & Eckenhoff, 1993). On the contrary, a 

study using an animal in vitro model of cerebral ischemia showed that sevoflurane slowed ischemia-

induced dopamine release from striatal terminals (Toner et al., 2001). Finally, a recent study using c-

FOs staining, calcium fiber photometry recording, optogenetics, chemo genetics, and fluorescent 

sensors, combined with behavioral tests and EEG analysis, showed that fluoresce signals of dopamine 

decreased in the induction of and increased in the emergence from sevoflurane anesthesia (Gui et al., 

2021). Regarding effects of propofol, it has been reported that its presence increases dopamine 

metabolites in the somatosensory cortex (Shyr et al., 1997) but inhibited dopamine release in the rat 

nucleus accumbens  (Schulte et al., 2000) and in medial prefrontal cortex (mPFC) (Wang et al., 2016). 

Such findings suggest that these anesthetics alter the normal physiology of dopaminergic 

neurotransmission in the brain, however, overall results are not conclusive. 

 

ACh-related changes reports seem more consistent, for instance, animal experiments have reported 

a decrease of ACh basal release from the cortex and subcortex with administration of propofol 

(Gamou et al., 2010; Kikuchi et al., 1998; Nemoto et al., 2013) as well as with sevoflurane (Shichino et 

al., 1998; Shichino et al., 1997)  

  

1.2.2. Macro-level: Large-scale network disruption  

 

1.2.2.1 Ways to characterize large-scale network interactions in humans. Focus: functional 

connectivity of BOLD fMRI signal fluctuations 

 

Beyond the activity of single neurons and mesoscopic systems, in which single brain circuits and brain 

areas are postulated to act as independent processors for specific functions (Mashour & Hudetz, 

2018), this work will mainly focus on the collective function of brain areas working together as large-

scale brain networks (Bressler & Menon, 2010). 

 

The term network suggests the relation or interconnection that bring elements of a system together 

(Bassett & Sporns, 2017), and large-scale refers to neural systems that are distributed across the 

whole brain (Bassett & Sporns, 2017). To map the architecture of large-scale brain networks, signals 

recorded from different non-invasive neuroimaging methods can be used, such as: functional 

magnetic resonance imagining (fMRI), PET or neurophysiologic measures like EEG (Mashour & Hudetz, 

2018). Connectivity between elements can be characterized as follows: (i) structural connectivity, i.e., 

definition of physical connections between brain regions and study mainly with tractography, a 
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measure providing a skeleton of connected brain areas which facilitates signaling along preferred 

pathways in the service of specific cognitive functions (Bassett & Sporns, 2017) ; (ii) (non-directed) 

functional connectivity, i.e., estimation of brain communication derived from statistical relations 

between recorded signals, using for example paired-wise Pearson’s correlations coefficients; (iii) 

directed functional connectivity, i.e., estimation of intensity and direction of connections between 

brain regions, with for example, granger causality analyses, transfer entropy; and (iv) effective 

connectivity, i.e., analysis of directed causal links among network elements using a model-based 

approach, with for example, dynamic causal modeling (Bassett & Sporns, 2017). From these, 

functional connectivity is one of the most used methods to map large-scale intrinsic networks, which 

refers to the quantification of coherent activity between continuous fluctuations of the so-called 

blood oxygenation level dependent (BOLD) fMRI signal across areas in the brain. Interestingly, recent 

fMRI studies have demonstrated that large-scale synchronicity of BOLD fluctuations across brain areas 

can also be studied by analyzing the continuous BOLD signal as discrete events, by for example using 

the so-called point process analysis where positive peaks trespassing a certain threshold are defined 

as events within a time window (Hahn et al., 2021; Tagliazucchi et al., 2012; Zhang et al., 2020); this is 

followed by the calculation of synchronicity measures (see section 1.2.2.3).  

 

The fMRI BOLD neuroimaging technique is a noninvasive method that depicts local changes of blood 

oxygenation along time in the brain. The signal readout is based on (i) the physical principles of nuclear 

magnetic resonance of hydrogen protons of water molecules present in the tissue and (ii) the regional 

fluctuation of deoxygenated/oxygenated blood in a specific brain region. This is usually recorded 

under the following MRI conditions: T2*-weighted imaging, gradient-echo echo-planar imaging, EPI, 

sequences (Buxton, 2013; Heeger & Ress, 2002; Ogawa et al., 1990). In more detail, in the presence 

of a strong magnetic field (e.g., produced in a 3.0 Tesla MRI scanner), the spins (or the magnetic 

properties of hydrogen protons) align to the external magnetic field (i.e., known as longitudinal 

magnetization),  then, energy is applied as a radio-frequency excitation pulse (RF) changing the plane 

of magnetization from longitudinal to a transverse plane. When the RF pulse is switched off, the MRI 

scanner detect the energy emitted by the protons while returning to their initial state, a process called 

transverse relaxation. The presence of inhomogeneities in the magnetic field contributes to a faster 

transverse relaxation or signal decay rate, known as T2* (Buxton, 2013; Heeger & Ress, 2002; Ogawa 

et al., 1990). Signal decay is a dephasing process which results from random field fluctuations 

originated from the interaction of molecules with different magnetic properties; this leads to a 

random walk of their phases and results in the partial cancellation of the net signal (Buxton, 2013). In 

venous blood, the increase in deoxyhemoglobin concentration, a paramagnetic molecule, creates 
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local distortions in the magnetic field and consequently decreases the intensity in the image. On the 

contrary, the increase in oxyhemoglobin concentration, a weak diamagnetic particle, results in a local 

increase in the MR signal (Buxton, 2013; Heeger & Ress, 2002; Ogawa et al., 1990). Sampling rates  of 

approx. 1-3 seconds are necessary to record T2* signal fluctuations in voxels (i.e., a 3-dimensional 

pixel, ~mm3) of the whole-brain. This is interpreted as BOLD changes along time (Schulz et al., 2022).  

 

The physiological underpinnings of BOLD signal fluctuations are still under investigation. The current 

understanding relies on the association between local neural activity and changes in blood 

oxygenation concentration via neurovascular coupling (NVC). NVC explains that an increase in local 

neural activity results in an increase of deoxyhemoglobin concentration elicited by local hyperemia 

(i.e., increase local blood inflow thus volume) to meet local oxygen tissue requirements (Buxton, 2013; 

Heeger & Ress, 2002; Ogawa et al., 1990). The temporal dynamics of this process follow the 

mathematical model of the NVC called the hemodynamic response function (HRF) (Boynton et al., 

1996; Taylor et al., 2022): after a 2-s stimulus, the BOLD response begins ~2 s later, rises to a plateau 

6-9 s after stimulus onset, and returns to baseline (Logothetis & Wandell, 2004).  

 

Although this imaging modality suffers from methodological limitations, including biological and 

temporal ones, experiments in primates have showed that BOLD responses strongly correlate with 

neuronal-derived signals, such as local field potentials (LFP), which is an electrophysiological signal 

reflecting mostly the input and local processing of neuronal information (Logothetis et al., 2001; 

Logothetis & Wandell, 2004). Diverse experiments studying neuronal activity and concurrent hemo- 

and vasodynamic measurements have supported this association and have further validated its use 

for neuroimaging studies (Du et al., 2014; Goense et al., 2012; Goense & Logothetis, 2008; Schwalm 

et al., 2017; Shmuel & Leopold, 2008).  

 

1.2.2.2. Large-scale mainly cortical intrinsic networks. Focus: default-mode network disruption 

 

Imaging the brain during resting state, i.e., awake state in the absence of an explicit task performance 

or stimulation, revealed that the fMRI BOLD signal fluctuates spontaneously at slow frequencies 

between ∼0.01 to 0.15Hz, and that these are temporally correlated across specific brain areas or 

regions. This coherent ongoing activity is called ‘intrinsic functional connectivity’ (iFC) and is organized 

in specialized groups of regions that relate to specific aspects of cognition and behavior, these are 

known as ‘resting-state networks’ (RSNs) (Biswal et al., 1995; Biswal et al., 2010; Fox & Raichle, 2007).  
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Besides measurements during wakeful resting states, functional networks also show synchronous 

fluctuations during task paradigms (Fox et al., 2005) and persist – at least partially- independently of 

level of consciousness, e.g., during sleep (Fukunaga et al., 2006; Horovitz et al., 2008), with anesthesia 

(Boveroux et al., 2010; Greicius et al., 2008; Kafashan et al., 2016; Martuzzi et al., 2010; Vincent et al., 

2007) and in disorders of consciousness such as vegetative state (but not in severe coma states or  

brain dead patients) (Boly et al., 2009; Threlkeld et al., 2018). This suggests that these specific 

correlated patterns reflect intrinsic processes and not merely structural connections (Mitra et al., 

2018; Van Dijk et al., 2010). Furthermore, stage of sleep (Horovitz et al., 2009) and level of sedation 

(Peltier et al., 2005; Ranft et al., 2016; Wang et al., 2021) modulate intrinsic activity correlations, 

suggesting that the state of consciousness affects functional connectivity (Van Dijk et al., 2010). 

 

Among all RSNs, the so-called default mode network (DMN) is the network associated with internally-

focused tasks and engaged during self-referential processes, therefore the most studied in association 

with consciousness. This network encompasses two midline regions, (i) the precuneus and posterior 

cingulate cortex (PCC), and (ii) the ventral anterior cingulate cortex and parietal cortices (Buckner et 

al., 2008; Greicius et al., 2003; Raichle, 2015; Raichle et al., 2001). Disruption of the within-DMN iFC, 

more specifically reduced iFC, has been evidenced during slow wave sleep (Horovitz et al., 2009; 

Samann et al., 2011; Tagliazucchi et al., 2013), disorders of consciousness (Boly et al., 2009; Cauda et 

al., 2009; Norton et al., 2012; Vanhaudenhuyse et al., 2010), and anesthesia-induced unconsciousness 

with sevoflurane, propofol and ketamine (Boveroux et al., 2010; Golkowski et al., 2019; Greicius et al., 

2008; Huang et al., 2014; Jordan et al., 2013; Martuzzi et al., 2010; Palanca et al., 2015; Ranft et al., 

2016; Schrouff et al., 2011). However, further reports have also shown the presence of increased iFC, 

specifically of the PCC with areas outside of the DMN during light sedation with propofol (Stamatakis 

et al., 2010), with 0.5% concentration of sevoflurane (Martuzzi et al., 2010) and  with midazolam 

(Greicius et al., 2008).  

 

The specific processes explaining the disruption of intrinsic functional correlations within the DMN 

during anesthesia-induced unconsciousness are not known, two possible candidate ‘bottom-up’ 

mechanisms have been suggested: the breakdown of thalamocortical circuits and the disruption of 

neuromodulatory input from ascending neurotransmitter systems.  
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1.2.2.3. Large-scale BOLD synchronizations. Focus: alteration of cortical dynamics  

 
Static functional connectivity studies mentioned above provide important information about the 

anatomical location of the effect of anesthesia, i.e., DMN regions, however the dynamics of these 

effects are missing. For instance, it is not clear how the administration of anesthesia interrupts the 

coherent functional interactions between DMN cortical regions typically seen during the awake state 

(Alkire et al., 2008). One could attribute this to the direct effect of anesthesia ‘shutting-off’ the brain, 

however It has been hypothesized that the complex effects of anesthesia on the brain, thereby 

consciousness itself, involves a constant ‘shaping and reshaping of an irreducible dynamic core’ 

(Cavanna et al., 2018; Tononi & Edelman, 1998). This means that loss of consciousness does not strictly 

imply an inactivation of neuronal activity, but consequent dynamic changes incompatible with the 

ability of the brain to sustain synchronous long-range interactions present during a wakeful/conscious 

state (Alkire et al., 2008; Barttfeld et al., 2015; Demertzi et al., 2019). For example, classic 

electrophysiological experiments in rodents studying cortical integration of sensory information 

during anesthesia showed that visual evoked responses in the occipital cortex after a light stimulus is 

preserved during anesthesia, however the later response in the association parietal cortex seen in the 

same experiment during wakefulness as well as its information exchange measure was attenuated 

(Imas et al., 2005). In humans, fMRI studies have shown a reconfiguration of cortical dynamics with 

propofol and sevoflurane-induced anesthesia, respectively, for instance findings with propofol 

revealed an increased cortico-cortical modularity pattern (Monti et al., 2013) as well as a decreased 

temporal dynamic repertoire within RSNs, including DMN (Golkowski et al., 2019; Hudetz et al., 2015). 

Similar results were found  in monkeys (Barttfeld et al., 2015) and with sevoflurane (Golkowski et al., 

2019). This evidence suggests that during anesthetized-induced states the flexibility of the brain to 

switch between configurations is impaired, carrying with it a reduction in large-scale synchronized 

activity necessary for information integration and processing characteristic of a conscious wakeful 

state (Cavanna et al., 2018).  

 

This idea was supported by a recent fMRI study studying brain-wide large-scale synchronizations of 

infra-slow activity fluctuations during states with altered consciousness, such as non-rapid eye 

movement (non-REM) sleep in humans and propofol-induced sedation in monkeys (Hahn et al., 2021). 

They showed that these states were characterized by reduced transient large-scale BOLD 

synchronizations and introduced the study of synchronicity of the BOLD signal as discrete events 

across brain regions using the Fano Factor (FF) (i.e., variance of counts over the mean of counts) in 

specific time windows, a proxy of dynamic connectivity (Hahn et al., 2021). The probability of finding 

large-scale BOLD synchronicities (FF >>1) was reduced during unconscious states, instead local 
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synchronizations between few areas was the dominating pattern. Using a whole-brain computational 

model, the authors further showed that the fluctuations between synchronized and desynchronized 

states is a property of the awake state and the transition to states of unconsciousness are linked to a 

decrease in global excitability and large-scale functional connectivity (Hahn et al., 2021).  Studies 

assessing BOLD transient large-scale synchronicity with the FF across specifically DMN regions, are still 

missing.  

 

The specific neurophysiologic mechanism underlying the orchestration of the loss or recovery of 

excitability fluctuations are still unclear, neuromodulatory influences might participate in the process.  

 

1.2.2.4. Thalamus-cortex interactions  

 

It has been suggested that thalamocortical interactions are a fundamental part of the neural substrate 

of consciousness and its disruption/interruption a candidate mechanism underlying unconsciousness 

including anesthesia-induced unconsciousness (Alkire et al., 2000; Nakajima & Halassa, 2017; Poulet 

et al., 2012; Tononi & Koch, 2008).  

 

Physiologically, the thalamus interacts with the cortex by relaying ascending and descending 

information to and from the cortex through layer-specific thalamo-cortical and cortico-thalamic 

pathways (Aru et al., 2019; Redinbaugh et al., 2020; Van Horn & Sherman, 2004). Current evidence 

suggests that this is not a passive process but an actively regulated one which modulates neural 

processing in the cortex according to behavioral context (O'Connor et al., 2002; Saalmann & Kastner, 

2015; Saalmann et al., 2012) and conscious state (Redinbaugh et al., 2020; Schiff, 2008). Furthermore, 

specific regions in the thalamus have been associated with contributing to arousal regulation in 

rodents, e.g., injections of GABAA agonists in the midline thalamic region led to depression of arousal 

and decreased spontaneous movement (Miller & Ferrendelli, 1990; Miller et al., 1989), intra-thalamic 

micro infusion of nicotine (Alkire et al., 2007) or voltage-gated Kv1 potassium channel blockers in the 

central medial thalamus caused arousal behavior despite continuous administration of inhaled 

anesthetics (Alkire et al., 2009; Lioudyno et al., 2013), and optogenetic tonic activation of thalamic 

reticular nucleus decreased arousal (Lewis et al., 2015). In non-human primates, electric stimulation 

of the central thalamus, including mediodorsal nucleus intralaminar nuclei, evoked arousal behavior 

and neurophysiological signs of cortical arousal during propofol-induced unconsciousness (Bastos et 

al., 2021). In humans, focal injuries within the central thalamus generated disturbances of 

consciousness, including hypersomnia, coma and akinetic mutism (Castaigne et al., 1981; Schiff, 2008; 
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Schiff & Plum, 2000). Finally, it has been proposed that the mediodorsal thalamus coordinate 

communication across higher order cortical regions (including regions part of the DMN) (Pergola et 

al., 2018).  

 

Regarding anesthesia-related effects, electrophysiological experiments have demonstrated that 

anesthetic agents compromise natural firing patterns of thalamic network neurons via 

hyperpolarization, therefore, reducing its membrane excitability (Angel, 1991; Ries & Puil, 1999; 

Steriade, 2001). It is hypothesized that this prevents normal synaptic transmission of sensory 

information relayed to the cortex and/or the engagement of thalamic neurons in intra-thalamic 

oscillations characteristic of wakefulness, in other words: thalamus is ‘functionally disconnected’ from 

the cortex (Alkire et al., 2000).  

 

In the neuroimaging field, regional reduction of functional cerebral metabolism and blood flow during 

anesthesia-induced unconsciousness in subcortical areas, including the thalamus, have been 

described with halothane, isoflurane (Alkire et al., 2000; Alkire et al., 1999; White & Alkire, 2003), 

sevoflurane and propofol (Fiset et al., 1999; Kaisti et al., 2003; Kaisti et al., 2002). Results from resting-

state fMRI studies have shown that during sevoflurane- and propofol-induced unconsciousness 

thalamic functional connectivity with cortical regions, including those within the DMN are reduced 

(Boveroux et al., 2010; Gili et al., 2013; Guldenmund et al., 2013; Nir et al., 2022; Palanca et al., 2015; 

Ranft et al., 2016; Schroter et al., 2012; Stamatakis et al., 2010), however an increased connectivity to 

primary motor, somatosensory areas, and insula have also been reported (Guldenmund et al., 2013; 

Martuzzi et al., 2010). Finally, a recent simultaneous EEG-fMRI study in anesthetized primates 

demonstrated that central thalamic deep brain stimulation restored wake-like behavior and restores 

thalamocortical and corticocortical static connectivity patterns as well as cortical dynamic connectivity 

despite a continuous administration of propofol (Tasserie et al., 2022),  

 

Interestingly, central thalamic nuclei, specially the mediodorsal nuclei,  receive strong input from 

neuromodulatory systems also associated with modulation of arousal and common targets of 

anesthetic agents, such as the dopaminergic system in the brainstem (Garcia-Cabezas et al., 2009; 

Garcia-Cabezas et al., 2007; Sanchez-Gonzalez et al., 2005), and the cholinergic system originating 

from both the brainstem and basal forebrain (Heckers et al., 1992; Kolmac & Mitrofanis, 1999; Parent 

et al., 1988; Steriade et al., 1988).  This evidence suggests that first, the thalamus allows cortical 

arousal acting as a relay for corticocortical information processing, and second, that this might be 

indirectly orchestrated by neuromodulatory systems. 
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1.2.2.5. Brainstem-cortex interactions  

 

The ascending reticular activating system (ARAS) is a complex network of highly specialized neurons 

organized in the brainstem and rostral pons as interdependent nuclei. Each nucleus has distinct 

anatomic and physiological features and project to the cortex directly (Edlow et al., 2012; Parvizi & 

Damasio, 2001; Starzl et al., 1951) or indirectly through the thalamus, via the intralaminar thalamic 

and further nuclei (Parvizi & Damasio, 2001; Steriade & Glenn, 1982; Van der Werf et al., 2002), and/or 

basal forebrain (Jones, 2004; Jones & Yang, 1985; Parvizi & Damasio, 2001). These pathways are 

neurotransmitter specific including serotoninergic fibers from the dorsal raphe (DR) and medial raphe 

(MR) nuclei, noradrenergic fibers from the locus coeruleus (LC), dopaminergic fibers from the ventral 

tegmental area (VTA), cholinergic fibers from the pedunculopontine nucleus (PPN) and laterodorsal 

tegmental nucleus, and glutamatergic fibers from the parabrachial complex (PBC) (Edlow et al., 2012; 

McCormick, 1992).  

 

The conception that the ARAS plays a role in modulation of cortical activity, hence consciousness, can 

be traced back to the early 20th century with two main experiments (Parvizi & Damasio, 2003). In the 

first one, Bremer demonstrated that the transection of the brainstem of anesthetized cats at different 

levels produced different electrophysiological and behavioral outcomes. For instance, a section of the 

midbrain at the ponto-mesencephalic level (near the exit of the oculomotor nerve) produced a 

condition like coma, i.e., electroencephalographic characteristics of sleep plus unresponsiveness 

despite intense stimulation, whereas a section at a lower level, specifically at the spinomedullary 

junction, did not (Bremer, 1935). In the second experiment, Moruzzi and Magoun showed that an 

electrical stimulation of the reticular system in the brainstem resulted in high frequency/low 

amplitude EEG (electrophysiological correlate of wakefulness), whereas a high-level transection of the 

midbrain resulted in low frequency/high amplitude EEG and, similar as in the first experiment, 

continuous unresponsiveness despite stimulation (Moruzzi & Magoun, 1949). A subsequent 

experiment in cats causing lesions in cell bodies located in the mesencephalic reticular  formation 

(including dopaminergic cells) did not result in alterations of cortical activation nor arousal (Denoyer 

et al., 1991). Nevertheless, more recent studies confirmed that lesions in the brainstem, including 

rostral pons, and/or its axonal projections, could generate a comatose state and related consciousness 

alterations in both animals (Fuller et al., 2011; Smith et al., 2000) and humans (Edlow et al., 2013; 

Parvizi & Damasio, 2003; Posner, 1978; Rosenblum, 2015; Snider et al., 2019). Currently, damage of 



27 
 

this circuitry represents an anatomical correlate for the diagnosis of disorders of consciousness, such 

as coma, persistent vegetative state, among others.  

 

Resting-state fMRI studies have further demonstrated a close interaction between brainstem and 

cortex. For instance, seed-based functional connectivity analyses have evidenced correlated 

spontaneous BOLD fluctuations between ARAS nuclei and cortical regions (Bar et al., 2016; Zhang et 

al., 2016), including DMN regions particularly with the VTA (Bar et al., 2016; Murty et al., 2014; 

Nakamura et al., 2018; Peterson et al., 2017; Zhang et al., 2016). Critically, these intrinsic correlations 

are affected in psychiatric disorders, where the brainstem systems are disturbed, such as 

schizophrenia (Giordano et al., 2018; Gradin et al., 2013; Hadley et al., 2014; Xu et al., 2019), major 

depression or bipolar disorder (Nakamura et al., 2020; Wagner et al., 2017). As well as during 

anesthesia-induced unconsciousness (Nir et al., 2019; Nir et al., 2022; Spindler et al., 2021).  

 

This evidence demonstrate that brainstem-cortical interaction might participate in the maintenance 

of consciousness (Parvizi & Damasio, 2001; Posner, 1978); however which specific nuclei in the 

brainstem are involved in the maintenance/emergence of consciousness in humans, and whether 

each of them contributes equally to this process is still unclear. 

 

1.3. Anesthesia-induced unconsciousness in extreme brain states: 

burst suppression state 
 

Burst suppression (BS) is an electroencephalographic pattern characterized by the alternation of 

periods of isoelectricity or flat line EEG (i.e., suppression) with high voltage activity (i.e., bursts) (Swank 

& Watson, 1949). This state occurs under pathologic conditions characterized by deeply depressed 

brain metabolic activity associated with profound unresponsiveness and unarousability. For instance, 

BS might arise spontaneously in anoxic brain injury, where it is a predictor of poor neurologic 

prognosis (Cloostermans et al., 2012; Rossetti et al., 2012), or can be reversibly induced for medical 

purposes with high doses of most general anesthetics (i.e., particularly those acting primarily by 

enhancing GABAA receptors, such as halogenated ethers or propofol) (Brown et al., 2010; Hartikainen 

et al., 1995; Niu et al., 2014; Purdon et al., 2015) and hypothermia (Stecker et al., 2001; Westover et 

al., 2015). Overdoses of further medication drugs and substances can induce BS, such as alcohol 

(Whishaw, 1976), baclofen (Ostermann et al., 2000) and carbamazepine (De Rubeis & Young, 2001). 

Pediatric patients with early infantile epileptic encephalopathy, i.e., Ohtahara syndrome, early 
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myoclonic encephalopathy, and Aicardi syndrome, also show BS pattern (Fariello et al., 1977; 

Ohtahara et al., 1987; Saneto & Sotero de Menezes, 2007). Is important to mention that BS is not 

present during sleep (Brown et al., 2010), suggesting that this state is an extreme brain state. 

 

Regarding the morphology of the BS pattern: (i) it has been conventionally characterized as a global 

brain state where bursts can be detected simultaneously in all electrodes during EEG recordings, 

however asymmetry and asynchrony of the BS pattern has been reported in patients with structural 

lesions in the corpus callosum (Lambrakis et al., 1999) as well as in epilepsy patients (Lewis et al., 2013; 

Shanker et al., 2021) and animal models for epilepsy (Liou et al., 2019), as well as in rats (Ming et al., 

2020), it is not clear whether asynchrony happens in healthy conditions; (ii) its spectral structure varies 

with the underlying condition and the anesthetic agent used, for instance it has been observed that 

bursts periods resembles the frequency spectrum that of the EEG period before the onset of BS (Lewis 

et al., 2013; Purdon et al., 2015; Shanker et al., 2021), also drug-specific features has been described 

in rodents (Akrawi et al., 1996; Kenny et al., 2014) and humans (Fleischmann et al., 2018); (iii) 

alternation of burst and suppression has a quasi-periodic nature, for instance inter- and intra-burst 

duration has a high variation (Ching et al., 2012; Shanker et al., 2021); (iv) this alternation happens in 

a slower timescale than other neural activity associated with an inactivated brain, such as sleep or 

simply lesser deep levels of anesthesia (Brown et al., 2010; Ching et al., 2012); and (v) there is a 

parametric sensitivity of suppression to the level of brain depression, e.g., with anesthesia, the deeper 

the anesthesia level, the longer the time spent in suppression with respect to the time in bursting 

activity, i.e., longer suppressions and shorter bursts (Brown et al., 2010; Hartikainen et al., 1995). 

 

There are still no specific unifying mechanism explaining the generation and maintenance of BS, 

however there are two proposed hypotheses. The first one, the cortical hypersensitivity hypothesis, 

focus on the effect of cellular mechanisms of anesthetic agents on cortical neurons and a consequent 

disruption of the excitatory-inhibitory balance being shifted towards excitation (Ferron et al., 2009; 

Kroeger & Amzica, 2007). According to this theory, massive bursting activity causes an increased 

calcium influx into cells, thus a depletion of available extracellular calcium, which results in cortical 

silence reflected as a flat EEG and a general disconnection of neuronal networks (Ferron et al., 2009). 

During suppression phases, levels of interstitial calcium are restored, which enables any external or 

intrinsic signal to trigger a new burst in a hyper-excitable cortex (Ferron et al., 2009). A second 

mechanistic explanation based on a bio-physical computation model, the metabolic hypothesis, 

suggests that BS emerges to ensure basic cell function during states of lowered metabolism, such as 

general anesthesia, hypothermia, or brain injury. It suggests that a strong depressor causes an 
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imbalance between ATP consumption and production. This results in the opening of ATP-gated 

potassium channels hyperpolarizing neurons (suppression emergence) until enough ATP becomes 

available again to sustain a basic neuronal circuit (burst emergence). Bursting activity will deplete ATP 

reserves generated during suppression, hence perpetuating the cycle (Ching et al., 2012). 

 

Regarding neuronal correlates for BS state, in vivo intracellular recordings in animals have 

demonstrated that during BS, bilateral cortical areas as well as brainstem showed periods of 

alternating bursts and suppression while the thalamus displayed slow wave activity (1-4Hz) or only 

increased firing rates during the periods of suppression in the cortex and brainstem. During burst 

periods, thalamic neurons showed an increased background noise accompanied by a decreased 

rhythmicity in their burst firing activity plus random single spikes, thalamic activity ceased with 

suppression periods longer than 30 seconds. Interestingly, post-synaptic stimulation in 

thalamocortical or corticothalamic pathways recovered normal cellular activity and a wake-like EEG 

(Steriade et al., 1994). This suggests that during BS there is a virtual disconnection in cortico-thalamic 

circuits and anesthetic-induced bursts are generated intrinsically by the cortex independently from 

thalamic input (Detsch et al., 2002; Steriade et al., 1994). This idea has been supported by experiments 

demonstrating that BS-like state can emerge spontaneously in isolated neocortical brain slices with 

continuous barbituric (Lukatch & MacIver, 1996) or general anesthetics (Lukatch et al., 2005) 

administration. However, other experiments support the notion that the thalamus is a key player in 

the generation and synchronization of the bursts during BS, e.g., (i) using somatosensory (Yli-Hankala 

et al., 1993), visual (Hartikainen et al., 1995; Hudetz & Imas, 2007; Kroeger & Amzica, 2007), or 

auditory (Hartikainen et al., 1995; Kroeger & Amzica, 2007) stimulation it is possible to evoke single 

bursts during BS  via (presumably) thalamocortical afferents, which morphologically are analogous to 

spontaneously-generated bursts (Hudetz & Imas, 2007); (ii) selective thalamus inactivation 

experiments in focal-epilepsy rodent models during anesthesia-induced BS have demonstrated that 

bursts are triggered from the thalamus rather than from the cortex itself, however in controls, bursts 

originated from either the cortex or thalamus (Liou et al., 2019); and (iii) that thalamic activity 

modulates cortical burst onsets (Ming et al., 2020).  

 

On the macroscopic scale, neuroimaging findings confirmed the cortico-subcortical deafferentation 

during suppression periods, however during bursting segments, subcortical areas (beyond the 

thalamus) might play an important role. For instance, a PET study of a pediatric patient with early 

myoclonic encephalopathy demonstrated hypoperfusion and hypometabolism of basal ganglia and 

thalamus and parietooccipital cortices, whereas an interictal single photon emission computed 
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tomography (SPECT) showed a hyper perfusion of the basal ganglia, thalamus, brainstem and 

frontoparietal cortices (Hirose et al., 2010). A further study applying source localization algorithms 

and connectivity measures in EEG of 13 neonates and infants with BS patterns showed that during 

bursting periods there is coherent activity between thalamus and brainstem as well as frontal and 

parietal cortices and that there is an upwards informational flow from the brainstem to the thalamus, 

and from the thalamus to the cortex. These was absent during suppression periods (Japaridze et al., 

2015).  

 

There is still no consensus whether BS is generated intrinsically in the cortex or is it modulated by 

subcortical sources. However, besides the thalamus, subcortical structures such as brainstem might 

play an important role in generation of bursts during BS. The ARAS complex has been proposed as an 

extra thalamic route gating spontaneous as well as stimulus-induced bursting activity in an inactivated 

cortex (Hudetz & Imas, 2007). This was demonstrated in rats, where micro stimulation of the reticular 

formation during isoflurane-induced BS caused decreased the length of the periods of suppression 

(Orth et al., 2006). 

 

1.4. Anesthesia-induced unconsciousness and arousal: 

neuromodulatory brainstem influences – candidates 
 

1.4.1. Dopaminergic system, ventral tegmental area, and modulation of arousal and 

wakefulness  

 

The dopaminergic system consists of broadcasting network of dopaminergic neurons originating 

almost exclusively in the brainstem and organized as nuclei, particularly in the midline and rostral 

portion of the mesencephalon (Bjorklund & Dunnett, 2007; Dahlstroem & Fuxe, 1964). Dopamine is 

the predominant catecholamine neurotransmitter in the mammalian brain, it acts through two main 

receptor populations: D1-like receptors including subtypes D1 and D5, and D2-like receptor including 

subtypes D2, D3 and D4, which activate or inhibit cAMP/protein kinase A signaling respectively 

(Kebabian et al., 1984; Kebabian & Calne, 1979; Missale et al., 1998). Substantia nigra pars compacta 

and VTA are the two main dopaminergic nuclei. From these, the VTA send projections to key arousal-

promoting brain regions, including thalamus (Garcia-Cabezas et al., 2009; Garcia-Cabezas et al., 2007; 

Sanchez-Gonzalez et al., 2005), DR, LC, pedunculopontine and laterodorsal tegmental areas, basal 
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forebrain, and lateral hypothalamus (Monti & Monti, 2007), but also to cortical regions related to 

cognition such as prefrontal cortex, anterior and posterior cingulate cortices (Edlow, 2021; Haber & 

Fudge, 1997; Morales & Margolis, 2017; Yetnikoff et al., 2014). Also, electrolytic lesions in the 

mesencephalon performed in cats demonstrated that lesions of catecholamine-containing neurons 

located in the VTA and substantia nigra were correlated with a decrease in the rostral brain and that 

dopaminergic neurons of the ventral tegmentum were essential for the maintenance of behavioral 

arousal (Jones & Beaudet, 1987). The existence of these projections suggests that DA neurons in these 

nuclei might be intimately involved in maintaining behavioral arousal.  

 

For several decades, the dopaminergic system has been described to be implicated in the modulation 

of behavior and cognition, and especially in the pathophysiology of neurological (e.g., Parkinson’s 

disease) and neuropsychiatric disorders (e.g., Addiction and Schizophrenia).  

More recently, a grown interest has emerged for the dopaminergic system in context of anesthesia 

and consciousness based on animal experiments testing its relevance in the process of emergence 

from anesthesia-induced unconsciousness. For instance, methylphenidate and dextroamphetamine, 

both inhibitors of reuptake for dopamine and norepinephrine, but not atomoxetine, a selective 

reuptake inhibitor for norepinephrine, restore wake-like behaviors in rodents during continuous 

isoflurane-, propofol- and sevoflurane-induced anesthesia (Chemali et al., 2012; Kenny et al., 2015; 

Solt et al., 2011).  

 

Further studies demonstrated that the possible source of arousal-promoting dopamine is primarily 

the VTA, rather than the substantia nigra. For example, the electrical stimulation of the VTA but not 

the substantia nigra restored the righting reflex in rats and activated the EEG during continuous sub-

clinical concentrations of isoflurane- or propofol-induced anesthesia (Solt et al., 2014).  It is important 

to mention that pain is an important confound in this study, and its discussion is usually neglected.  

A subsequent study found that a selective optogenetic stimulation of dopaminergic VTA neurons 

restores wake-like behaviors in mice anesthetized with isoflurane (Taylor et al., 2016). Additionally, 

the recovery time after propofol-induced anesthesia in rats increased, however it did not alter the 

response with isoflurane anesthesia (Zhou et al., 2015). One last study using chemo genetic activation 

of dopamine neurons in the VTA, but not in the substantia nigra, induced wake-like behavior in 

rodents, this was completely abolished by pretreatment with dopamine D2/D3 receptor antagonist, 

but not with antagonists for D1 receptors (Oishi et al., 2017). 
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Regarding neuroimaging studies, one recent fMRI study in healthy volunteers during propofol 

sedation and patients with chronic disorders of consciousness studies have demonstrated a reduction 

of the VTA iFC with specifically the  precuneus/posterior cingulate cortex (PCC) relative to 

wakefulness. Interestingly, this connectivity recovered in patients who behaviorally improved in a 

follow-up assessment. Furthermore, using a third cohort of patients with traumatic brain injury 

without disorder of consciousness, the administration of methylphenidate, a dopaminergic and 

noradrenergic agonist, increased VTA-precuneus/PCC iFC (Spindler et al., 2021).Further fMRI studies 

assessing ARAS nuclei iFC, including VTA,  during anesthesia-induced unconsciousness with 

sevoflurane and propofol, respectively, demonstrated a reduction of VTA iFC to subcortical areas (Nir 

et al., 2022) and its recovery during emergence of propofol-induced unconsciousness (Nir et al., 2019).  

 

1.4.2. Cholinergic system, cholinergic basal forebrain, and modulation of arousal and 

wakefulness 

 

Cholinergic innervation of the brain originates in two main locations, subcortically in the pons, 

specifically in the laterodorsal and pedunculopontine tegmental nuclei (Jones & Beaudet, 1987), and 

in the basal forebrain, specifically in four clusters of neurons (Ch1-Ch4), each innervating specific 

regions with partially overlapping projections (Mesulam et al., 1983; Zaborszky et al., 2015). From 

these, the Ch4 group corresponds to the nucleus basalis of Meynert, which provides the major source 

of cholinergic innervation almost to the entire cortex (Mesulam et al., 1983).  The rest of the nuclei, 

Ch1-3, correspond to the neurons of the medial septum (Ch1), the vertical (Ch2) and horizontal (Ch3) 

limb of the diagonal band of Broca (Mesulam et al., 1983), which projections target predominantly to 

the hippocampus and centro-medial cortical regions (Fritz et al., 2019; Mesulam et al., 1983; 

Zaborszky et al., 2015). ACh exerts its action via muscarinic and nicotinic receptors located 

presynaptically and postsynaptically in both pyramidal glutamatergic projections and local GABA-ergic 

neurons. Due to its multiple sites of action, ACh affects the signal-to-noise ratio during sensory 

processing and modulates synchronization of neuronal networks (Benarroch, 2010).  

 

There is an extensive body of evidence linking the basal forebrain cholinergic system with the 

modulation of cortical and behavioral arousal, one of the first observations being the association of 

the discharge rate of the nucleus basalis activity with EEG signatures of an activated cortex (Buzsaki 

et al., 1988; Detari & Vanderwolf, 1987; Metherate et al., 1992; Phillis & York, 1968; Poulet & Crochet, 

2018). Further studies have demonstrated increased cortical ACh concentrations during wakefulness, 

decreased during slow-wave sleep and increased during rapid eye movement sleep, especially during 
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conscious experience of dreaming (Lydic & Baghdoyan, 2005). Based on this evidence, it has been 

suggested the basal forebrain represents the rostral extension of the ARAS system (Buzsaki et al., 

1988; Sarter & Bruno, 2000). 

 

Focusing specifically on modulation of arousal during anesthesia-induced unconsciousness: 

microinjections of nicotine in the midline thalamus restores righting and mobility in rats during 

continuous administration of sevoflurane, however intra-thalamic pretreatment with nicotinic 

antagonist, mecamylamine, prevented the nicotine-induced arousal response but did not lower the 

sevoflurane dose associated with loss of righting reflex (Alkire et al., 2007). Also, administration of 

carbachol, a cholinergic agonist, in the mPFC but not in the parietal cortex during continuous 

administration of sevoflurane, led to awake-like behavior in rats (Pal et al., 2018).  A recent study 

demonstrated that propofol and isoflurane inhibit the activity of basal forebrain cholinergic neurons. 

Furthermore, the study evidenced that causing a lesion on these neurons resulted in an increased 

potency of the anesthetics (Luo et al., 2020) . Finally, they showed that sensitivity to these agents was 

reduced after optical stimulation of the basal forebrain cholinergic cells, but it failed to restore wake-

like behavior during continuous administration of anesthesia (Luo et al., 2020). This was recently 

contrasted by Dean and colleagues, where they demonstrated that chemo genetic activation of basal 

forebrain cholinergic neurons in sevoflurane-anesthetized rats induced a wake-like behavior while at 

the same time increasing the concentration of ACh in the PFC  (Dean et al., 2022). 

 

In humans, the administration of physostigmine, an Ach-cholinesterase (AChE) inhibitor that crosses 

the blood-brain barrier, reversed loss of consciousness in 9 of 11 subjects sedated with propofol 

(Meuret et al., 2000) and positron emitted signal imaging (PET) data evidenced a recovery of cerebral 

blood flow in the thalamus and precuneus being previously reduced during loss of consciousness (Xie 

et al., 2011). Another study assessing the effect of physostigmine in the recovery of sevoflurane-

induced unconsciousness resulted in the recovery of wake-like behavior in 5 out of 8 subjects 

anesthetized subjects (Leung & Luo, 2021; Plourde et al., 2003). However, a double-blinded study 

concluded that physostigmine does not enhance recovery after sevoflurane anesthesia (Paraskeva et 

al., 2002).  

 

Regarding neuroimaging studies, iFC of cholinergic basal forebrain (cBF) has been studied during rs-

wakefulness (Fritz et al., 2019; Markello et al., 2018) evidencing that the human cBF can be parcellated 

into two functionally distinct subdivisions along its anterior-posterior axis, i.e., Ch1-3 or anterior cBF 

projecting to hippocampus/ventromedial cortex, and Ch4 or posterior cBF projecting preferentially to 
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lateral cortices (Fritz et al., 2019). Interestingly, the characterization of their iFC profiles with respect 

to RSNs showed a positive functional connectivity between the anterior cBF (a-CBF) and the medial 

temporal DMN, and the posterior cBF with the so-called salience network (Fritz et al., 2019). 

Functional connectivity analyses of cBF during anesthesia-induced unconsciousness are still missing.  



35 
 

1.5. Hypotheses 
 

Based on these premises, we have hypothesized that: (i) anesthesia-induced unconsciousness is 

associated with both a reduced VTA and a-cBF intrinsic functional connectivity and that these 

reductions, specifically in DMN areas mediates the within-DMN BOLD functional connectivity 

reduction during anesthesia-induced unconsciousness, (ii) beyond DMN static functional connectivity 

reductions, we propose that transient synchronizations of discrete BOLD events across the DMN 

measured by the Fano Factor (FF) and its distribution are reduced during anesthesia-induced 

unconsciousness, and that these reductions are mediated by both VTA-DMN and a-cBF-DMN 

connectivity, respectively, finally (iii) subcortical activity (i.e., brainstem and thalamus) participate in 

the generation of a burst during burst suppression state, reflected by coherent cortico-subcortical 

activity prior burst-onset further characterized by the length of the bursting event.  
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2. Methods 

2.1. Static BOLD functional connectivity analysis: seed-based to whole-

brain analysis 

 

2.1.1. Anesthesia datasets: propofol and sevoflurane   

 

Both rs-fMRI data sets were derived from two previous simultaneous EEG-fMRI studies about effects 

of sevoflurane (Ranft et al., 2016) and propofol (Jordan et al., 2013), respectively, on brain activity in 

healthy adults at the Technical University of Munich, Germany. Both studies were in line with the 

Declaration of Helsinki and approved by the ethics committee of the medical school of the Technical 

University Munich. Detailed description can be found in the first publications (Jordan et al., 2013; 

Ranft et al., 2016).  

 

2.1.1.1. Participants and anesthesia  

 

Sevoflurane study. In brief, 20 healthy adult males aged 20 to 36 years (mean 26 years) were recruited 

for the study. Combined EEG-fMRI measurements were carried out in 5 consecutive states, namely 

wakefulness pre-anesthesia (session 1), anesthesia sevoflurane 4vol% (burst-suppression state, 

session 2), anesthesia sevoflurane 3vol% (session 3), anesthesia sevoflurane 2vol% (session 4) and 

wakefulness post-anesthesia (session5). Sevoflurane anesthesia was administrated in oxygen via tight-

fitting facemask using an MRI-compatible anesthesia machine (Fabius Tiro, Dräger, Germany). 

Sevoflurane as well as O2 and CO2 were measured by a cardiorespiratory monitor (Datex AS/3, General 

Electric, USA); standard American Society of Anesthesiologists monitoring was performed. Initially, an 

end-tidal sevoflurane concentration of 0.4% was administered for 5 min, then increased in a stepwise 

fashion by 0.2 vol% until the participant was unconscious, judged by the loss of responsiveness to the 

repeatedly spoken command “squeeze my hand” two consecutive times (corresponding to Ramsay 

sedation scale score of 6).  After loss of responsiveness, the sevoflurane concentration was increased 

to reach an end-tidal concentration of 3% to insert a laryngeal mask (i-gel, Intersurgical, United 

Kingdom). Sevoflurane concentration was increased further until the simultaneously recorded EEG 

showed suppression periods of at least 1000 ms and about 50% suppression, reached at 

approximately 4vol% (burst suppression).  Data from two further states were acquired for at least 10 
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more minutes: steady levels of 3vol% (‘anesthesia 3vol%’ state) and 2vol% (‘anesthesia 2vol%’ state). 

45 min after recovery, ‘awake post-anesthesia’ state was recorded.  

The current study focuses on the rs-fMRI recordings from states awake pre-/post-anesthesia and 

states of anesthesia 2vol% and 3 vol%. Burst suppression state (session 2) was not included and will 

be analyzed independently as this is an extreme case of unconsciousness. Data from 15 participants 

we included, each providing 350 complete and high-quality fMRI volumes. Four participants had 

missing fMRI data due to technical problems of scanning for at least one state of measurement, one 

participant had corrupted data quality after preprocessing (see below).  

 

Propofol study. The propofol study was performed in 15 male subjects (21-32y, mean 25.8y), from 

which combined EEG-fMRI measurements were recorded in three sessions, wakefulness pre-

anesthesia (session 1), propofol deep anesthesia (session 2) and propofol light anesthesia (session 3). 

Propofol was administered using a target-controlled infusion pump (Open TCI; Space infusion system; 

Braun Medical, Melsungen, Germany). Beginning at 1.2 μg/ml, propofol concentration was increased 

in 0.4 μg/ml steps until the participant stopped responding to the verbal command ‘squeeze my hand’ 

(corresponding to Ramsay sedation scale score of 5-6). This concentration was maintained for 10 min 

to guarantee equilibrium of the estimated effect-site concentration. After reaching this point, a 10 

min-long recording was performed, which is referred here as ‘propofol-induced unconsciousness’. 

This was followed by a second session recorded with 50% of the propofol concentration, however it 

was discarded due to movement artifacts. It is noteworthy to mention that clinically the sedation 

depth from this cohort was lesser than the one performed in the sevoflurane experiments (Ramsay 

sedation scale score of 6). For our study, we included 12 subjects, each providing 300 rs-fMRI volumes 

for 2 states, namely awake pre-anesthesia and anesthesia propofol. Three participants had excessive 

head motion during scanning (see below).  

 

2.1.1.2. Imaging and preprocessing  

 

Imaging. Briefly, data acquisition for both experiments, sevoflurane and propofol, were performed on 

a 3T whole body MRI scanner (Achieva Quasar Dual 3.0T 16CH, The Netherlands) with an eight 

channel, phased-array head coil. A gradient echo planar imaging sequence was performed with 

following parameters: echo time = 30ms, repetition time 2s, flip angel = 75°, field of view = 220 x 

220mm, matrix = 72x72, 32 slices, acquisition order interleaved odd first, slice thickness = 3mm, and 

1mm interslice gap. High-resolution (1x1x1mm voxel size) T1-weighted anatomical images were 

acquired before fMRI.  
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Preprocessing. Brainstem analysis requires extended preprocessing of fMRI data: (i) To account for 

physiology-induced artifacts (e.g. heart beat), we performed physiological noise regression using  

Physiologic Estimation by Temporal Independent Component Analysis (PESTICA, 

http://www.nitrc.org/projects/pestica/); PESTICA implements temporal independent component 

analysis to estimate time courses related to cardiac and respiratory fluctuations that were used for 

both image and voxel-wise physiological noise correction (Glover et al., 2000). (ii) To account for 

motion-induced artifacts particularly in the brainstem (e.g. vessel movements), we performed motion 

correction using Slice Oriented Motion Correction (SLOMOCO, 

http://www.nitrc.org/projects/pestica); SLOMOCO regresses out slice-wise rigid body motion 

parameters according to a second order-voxel and a slice-specific motion regression model (Beall & 

Lowe, 2014).  

Next preprocessing steps and subsequent seed-based FC analyses were performed using the Data 

Processing Assistant for Resting-State fMRI (DPARSF, http://rfmri.org/DPARSF) (Chao-Gan & Yu-Feng, 

2010) based on Statistical Parametric Mapping (SPM12, htttp://www.fil.ion.ucl.ac.uk/spm) and the 

toolbox for Data Processing & Analysis of Brain Imaging (DPABI, htttp://rfmri.org/DPABI) (Yan et al., 

2016). Preprocessing steps included discarding of first 8 volumes, re-alignment, slice-time correction, 

head motion correction using the Friston 24-parameter model, co-registration, wavelet-based 

despiking (Patel et al., 2014), CSF and white matter regression, normalization using Diffeomorphic 

Anatomical Registration Based on Exponentiated Lie Algebra (DARTEL, neurometrika.org/) 

(Ashburner, 2007), linear detrending, bandpass filtering (0.01-0.1Hz) and smoothing with 6x6x6mm 

Gaussian kernel. All participants’ head motion in the sevoflurane dataset remained under the 

threshold for exclusion, defined as a mean framewise displacement >0.2. Three subjects were 

discarded from the propofol data set due to excessive motion. 

 

2.1.2. Seed-based iFC analysis during wakefulness and anesthesia-induced 

unconsciousness   

 

This consists in extracting the mean averaged time course across all voxels within a seed (or ROI) and 

correlate it with the time course of each other voxel in the brain, respectively, via voxel-wise bivariate 

Pearson correlation analysis. This will generate a correlation coefficient map per subject, per state in 

the sevoflurane (i.e., 4 states) and propofol (i.e., 2 states) experiments. Each correlation coefficient 

map will be converted into a z-value map by using Fisher´s r-to-z transformation to enable across voxel 
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and across subject comparisons,  which is represented by state-wise and seed-wise iFC outcome map 

per subject .   

 

2.1.2.2. DMN FC  

 

The DMN seed was defined as the collection of 34 spherical (i.e., 5mm diameter) region of interest 

(ROI), which were derived from Dosenbach and colleagues (Dosenbach et al., 2010) available in the 

DPARSF toolbox. A standard DMN template was derived from Yeo and colleagues (Yeo et al., 2011), 

which was used to validate DMN iFC results and to define our variables for the mediation analyses.  

 

We derived two main connectivity outcomes from the DMN, (i) within DMN average connectivity 

(DMN iFC), which was calculated by the arithmetic mean of z-values from the DMN-based FC analysis 

across the DMN mask of Yeo and colleagues (Yeo et al., 2011), and (ii) VTA-DMN iFC, where the 

averaged FC connectivity was repeated but using the z-values from the VTA-based FC analyses.  

 

2.1.2.3. VTA FC and VTA ‘SRCC’ FC 

 

VTA and further brainstem nuclei masks (used for VTA iFC ‘SRCC’ control analyses, see below) such as: 

DR, MR, PPN, LC, were derived from the Harvard Ascending Arousal Network Atlas (Edlow et al., 2012). 

 

To control for specificity and to eliminate potential partial volume effects of neighboring 

neuromodulatory nuclei surrounding VTA, we performed so-called small region confound correction 

(SRCC) procedure by regression time courses of overlapping nuclei as described by Krimmel and 

colleagues (Krimmel et al., 2019). The aim of the approach is to determine the overlap between a 

dilated VTA 6mm and the above-mentioned brainstem nuclei at least 3 mm away from the original 

VTA mask (Fig. 3 A) and use BOLD time courses derived from these resulting areas as regressors of 

control. To do so, we started by dilating the original ventral tegmental area mask to 6mm using the 

FSLUTILS, the image calculator tool from FSL (FMRIB´s Software Library, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Next, the dilated ventral tegmental area mask was overlapped 

with the neighboring nuclei of interest. The overlapping voxels, i.e., shared voxels between dilated 

ventral tegmental area and the rest of the nuclei, separated 3mm from the original ventral tegmental 

area mask were defined as a region of interest. A time course was derived from this area (Fig. 3 A, 

region in white) and regressed out from the brainstem time courses along with the previously 

described nuisance covariates, e.g., Friston 24-parameter model, white matter, or cerebral spinal 
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fluid. The residuals from this analysis were further detrended, filtered and smoothed. Using these 

‘corrected’ brainstem-time series we extracted a VTA corrected mean time course and used in a 

whole-brain seed-based FC analysis (Fig. 3 B). These VTA corrected FC maps were used to control our 

sevoflurane mediation analysis for anatomical specificity (See Mediation analysis). 

 

2.1.2.4. a-cBF FC 

 

Cholinergic basal forebrain seed, specifically a-cBF (Ch1-3) was derived from (Fritz et al., 2019). 

 

2.1.3. Statistical analysis   

 

2.1.3.1. FC analyses  

 

For testing significance of FC at certain states (e.g., pre-anesthesia wakefulness) and connectivity 

differences between states (e.g., pre-anesthesia wakefulness vs sevoflurane 3vol%), we performed 

one-tailed one-sample and one-tailed paired t-tests, respectively,  using IBM SPSS Version 26 (IBM 

Corp., Armonk, NY, USA) for average connectivity scores and Statistical Parametric Mapping (SPM12, 

Welcome Trust Centre for Neuroimaging, UK, htttp://www.fil.ion.ucl.ac.uk/spm) for voxel-wise 

connectivity z-maps. Concerning average connectivity tests, significance threshold was set p<0.05, for 

paired-t-tests effect size was measured by Cohen’s d corrected for small sample size (Lakens, 2013); 

concerning voxel-wise z-map tests, each test was limited to grey matter voxels and significance 

threshold was set p<0.05 FWE cluster-corrected for multiple testing with a single-voxel height 

threshold of p<0.005.  

 

2.1.3.2. Mediation analyses  

 

To evaluate the indirect effect of averaged connectivity between VTA and the DMN for the association 

between anesthesia and averaged connectivity within DMN, we performed mediation analysis for 

different combinations of anesthesia (e.g., sevoflurane 3vol% or 2vol%) and wakefulness (e.g., pre-, 

or post-anesthesia wakefulness) using the PROCESS mediation macro in SPSS 

(www.processmacro.org) (Hayes & Rockwood, 2017).  

To ensure that the sample sizes of both data sets we used in our study were appropriate for a 

mediation analysis approach to test our second hypothesis, we performed a-priori sample size 
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estimation for mediation analysis by using Sobel’s test  

(https://webpower.psychstat.org/models/med01/). Although several alternative approaches are also 

available for sample size estimation of mediation analysis such as approaches based on bootstrapping 

(Shrout & Bolger, 2002) or Monte Carlo method (Mackinnon et al., 2004), Sobel’s test has been 

demonstrated to provide robust and conservative estimates (Pan et al., 2018). Under the assumptions 

of both large and consistent effect sizes of anesthesia on functional connectivity, estimates of FC 

variance and error variance based on Ranft and colleagues study (Ranft et al., 2016), and with a desired 

statistical power of 0.8, a sample size of 16 was estimated for testing the indirect effect of FC between 

the VTA and the DMN on FC within the DMN under anesthesia. We interpreted this estimate in a way 

that both fMRI data sets were appropriate for our mediation analysis approach. 

Mediation analysis investigates whether the effect of an independent variable ‘X’ (e.g., wakefulness 

or anesthesia-induced unconsciousness) on a dependent variable ‘Y’ (e.g., within-DMN FC) occurs via 

a third variable called mediator ‘M’ (e.g., reduction of between VTA and DMN FC). The relationships 

between these variables are quantified by regression analyses and can be displayed as path diagrams 

(Fig. 11 A3 & B3). The main outcome measure is the indirect effect ab, reflecting the product of X’s 

effect on M (a) and M’s effect on Y (b). The statistical significance of the indirect effect is determined 

via a nonparametric bootstrapping approach (5,000 iterations) to obtain 95% confidence intervals. 

We used the mediation analysis to test conditional relationships between anesthesia-induced 

unconsciousness, between VTA and DMN FC, and within-DMN FC.  

To verify that interpretation of potential results is valid, variables of the mediation analysis must fulfill 

certain assumptions, which largely overlap with those of canonical multiple regression analyses. We 

verified – by the use of SPSS tool (https://www.spss-tutorials.com/spss-multiple-regression-tutorial/; 

https://www.open.ac.uk/socialsciences/spsstutorial/files/tutorials/assumptions.pdf) - that variables 

of subsequent mediation models fulfilled the following criteria, respectively: linearity across variables, 

absence of multi-collinearity, independence of residuals, homoscedasticity, normal distribution of 

residuals, and absence of biasing cases. 

 

For the model, three variables were determined: (i) The independent variable defined as a nominal 

dichotomous variable with 0 = for awake pre-anesthesia state and 1 = for sevoflurane 3vol% state. (ii) 

The mediator variable defined as the average connectivity between the VTA and DMN, once for 

wakefulness and once for sevoflurane 3vol% anesthesia state. For sevoflurane 3vol%, in order to focus 

on reduced connectivity within the DMN, voxel-space for average connectivity was restricted to the 

overlap between the DMN mask of Yeo and the result of the paired t-test of VTA connectivity for the 

contrast pre-anesthesia wakefulness > sevoflurane 3vol%. To avoid possible bias introduced by 
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different masks, the values corresponding to wakefulness and sevoflurane 3vol% were demeaned. (iii) 

The dependent variable defined as the average connectivity within the DMN, once for wakefulness 

and once for sevoflurane 3vol% anesthesia state.  

We performed the further mediation analyses in an analog way for sevoflurane 2vol%-induction, 

sevoflurane 3vol%-recovery, and propofol-induction as well as with the a-cBF seed analyses. 

 
2.1.3.3. Analysis of differences: correlation analysis and simple linear regression.  

 

To evaluate the relationship between a-cBF iFC and DMN iFC reduction during anesthesia-induced 

unconsciousness with respect to wakefulness pre-anesthesia, we calculated a Pearson’s correlation 

and implemented a simple linear regression analysis on the differences (also referred as ‘Deltas’ in the 

text) of FC from awake pre-anesthesia state and anesthetized state (i.e., sevoflurane 3vol%, 

sevoflurane 2vol%, or propofol, respectively) of these two variables. To do so, first, we defined the 

masks to derive a value per subject: i) for the a-cBF-DMN mask, we used the cluster of a-cBF iFC 

reduction outcome from the paired t-test (e.g., awake pre-anesthesia > sevoflurane 3vol%) and used 

only the overlapping voxels with the DMN Yeo mask, ii)  for the DMN mask, we used the canonical 

pre-defined DMN mask from Yeo and colleagues (Yeo et al., 2011). Second, we extracted per subject 

a mean z connectivity value from the defined mask (i.e., a-cBF-anterior DMN) during awake pre-

anesthesia state and state of unconsciousness (e.g., sevoflurane 3vol%, sevoflurane 2vol% or propofol, 

respectively) from the voxel-wise connectivity z-maps from the a-cBF FC analysis. The same procedure 

was done using the DMN mask but using the voxel-wise connectivity z-maps from the DMN FC analysis 

(Fig. 17 A-B left side). Finally, we subtracted the mean connectivity of the anesthetized state from the 

ones of the wakefulness pre-anesthesia state. We used these values to calculate a Pearson’s 

correlation coefficient and a simple linear regression analysis to investigate if the a-cBF-anterior DMN 

FC reduction can predict the reduction of the within-DMN FC reduction during anesthesia-induced 

state. All analyses were performed using SPSS software version 26 and plotted with MATLAB. One-

tailed Pearson’s correlations were bootstrapped (n=1000) to conform to 95% CIs.  
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2.2. Point-process BOLD analysis: Fano Factor analysis 

 

2.2.1. DMN vs. whole-brain and control resting-state networks during wakefulness and 

anesthesia-induced unconsciousness 

 

2.2.1.1. Brain parcellation and brainstem seeds 

  

A whole-brain parcellation scheme, including cerebellum, was defined as 160 regions of interest (ROIs) 

(i.e., 5mm diameter spheres) according to Dosenbach’s 160 functional regions (Dosenbach et al., 

2010); ROIs were grouped according to their functional labels to define resting state networks of 

interest (i.e., DMN and control networks). For brainstem analyses, VTA and further nuclei (used for 

‘SRCC’ control analyses, see above), namely DR, MR, PPN, LC, were derived from the Harvard 

Ascending Arousal Network Atlas (Edlow et al., 2012). 

 

2.2.1.2. Fano Factor approach: analysis of large-scale synchronization 

 

Following Hahn and colleagues’ approach (Hahn et al., 2021), we calculated the Fano Factor (FF) (i.e., 

variance of counts over the mean of counts) of discrete fMRI BOLD events. To do this, first, using z-

scored time courses derived from the ROIs based on Dosenbach and colleagues (Dosenbach et al., 

2010) (160 ROIs for a whole-brain scheme, 34 ROIs for DMN, 21 ROIs for frontoparietal network, 33 

ROIs for sensorimotor network), we defined event points, i.e., point process analysis, per ROI and per 

subject as time course positive peaks which trespassed a threshold of one standard deviation of each 

time series.  Next, we counted the number of the points per timepoint of the acquired time series 

across ROIs per subject to assess the presence of synchronicity between the selected ROIs. Following 

this, a sliding-window approach was adopted for calculating the FF by shifting a window of ≈50 

seconds (25 TRs) length continuously across the whole time series. This time-window was selected 

based on Hahn and colleagues (Hahn et al., 2021) previous results. The FF was calculated using the 

formula: FF= var(counts)/mean(counts) per window. The value of the FF captures higher order 

correlation and global synchrony of the events within each time window, thus a value of FF ≈ 1 

suggests that the events occur independently from each other and resembles more a random process, 

while greater values FF>>1 suggest the presence of large-scale synchrony. The sliding windows yielded 

a distribution of FF across time. To quantify the overall level of synchronization, the FF distribution 
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was fitted to a Gamma distribution (Eden & Kramer, 2010; Hahn et al., 2021), which yielded a shape 

and a scale parameter per subject and per session. In a gamma probability density function the shape 

parameter describes the overall envelope of the function, while the scale parameter provides 

information about the variability of the distribution, i.e., higher values will skew the function to the 

right and decrease its height.  

 

2.2.2. Seed-based iFC analysis: VTA, VTA ‘SRCC’ and a-cBF FC 

 

These analyses are the same as for the first experiment (Section 2.1.2.3. VTA FC & VTA ‘SRCC’ FC).  

 

2.2.3. Statistical analysis   

 

2.2.3.1. Fano Factor 

 

All analyses were performed using MATLAB v.18b (Mathworks, Sherbon, MA, USA) and build-in 

functions. Boundaries for the FF were calculated in order to assess whether the time increments of 

the points are more variable than that from a Poisson process (p<0.05), which are plotted alongside 

the actual FF distributions (Eden & Kramer, 2010). For the assumption of a Poisson process for a 

window length W, the shape factor becomes (W – 1)/2 and the scale factor become 2/(W – 1) (Eden 

& Kramer, 2010). To assess whether the distribution of the FF matches Poisson or moves away from 

it, the scale parameters will be tested against randomness. Additionally, it is estimated whether the 

center of gravity of the whole FF distribution deviates significantly from a Poisson process (Eden & 

Kramer, 2010).  

For sevoflurane, significance of differences in scale parameters between the states was first assessed 

via repeated measures ANOVA. Post-hoc tests comparing individual states of anesthesia were 

evaluated with a two-sided Wilcoxon-Sign test. Systematic grading of the scale parameter in the order 

(sevoflurane 3vol% < sevoflurane vol% < awake post-anesthesia) was tested for via a non-parametric 

test of trend, (Page test function for MATLAB Central File Exchange, developed by Dimitri Shvorob, 

https://www.mathworks.com/matlabcentral/fileexchange/14419-perform-page-test). For propofol 

the two states were compared by a two-sided Wilcoxon-Sign test. 
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2.2.3.2. FC analyses 

 

At a group-level, statistical significance of voxel-wise VTA functional connectivity per state (e.g., awake 

pre-anesthesia) and connectivity differences between states (e.g.,  awake pre-anesthesia vs 

sevoflurane 3vol%) was assessed via one-tailed one-sample and paired t-tests, respectively, using 

Statistical Parametric Mapping (SPM12, Welcome Trust Centre for Neuroimaging, UK, 

htttp://www.fil.ion.ucl.ac.uk/spm). Significance threshold was set p<0.05 FWE cluster-corrected for 

multiple testing with a single-voxel height threshold of p<0.005.  

To assess VTA cortical connectivity, more specifically for connectivity between VTA and DMN, we used 

the 5mm-sphere ROIs assigned to the DMN and overlayed them on top of the group-level statistically 

significant voxel-wise VTA connectivity result (one-sample); next, we look for matching voxels. The 

overlapping voxels between the DMN ROIs and the voxel-wise VTA one-sample t-test group result 

map in wakefulness pre- or post-anesthesia was assigned as the ‘spatially-defined cortical areas of 

expected connectivity between VTA and DMN’ (Fig. 17) (used for the mediation analysis, see below). 

These same procedure was applied to the a-cBF and DMN FC.  

 

2.2.3.3. Mediation analysis 

 

To assess the mediating effect of connectivity between VTA and DMN in the association between 

anesthesia and large-scale transient synchronization within the DMN, we performed a mediation 

analysis using the combinations between anesthesia-induced state (i.e., sevoflurane 3vol% or 2vol%, 

respectively) and wakefulness (e.g., awake pre- or post-anesthesia, respectively) using the PROCESS 

mediation macro in SPSS (www.processmacro.org) (Hayes & Rockwood, 2017). Briefly, in the 

mediation model testing awake pre-anesthesia and sevoflurane 3vol% anesthesia, resembling 

induction of anesthesia, three variables were determined: (i) The independent variable as a nominal 

dichotomous variable coded with 0 = awake pre-anesthesia state and 1 = sevoflurane-induced 

anesthesia. (ii) The mediator variable as the average connectivity between the VTA and DMN per 

subject, once for wakefulness and once for anesthesia-induced state. The values per subject 

corresponded to the mean z correlation value extracted from the ‘spatially-defined cortical areas of 

expected connectivity between VTA and DMN’ from each participant’s voxel-wise VTA connectivity z-

map per state (i.e., wakefulness pre-anesthesia, sevoflurane 3vol%, sevoflurane 2vol%, wakefulness 

post-anesthesia). (iii) The dependent variable as the scale parameter per subject derived from the 

DMN FF analysis, once for wakefulness and once for sevoflurane state. 
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We performed the further mediation analyses in an analog way for sevoflurane anesthesia-recovery, 

and propofol-induction. 

These analyses were performed in the same way using a-cBF and DMN FC results.  

 

2.3. Time-resolved BOLD functional connectivity analysis: partial 

Jackknife correlation approach in burst suppression data  

 

2.3.1. Preprocessing of burst suppression data  

 

The current project focuses only on burst suppression state induced  by sevoflurane anesthesia with 

4vol% concentration derived from the sevoflurane experiment (session 2). For our purposes, fMRI as 

well as EEG recordings were utilized in these analyses. Data from 19 subjects were included, one 

subject was excluded because of missing data in the EEG due to hardware problems during the 

acquisition.  

 

fMRI. Considering the extreme condition of burst suppression, the preprocessing for these data 

resembles that for the other sessions, with some modifications: Physiology-induced artifacts (e.g., 

heartbeat) was accounted using PESTICA, SLOMOCO was not used. Next preprocessing steps included 

discarding the first 5 volumes, slice-time correction, re-alignment, co-registration, segmentation using 

DARTEL, normalization, linear detrending, low-pass filtering (0.1Hz), no smoothing or no covariate 

regression was applied.  

 

EEG. Recordings were performed using an fMRI-compatible, 64-electrode cap and 32-channel EEG. 

Electrode impedance was kept below 5kΩ using an abrasive gel (Easycap). All signals were recorded 

at 5 kHz sampling rate. An interface unit (SyncBox; Brain Products) was additionally connected to the 

amplifiers to reduce timing-related errors in the fMRI artifact correction by synchronizing the clocks 

of the EEG amplifiers and the fMRI gradients. One of the 64 channels was placed over the chest and 

registered the electrocardiogram (left anterior axillary line). Quality of EEG data was assessed via 

detection of signal saturation due to clipping artefacts. The following preprocessing steps were 

performed using BrainVision Analyzer 2.2.1 Software: (i) automatic gradient artifact correction (MR 

correction) using a template drift detection method (TDC), (ii) low pass FIR filter 40 Hz, (iii) down-

sampling with factor 20, (iv) pulse-artefact correction using a semiautomatic mode individualized per 
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subject (e.g., template searched between 0 and 15 seconds, pulse length average 991 ms, +/- 259ms 

with the following parameters: coherence trigger= 0.6, minimal amplitude= 0.6, maximal amplitude= 

1.2, the identified pulses were marked with R).  

 

Burst-suppression labelling. Using a semi-automatic approach, each fMRI volume was assigned to two 

categories, i.e., burst or suppression, 1 or 0, according to simultaneously recorded EEG traces (Fig. 1). 

Non-saturated pre-processed EEG data was used for the following approach: (i) FFT linear filtering (1-

5Hz), (ii) amplitude normalization (z-score),  (iii) calculation of the averaged upper envelope of the 

sequence using an N-tap Hilbert filter, (iv) data points which amplitude trespassed at least 2 standard 

deviations above the mean were labelled with a 1=burst, everything below was labelled with a 

0=suppression (Fig. 1 B) (v) visual inspection and confirmation of labelling (Fig. 1 C).       

 

 
Figure 1. Burst suppression labelling based on EEG pattern.  

A. Preprocessed EEG channel. EEG trace locked to fMRI resolution. B. Burst labeling. In orange is depicted the 
localization of timepoints where EEG amplitude is higher than 2 standard deviations than mean amplitude, 
labelled as ‘burst=1’, rest of timepoints were given a value of 0 =suppression. C. Labels. Trace of burst and 
suppression (burst=1, suppression=0).  
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2.3.2. Time-resolved region-of-interest functional connectivity analysis before a burst 

event 

 

2.3.2.1. Parcellation scheme and ROI selection 

 

The brain was parcellated in three principal schemes, i.e., whole-brain (‘Cortex_BG’: cortical regions 

plus basal ganglia and cerebellum), thalamus, and ARAS nuclei.  The thalamus was excluded from the 

whole-brain parcellation and treated as an independent entity based on previous results from 

Golkowski and colleagues, who demonstrated that most of grey matter voxels’ (except for the 

thalamus’) BOLD signal exhibited a positive correlation with EEG burst suppression signal (Golkowski 

et al., 2017). For time course extraction all ROIs were transformed into subject space.  

 

Cortex plus basal ganglia. 8 ROIs were derived from the FSL MNI structural (Mazziotta et al., 2001) 

atlas thresholded to 80% probability, including the frontal lobe, parietal lobe, temporal lobe, occipital 

lobe, cerebellum, insula, caudate nucleus, and putamen. This parcellation will be referred as 

‘Cortex_BG’.  

 

Thalamus. 5 ROIs were derived from the FSL Talairach in MNI space atlas (Lancaster et al., 2000), 

including anterior nucleus (bilateral grey matter anterior nucleus), mediodorsal nucleus (bilateral grey 

matter medial dorsal and midline nucleus), ventral nucleus (bilateral grey matter ventral anterior, 

ventral lateral, ventral posterior lateral and ventral posterior medial nucleus), lateral nucleus (bilateral 

grey matter lateral dorsal and lateral posterior nucleus), posterior nucleus (bilateral grey matter 

pulvinar nucleus).      

 

ARAS. 9 ROIs were derived from the Harvard atlas for brainstem arousal nuclei (Edlow et al., 2012), 

including VTA, DR, MRF, PBC, PO, PPN, LC and PAG.  

 

Grey matter and CSF masks. Probability tissue class images created during segmentation and 

customed to the subject space using the modelling diffeomorphic method DARTEL (Ashburner, 2007) 

for grey matter (GM, thresholded to 50%) and CSF (thresholded to 99%) were created.  
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2.3.2.2. Partial Jackknife correlation approach  

 

We applied a variation of the so-called ‘jackknife correlation approach’ (JC) on the normalized (z score) 

ROI’s time courses, namely a partial jackknife correlation approach (PJC), consisting of a repetitive re-

estimation of the partial pair-wise correlation value between two time courses after the removal of a 

timepoint. Therefore, average correlation between time courses is not assessed. A time point 

contributing strongly to the correlation would cause a reduction of correlation when omitted. This 

means a sign inversion occurs because a negative deviation of PJC correlation at a given time point 

implies a positive deviation of the correlation at that time point and vice versa.  

The jackknife correlation (JC) between two signals 𝑥 and 𝑦 at time 𝑡 is calculated as described by 

(Thompson et al., 2018): 𝐽𝐶! =	−*	
"!
"($!%	$̅#)()!%	)*#)

"!
"	($!%	$̅#)$()!%	)*#)$	

+ , 𝑖	 ≠ 𝑡	, i.e., just the Pearson correlation with 

𝑡 left out of the computation, where �̅�! and 𝑦0! are equivalent to the expected values  +
,%+	

		Σ-,𝑥- , 𝑖	 ≠

𝑡	, and +
,%+	

		Σ-,𝑦- , 𝑖	 ≠ 𝑡, respectively. The minus sign is included to correct for the sign inversion of 

the method. For calculation of the PJC, the Pearson correlation is replaced with the partial correlation 

matrix Θ.. In general, given signals of length 𝑇 from 𝑝 brain regions, the 𝑥, 𝑦 − 𝑡ℎ entry of Θ ⋿ 𝐑𝐩𝐱𝐩, 

represents the conditional dependence of regions 𝑥 and 𝑦, given the other 𝑝 − 2 regions, and is 

equivalent to the partial correlation between 𝑥 and 𝑦 (Peng et al., 2009). To compute Θ, the precision 

matrix Σ%+ ⋿ 𝐑𝐩𝐱𝐩 is calculated, which can be done efficiently by a Cholesky decomposition of the 

lower triangular part of the covariance matrix Σ ⋿ 𝐑𝐩𝐱𝐩. Then,	Θ =	 %"%&

12345("%&)2345("%&)"
	, and 𝑃𝐽𝐶! =

	−(Θ.(𝑥, 𝑦)), where the PJC between regions 𝑥 and 𝑦 is computed on 𝑝 time series of length 𝑇 − 1, 

with 𝑡 left out of the calculations. Global signal (averaged time course derived from each subject’s GM 

mask) and CSF (averaged time course derived from each subject’s CSF mask) was included as a 

covariate of no interest.  

 

To assess whether results depended on the length of the bursting event, analyses were done in three 

different variations: (i) using all subjects and all events, (ii) using events with a minimal length of 20TRs, 

which will be referred as ‘long’ bursts, and (iii) using events with a maximal length of 10 TRs, referred 

as ‘short’ bursts.  
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2.3.3. Statistical analysis   

 
2.3.3.1. Partial Jackknife correlation approach  

 
To reconstruct a time-resolved connectivity trajectory before the start of the burst event and to make 

results more robust, we averaged the dynamic PJC correlations across parcels (within and between 

parcels)  per time point , i.e., in steps of 1 TR until -9 TRs before the start of the burst. Statistical 

significance was based on paired t-tests testing each average connectivity against average of the rest 

of the timepoints, p threshold was set to 0.05.  

 

2.3.2.3.  General lineal model analysis 

 

To complement the PJC analyses and to assess regional BOLD activations (i.e., signal amplitude 

analysis), we performed a general lineal model (GLM) analysis following (Golkowski et al., 2017) but 

artificially varying the start of a burst (Moeller et al., 2008) in steps of 1 TR until 9 TRs before the start 

of the event (the length of the burst was always conserved). At a single subject level, we used a binary 

regressor (1 for burst and 0 for suppression) and convoluted it with the canonical hemodynamic 

response function (HRF) implemented in SPM12. Global signal was included as a nuisance regressor 

to focus on particularities of regional activity shadowed by the global burst and suppression pattern. 

Movement parameters were not included in the model as covariates, first, because realignment was 

successfully performed during preprocessing, and second, because linear motion and rotation 

parameters were highly correlated to the burst suppression pattern and the global signal is already 

included in the model. For group analyses, we used a one sample t-test per analysis of varying burst-

start (in total 10 GLM analysis). Significance threshold was set to p<0.05 FWE cluster-corrected for 

multiple testing with a single-voxel height threshold of p<0.005. 

Additionally, to compare individual t-values per ROI and avoid partial volume confounding effects 

from neighboring voxels, we derived the maximum t-value from of each ROI per parcel (8 ROIs from 

parcel cortex, 5 ROIs from parcel thalamus, 9 ROIs from parcel ARAS) from the group one sample t-

test t-maps.  

In line with our PJC analyses, the GLMs were performed in three different variations: (i) using all bursts 

events and all subjects, (ii) using only bursts with a minimal length of 20 TRs, which will be referred as 

‘long’ bursts, and (iii) using only bursts with a maximal length of 10 TRs, which will be referred as 

‘short’ bursts. If the subject included in the analysis were to provide only a selected event, a second 

regressor was included in the first level analysis accounting for non-included bursts.    
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Finally, using the ‘Event-related responses’ function of SPM12 (htttp://www.fil.ion.ucl.ac.uk/spm) we 

assessed regional activity, specifically on cortical and thalamus ROIs, extracting a mean peri-stimulus 

time histogram (PSTH) of adjusted data and fitted response across peri-stimulus time.  Responses 

were derived from the voxel with the maximum t-value within the ROI and averaged across subjects 

per timepoint (height p threshold p<0.01).   
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3. Results 
 

3.1. VTA and a-cBF are related to DMN BOLD functional connectivity 

reduction during anesthesia-induced unconsciousness 

 

3.1.1. Anesthesia-induced unconsciousness is related to VTA-DMN functional 

connectivity reductions  

 

Main result: sevoflurane 3vol%. During wakefulness pre-anesthesia, average VTA-DMN connectivity 

was significant with mean z= 0.03 (SD 0.03; p<0.05). Voxel-wise VTA connectivity was significant to 

ACC, PCC, parahippocampus, medial frontal gyrus, cerebellum, brainstem, thalamus, basal ganglia, 

and amygdala (Fig. 1 B1, Tab. 1); 86% of these voxels overlapped with the default mode network (Tab. 

2); and this pattern resembles that of previous studies on VTA connectivity, supporting the reliability 

of our approach (Murty et al., 2014; Nir et al., 2019; Zhang et al., 2016). During sevoflurane 3vol%-

induced anesthesia, VTA-DMN average connectivity was mean z=-0.01 (SD 0.02; p<0.05), 

corresponding to a significant connectivity reduction of 140% with a Cohen’s d=0.90; voxel-wise 

connectivity was reduced in PCC, precuneus, ACC, and cerebellum, with 84% overlap with the default 

mode network, including its cerebellar part of crus I and II (Fig. 1 B2, Tab. 1-2). This result indicates 

that connectivity between VTA and DMN is reduced by sevoflurane 3vol% anesthesia. 

 

 
Figure 2. Anesthesia-induced unconsciousness is associated with a reduced VTA iFC.  

A. VTA mask for seed-based functional connectivity analysis.  The mask is derived from Harvard Ascending 
Arousal Network Atlas (Edlow et al., 2012). B. Sevoflurane study. B1. VTA connectivity during wakefulness pre-
anesthesia. Voxel-wise one-sample t-test on z-maps of VTA iFC during wakefulness, p<0.05 FWE cluster level 
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corrected: significant connectivity in red-to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) 
in blue. B2. VTA connectivity reduction for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-
wise paired t-test on z-maps of VTA iFC during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level 
corrected: significant connectivity in red-to-yellow, DMN mask in blue. C. Propofol study. C1. VTA connectivity 
during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-maps of VTA iFC during wakefulness, 
p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, DMN mask in blue. C2. VTA 
connectivity reduction for the contrast wakefulness pre-anesthesia > propofol. Voxel-wise paired t-test on z-
maps of VTA iFC during wakefulness and propofol, p<0.05 FWE cluster level corrected: significant connectivity in 
red-to-yellow, DMN mask in blue. 

 
 

Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study 

1) Pre-anesthesia wakefulness – average functional connectivity and one-sample t-test 

VTA-DMN L/R Average 0.03 (SD 0.03)  0.002 

2) Pre-anesthesia wakefulness – voxel-wise connectivity and one sample t-test 

Brainstem L [0;-24;-18] >10 4330 <0.001 

Cerebellum R [9;-54;-33] 5.54   

Thalamus L [-6;-24;0] 5.45   

ACC L [-3;39;12] 5.01 745 <0.001 

Paracingulate gyrus R [6;42;-3] 4.68   

Lingual gyrus R [6;-57;6] 4.67 842 <0.001 

Precuneus L [-6;-57;9] 4.38   

3) Reduction of connectivity during sevoflurane 3vol% - average connectivity and paired t-test 

VTA-DMN R/L Average 
Reduction 140% 

Cohen’s d=0.90 
 0.0015 

4) Reduction of connectivity during sevoflurane 3vol% - voxel-wise connectivity and paired t-test 

Brainstem R [3;-15;-15] 6.69 818 <0.001 

Thalamus L [-9;-24;6] 5.53   

Caudate nucleus R [12;9;0] 5.38   

Paracingulate gyrus R [3;39;24] 5.58 278 <0.001 

Cerebellum L [-36;-57;-33] 5.37 78 0.001 

PCC R [9;-51;33] 3.70 55 0.008 

Precuneus L [-3;-60;18] 3.66   

Propofol study 

1) Pre-anesthesia wakefulness – average connectivity and one-sample t-test 

VTA-DMN R/L Average 0.14 (SD 0.03)  <0.001 

2) Pre-anesthesia wakefulness – voxel-wise connectivity and one sample t-test 

Brainstem L [0;-24;-18] 7.63 3020 <0.001 

Cerebellum L [-27;-66;-33] 5.78   

Cerebellum L [-6;-54;-45] 4.98   
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PCC L [-6;-36;30] 4.90   

Parahippocampus L [-24;-27;-18] 4.80   

Hippocampus L [-18;-18;-21] 4.50   

Brainstem R [3;-39;-27] 4.29   

Prahippocampus R [18;-30;-21] 4.21   

Thalamus R [3;-18;15] 4.20   

Hippocampus R [24;-24;-15] 4.09   

3) Reduction of connectivity during propofol-induced anesthesia - average functional connectivity and paired t-test 

VTA-DMN R/L Average 
Reduction 139% 

Cohen’s d=2,36 
 <0.001 

4) Reduction of connectivity during propofol-induced anesthesia - voxel-wise functional connectivity and paired t-test 

PCC L [-6;-42;33] 4.19 97 0.015 

Precuneus L [-9;-45;42] 4.03   

PCC R [3;-36;45] 3.12   

 

Table 1. Reduced VTA iFC during anesthesia-induced unconsciousness.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

 

Sevoflurane study Propofol study 

Awake 

pre 

Awake pre > 

Sevoflurane 

3vol% 

Awake pre > 

Sevoflurane 

3vol% 'corrected' 

Awake pre > 

Sevoflurane 

2vol% 

Awake post > 

Sevoflurane 

3vol% 

Awake 

pre 

Awake pre > 

Propofol 

Number of significant 

voxels in the whole brain 
2248,00 1768,00 1073,00 784,00 363,00 773,00 97,00 

Number of voxels 

overlapping the DMN in 

PFC-cerebellum-

precuneus/PCC 

1932,00 1473,00 667,00 675,00 162,00 679,00 97,00 

% Voxels 85,94 83,31 62,16 86,10 44,63 87,84 100,00 

Overlap with main regions of the DMN: cerebellum, PFC and retrosplenial cortex 

Number of significant 

voxels in the cerebellum 
1201,00 692,00 220,00 347,00 0,00 512,00 0,00 

Number of voxels 

overlapping the 

cerebellum DMN 

241,00 21,00 28,00 53,00 0,00 64,00 0,00 

% Overlap 20,07 3,03 12,73 15,27 0,00 12,50 0,00 

Number of significant 

voxels in the PFC 
434,00 441,00 180,00 315,00 162,00 0,00 0,00 
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Number of voxels 

overlapping the PFC - 

DMN 

356,00 219,00 153,00 255,00 144,00 0,00 0,00 

% Overlap 82,03 49,66 85,00 80,95 88,89 0,00 0,00 

Number of  voxels in the 

precuneus/PCC 
297,00 340,00 0,00 13,00 0,00 167,00 97,00 

Number of voxels 

overlapping the 

precuneus/PCC - DMN 

220,00 50,00 0,00 0,00 0,00 95,00 73,00 

% Overlap 74,07 14,71 0,00 0,00 0,00 56,89 75,26 

 

Table 2. VTA iFC: overlap with DMN mask from Yeo and colleagues.   

 
Control analyses: partial volume effects. Due to potential confounding partial volume effects of 

neighboring neuromodulatory brainstem nuclei on VTA-seed time courses and limited spatial 

resolution of rs-fMRI, we performed two control analyses. (i) VTA-DMN ‘SRCC’ FC. We applied the so-

called small region confound correction approach (SRCC) to control directly for partial volume effects 

of surrounding neuromodulatory nuclei, specifically DR, MR, LC, and PPN on VTA seed time course 

(Fig. 2 A). This resulted in a ‘corrected’ VTA time course by regression of confounding 

neuromodulatory nuclei time courses (Fig. 2 B1, Tab. 3). During wakefulness pre-anesthesia, the 

average VTA-DMN corrected connectivity was significant with mean z= 0.02 (SD 0.03; p<0.05). Voxel-

wise connectivity was significant for ACC, superior frontal gyrus, parahippocampus, cerebellum, and 

caudate nucleus (Fig. 2 B1, Tab. 3). During sevoflurane 3vol%-induced anesthesia, average corrected 

connectivity was mean z=-0.02 (SD 0.03 ; p<0.05), corresponding to a significant connectivity 

reduction of 195% with a Cohen’s d=0.89; voxel-wise connectivity was reduced with the ACC, with 

62% overlap with the DMN (Fig. 2 B2, Tab. 2-3). These results match our finding of the canonical 

approach, suggesting that the connectivity reduction between VTA and DMN during sevoflurane 3 

vol% is not confounded by brainstem neuromodulatory nuclei effects. (ii) Changing seeds of seed-

based functional connectivity: DMN iFC towards the VTA to verify the independence of connectivity 

between the VTA and DMN from seed definition. During wakefulness pre-anesthesia, voxel-wise 

DMN-based iFC included – beyond canonical DMN regions - also the VTA (Fig. 3, Tab. 4). During 

sevoflurane 3vol%-induced anesthesia, voxel-wise connectivity between the DMN and VTA was 

diminished (Fig. 3 B, Tab. 4). This result indicates that choice of seed does not influence the reducing 

effect of sevoflurane 3vol% on seed-based functional connectivity between DMN and VTA.  
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Figure 3. Control analysis. Sevoflurane decreases VTA ‘corrected’ FC.  

A. VTA ‘corrected’ for seed-based iFC analysis: All masks are derived from Harvard Ascending Arousal Network 
Atlas (Edlow et al., 2012): (blue) VTA mask, (cyan) VTA area 3mm away from mask, (light green) DR, (dark green) 
MR, (yellow) PPN, (white) overlapping VTA with neuromodulatory nuclei used for SRCC approach. B1. VTA 
‘corrected’ connectivity during wakefulness pre-anesthesia:  Voxel-wise one-sample t-test on z-maps of VTA 
‘corrected’ connectivity during wakefulness, p<0.05 FWE cluster level corrected: significant connectivity in red-
to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. B2. VTA ‘corrected’ connectivity 
reduction for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps 
of VTA ‘corrected’ connectivity during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: 
significant connectivity in red-to-yellow, DMN mask in blue. 

 

Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study 

1) Pre-anesthesia wakefulness – average ‘corrected’ VTA iFC and one-sample t-test 

VTA-DMN R/L Average 0.02 (SD 0.03)  0.002 

2) Pre-anesthesia wakefulness – voxel-wise ‘corrected’ VTA iFC and one-sample t-test 

Brainstem R [3;-18;-18] >10 2055 <0.001 

Brainstem L [-3;-24;-18] 7.77   

ACC L [-3;39;6] 4.81 333 <0.001 

Paracingulate gyrus R [6;42;21] 3.62   

3) Reduction of ‘corrected’ VTA iFC during sevoflurane 3vol% - average connectivity and paired t-test 

VTA-DMN R/L Average 
Reduction 195% 

Cohen’s d= 0.89 
 0.0015 

4) Reduction of ‘corrected’ VTA iFC during sevoflurane 3vol% - voxel-wise connectivity and paired t-test 

Thalamus R [3;-15;-15] 6.15 605 <0.001 

Cerebellum L [-12;-36;-27] 4.39   
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Brainstem R [12;-18;-15] 4.36   

Cerebellum L [-36;-57;-33] 5.14 118 0.010 

Paracingulate gyrus R [3;39;24] 3.86 169 0.001 

ACC L [-3;39;12] 3.80   

 

Table 3. Reduced VTA iFC during anesthesia-induced unconsciousness.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

 

Figure 4. Control analysis. Sevoflurane 3vol% decreases DMN-VTA FC.  

A. DMN-to-brainstem FC (close-up):  A. Sevoflurane study. A1. Within-DMN iFC during wakefulness pre-
anesthesia. Voxel-wise one-sample t-test on z-maps of DMN iFC during wakefulness, p<0.001: significant 
connectivity in red-to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. A2. Within-
DMN iFC reduction for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test 
on z-maps of DMN iFC during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask in blue. B. Propofol study. B1. Within-DMN iFC during wakefulness 
pre-anesthesia. Voxel-wise one-sample t-test on z-maps of DMN iFC during wakefulness, p<0.05 FWE cluster 
level corrected: significant connectivity in red-to-yellow, DMN mask in blue.  B2. Within-DMN iFC reduction for 
the contrast wakefulness pre-anesthesia > propofol. Voxel-wise paired t-test on z-maps of DMN iFC during 
wakefulness and propofol, p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, DMN 
mask in blue. 
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Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study  

1) Pre-anesthesia wakefulness – average functional connectivity and one-sample t-test  

Within-DMN R/L Average 0.24 (SD 0.03)  <0.001 

2) Pre-anesthesia wakefulness – voxel-wise connectivity and one-sample t-test 

Angular gyrus R [45;-63;39] >10 1940 <0.001 

Precuneus L [-6;-60;33] >10 9975 <0.001 

Brainstem R [0;-24;-18] 3.90   

Anterior basal forebrain L [-6;0;-12] 3.30   

Cerebellum R [45;-69;-39] 5.94 622 <0.001 

Cerebellum L [-42;-72;-39] 5.70 750 <0.001 

3) Reduction of connectivity during sevoflurane 3vol% - average connectivity and paired t-test  

Within-DMN R/L Average 
Reduction 39%  

Cohen’s d= 1.97 
 <0.001 

4) Reduction of connectivity during sevoflurane 3vol% - voxel-wise connectivity and paired-test 

Precuneus L [-3;-63;33] 7.31 1386 <0.001 

PCC R [6;-45;24] 6.87   

Cerebellum R [42;-72;-36] 6.81 499 <0.001 

Superior frontal gyrus R [18;33;42] 6.65 1953 <0.001 

Middle frontal gyrus L [-24;36;42] 5.92   

Angular gyrus R [45;-63;36] 5.87 356 <0.001 

Middle temporal gyrus L [-63;-21;-15] 5.83 180 0.001 

Parahippocampus R [27;-30;-15] 4.87 164 0.003 

Brainstem R [6;-30;-12] 3.95   

Brainstem L [0;-33;-21] 3.50   

Hippocampus L [-27;-27;-18] 4.32 144 0.006 

 

Table 4. Reduced DMN iFC during sevoflurane 3vol%.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   
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Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Propofol study 

1) Pre-anesthesia wakefulness – average functional connectivity and one-sample t-test  

Within-DMN iFC R/L Average 0.37 (SD 0.06)  <0.001 

2) Pre-anesthesia wakefulness – voxel-wise functional connectivity and one-sample t-test 

Precuneus R [9;-54;18] 6.77 3226 <0.001 

PCC L [-9;-48;27] 6.60 
 

 

ACC L [-3;-15;30] 4.55 
 

 

Brainstem L [0;-33;-24] 4.52 
 

 

Parahippocampus R [21;-18;-27] 4.52   

Angular gyrus L [-45;-66;36] 6.24 771 <0.001 

Middle temporal gyrus L [-63;-9;-24] 6.23 678 <0.001 

Medial frontal gyrus R [9;57;-12] 5.86 2938 <0.001 

Superior frontal gyrus L [-21;36;45] 5.60 
 

 

Middle temporal gyrus R [54;-69;30] 5.73 658 <0.001 

Cerebellum R [30;-87;-30] 5.07 1056 <0.001 

3) Reduction of connectivity during propofol-induced anesthesia – average connectivity and paired t-test  

Within-DMN iFC R/L Average 
Reduction 30% 

Cohen’s d= 1.40 
 <0.001 

4) Reduction of connectivity during propofol-induced anesthesia – voxel-wise connectivity and paired t-test 

Inferior temporal gyrus R [51;-3;-36] 4.18 192 <0.001 

Brainstem L [-3;-18;-21] 4.05 111 0.008 

Parahippocampus L [-15;-30;-15] 3.78   

PCC L [0;-54;24] 4.02 237 <0.001 

Lingual gyrus R [3;-69;-3] 3.73   

Paracingulate gyrus R [0;45;9] 3.94 279 <0.001 

Medial frontal gyrus R [15;60;-12] 3.94   

 

Table 5. Reduced DMN iFC during propofol-induced anesthesia.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   
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Control for different anesthetic: Propofol. During wakefulness pre-anesthesia, average connectivity 

between the VTA and DMN was significant with mean z= 0.14 (SD 0.03 p<0.05). Voxel-wise 

connectivity was significant for PCC, precuneus, parahippocampus, basal ganglia, thalamus, upper 

brainstem, amygdala, and cerebellum, with 88% overlap with the DMN (Fig. 1 C1, Tab. 1-2). This 

connectivity pattern resembles VTA connectivity maps of both the sevoflurane data set above and 

previous studies (Murty et al., 2014; Spindler et al., 2021; Zhang et al., 2016), supporting further the 

reliability of our approach. During propofol-induced anesthesia, VTA-DMN average connectivity was 

mean z=-0.05 (SD 0.08; p<0.05), corresponding to a significant connectivity reduction of 139% with a 

Cohen’s d=2.36. Voxel-wise connectivity was reduced in the PCC and precuneus, with 100% overlap 

with the DMN (Fig. 1 C2, Tab. 1-2). This result indicates that the reduction in connectivity during 

anesthesia is caused independently from the anesthetic agent and its molecular mechanism of action. 

 

Control for different sevoflurane concentration: sevoflurane 2vol%. Next, we controlled for potential 

concentration effects of the anesthetic agent, namely sevoflurane 3vol%. During sevoflurane 2vol%-

induced anesthesia, VTA-DMN average connectivity was mean z=-0.02 (SD 0.07; p<0.05), 

corresponding to a significant connectivity reduction of 151% as compared with wakefulness pre-

anesthesia with a Cohen’s d=0.54; voxel-wise connectivity was reduced in the ACC, with 86% overlap 

with the DMN (Fig. 4, Tab. 2 & 6). This result indicates that the VTA connectivity reduction during 

sevoflurane is independent from sevoflurane concentration.  

 

 

Figure 5. Control analysis. Sevoflurane 2vol% decreases VTA iFC.  

VTA iFC reduction for the contrast wakefulness pre-anesthesia > sevoflurane 2vol%. Voxel-wise paired t-test on 
z-maps of VTA iFC during wakefulness and sevoflurane 2vol%, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask in blue. 
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Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study 

1) Reduction of VTA iFC during sevoflurane 2vol% - average connectivity and paired t-test 

VTA-DMN R/L Average 
Reduction 151% 

Cohen’s d= 0.54 
 0.024 

2) Reduction of VTA iFC during sevoflurane 2vol% - voxel-wise connectivity and paired t-test 

Cerebellum L [-39;-54;-36] 5.99 1905 <0.001 

Brainstem R [6;-12;-15] 5.96   

Thalamus L [-3;-12;-3] 5.48   

Paracingulate gyrus R [3;39;24] 5.14 534 <0.001 

ACC L [-3;39;12] 4.64   

 

Table 6. Reduced VTA iFC during sevoflurane 2vol%.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

Control for contrast: sevoflurane 3vol% relative to wakefulness post-anesthesia. Finally, we controlled 

for potential contrast effects of the anesthetics, namely induction of versus recovery from 

sevoflurane-induced anesthesia. During sevoflurane 3vol%-induced anesthesia relative to 

wakefulness post-anesthesia, VTA-DMN average connectivity during wakefulness post-anesthesia was 

mean z=0.03 (SD 0.03; p<0.05), corresponding to a significant connectivity reduction of 139% during 

3vol% as compared with wakefulness post-anesthesia with a Cohen’s d=0.91; voxel-wise connectivity 

was reduced in the ACC, with 46% overlap with the DMN (Fig. 5, Tab. 2 & 7). This result overlaps with 

that of sevoflurane 3vol%-induced VTA connectivity reduction relative to wakefulness pre-anesthesia, 

indicating that this connectivity reduction is independent from anesthesia contrast.  
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Figure 6. Control analysis. Sevoflurane 3vol% decreases VTA iFC relative to wakefulness post-
anesthesia.  

VTA iFC reduction for the contrast wakefulness post-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on 
z-maps of VTA iFC during wakefulness post-anesthesia and sevoflurane 3vol%, p<0.05 FWE cluster level 
corrected: significant connectivity in red-to-yellow, DMN mask in blue. 

 

Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study  

1) Reduction VTA iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia - average connectivity and paired t-test  

VTA-DMN R/L Average 
Reduction 139% 

Cohen’s d= 0.91 
 0.0015 

2) Reduction of VTA iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia - voxel-wise connectivity and paired t-test 

Insula R [36;15;-6] 4.53 95 0.034 

Insula L [-39;9;-6] 4.18 106 0.020 

Thalamus R [6;-24;-3] 4.17 114 0.013 

Paracingulate gyrus L [-3;51;-3] 3.95 160 0.002 

Superior frontal gyrus R [3;57;9] 3.54   

 

Table 7. Reduced VTA iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

3.1.2. Anesthesia-induced unconsciousness is related to a-cBF (Ch1-Ch3) functional 

connectivity reductions 

 

Main result: sevoflurane 3vol%. During wakefulness pre-anesthesia, voxel-wise a-cBF connectivity was 

significant to caudate nucleus, thalamus, olfactory gyrus, nucleus accumbens, hippocampus, ACC, 
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insula, and frontal medial cortex (Fig. 6 B1, Tab. 8), mainly overlapping with anterior portions of the 

DMN. This pattern partially resembles that of previous studies on a-cBF connectivity, we did not find 

significant positive connectivity to the PCC/precuneus areas as previous reports (Fritz et al., 2019), 

however connectivity to anterior areas in the forebrain was successfully replicated. From these voxels, 

61% overlapped with the anterior portion of the DMN (Tab. 9). Average a-cBF to anterior DMN 

connectivity was significant with mean z= 0.19 (SD 0.08; p<0.05). During sevoflurane 3vol%-induced 

anesthesia, a-cBF to anterior DMN average connectivity was mean z=0.06 (SD 0.04; p<0.05), 

corresponding to a significant connectivity reduction of 66% with a Cohen’s d=0.73; voxel-wise 

connectivity was reduced principally to the ACC and mPFC, with 76% overlap with anterior portion of 

the DMN (Fig. 6 B2, Tab. 8-9). This result indicates that connectivity between a-cBF with anterior DMN 

is reduced by sevoflurane 3vol% anesthesia. 

 

 
 

Figure 7. Anesthesia-induced unconsciousness is associated with a reduced a-cBF iFC.  

A. a-cBF mask for seed-based functional connectivity analysis.  The mask is derived from (Fritz et al., 2019). B. 
Sevoflurane study. B1. a-cBF connectivity during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on 
z-maps of a-cBF iFC during wakefulness, p<0.05 FWE cluster level corrected: significant connectivity in red-to-
yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. B2. a-cBF connectivity reduction 
for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of a-cBF 
iFC during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: significant connectivity in red-
to-yellow, DMN mask in blue. C. Propofol study. C1. a-cBF connectivity during wakefulness pre-anesthesia. 
Voxel-wise one-sample t-test on z-maps of a-cBF iFC during wakefulness, p<0.05 FWE cluster level corrected: 
significant connectivity in red-to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. 
C2. a-cBF connectivity reduction for the contrast wakefulness pre-anesthesia > propofol. Voxel-wise paired t-
test on z-maps of a-cBF iFC during wakefulness and propofol anesthesia, p<0.05 FWE cluster level corrected: 
significant connectivity in red-to-yellow, DMN mask in blue. 
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Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study 

1) Pre-anesthesia wakefulness – average functional connectivity and one-sample t-test 

a-CBF-anterior DMN L/R Average 0.19 (SD 0.08)  <0.001 

2) Pre-anesthesia wakefulness – voxel-wise connectivity and one sample t-test 

Subcallosal cortex R [3;6;-6] 7.75 4629 <0.001 

Accumbens R [15;18;-6] 6.88   

ACC R [9;39;9] 5.70   

3) Reduction of connectivity during sevoflurane 3vol% - average connectivity and paired t-test 

a-CBF-anterior DMN L/R Average 
Reduction 66% 

Cohen’s d=0.73 
 0.0058 

4) Reduction of connectivity during sevoflurane 3vol% - voxel-wise connectivity and paired t-test 

Accumbens R [15;18;-6] 6.22 1403 <0.005 

Subcallosal cortex R [0;15;-3] 5.77   

Caudate nucleus L [-15;21;-3] 5.29   

Propofol study 

1) Pre-anesthesia wakefulness – average functional connectivity and one-sample t-test 

a-cBF-anterior DMN L/R Average 0.21 (SD 0.07)  <0.001 

2) Pre-anesthesia wakefulness – voxel-wise connectivity and one sample t-test 

Subcallosal cortex L [-3;6;-9] 6.76 3478 <0.001 

Caudate nucleus L [-12;18;-3] 6.18   

Paracingulate gyrus L [-3;9;54] 4.52 411 <0.001 

Superior frontal gyrus L [-24;3;57] 4.32   

ACC L [-6;9;30] 4.29   

Lingual gyrus L [0;-57;6] 4.03 88 0.019 

Precuneus R [3;-54;18] 3.37   

Precentral gyrus L [-51;-3;42] 4.01 92 0.015 

Postcentral gyrus L [-51;-15;36] 3.34   

Fusiform gyrus L [-33;-63;-21] 3.47 84 0.024 

Cerebellum L [-30;-54;-27] 3.46   

3) Reduction of connectivity during propofol-induced anesthesia - average connectivity and paired t-test 

a-cBF-anterior DMN L/R Average 
Reduction 98% 

Cohen’s d=1.83 
  

4) Reduction of connectivity during propofol-induced anesthesia - voxel-wise connectivity and paired t-test 

ACC R [6;36;-6] 4.78 288 <0.001 

Paracingulate gyrus R [12;48;-3] 4.06   

ACC L [-6;36;-6] 3.77   
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Table 8. Reduced a-cBF iFC during anesthesia-induced unconsciousness.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 
 Sevoflurane study Propofol study 

 Awake 
pre 

Awake 
pre>sevoflurane 

3vol% 

Awake 
pre>sevoflurane 

2vol% 

Awake 
post>sevofluane 

3vol% 

Awake 
pre 

Awake 
pre>propofol 

# Significant Voxels 4629,00 1403 323,00 737,00 4173,00 288,00 

# Voxels only in prefrontal 
cortex-cerebellum-
precuneus/posterior 
cingulate cortex 

1140,00 172,00 87,00 48,00 1593,00 281,00 

% Voxels 24,63 12,26 26,93 6,51 38,17 97,57 

# Voxels from all 
significant clusters only in 
cerebellum 

0,00 0,00 0,00 0,00 67,00 0,00 

# Voxels overlapping with 
template 0,00 0,00 0,00 0,00 0,00 0,00 

% Overlap 0,00 0,00 0,00 0,00 0,00 0,00 

# Voxels from all 
significant clusters only in 
prefrontal cortex 

1140,00 172,00 87,00 48,00 1402,00 281,00 

# Voxels overlapping with 
template 697,00 130,00 36,00 48,00 731,00 229,00 

% Overlap 61,14 75,58 41,38 100,00 52,14 81,49 

# Voxels from all 
significant clusters only in 
precuneus/posterior 
cingulate cortex 

0,00 0,00 0,00 0,00 124,00 0,00 

# Voxels overlapping with 
template 0,00 0,00 0,00 0,00 51,00 0,00 

% Overlap 0,00 0,00 0,00 0,00 41,13 0,00 

 
Table 9. a-cBF iFC: overlap with DMN mask from Yeo and colleagues.   

 
Control analyses: (ii) Changing seeds of seed-based functional connectivity: DMN iFC towards the a-

cBF to verify the independence of connectivity between the a-cBF and DMN from seed definition. 

During wakefulness pre-anesthesia, voxel-wise DMN-based functional connectivity included – beyond 

canonical DMN regions - also the a-cBF (Fig. 8). During sevoflurane 3vol%-induced anesthesia, voxel-

wise connectivity between the DMN and a-cBF showed only a trend towards reduction (single-voxel 

height threshold of p<0.005, uncorrected for multiple comparisons)  (Fig. 8). This result partially 

supports the idea that sevoflurane 3vol% reduces a-cBF to anterior DMN connectivity.  



66 
 

 

 
Figure 8. Control analysis. Sevoflurane 3vol% decreases DMN-a-cBF FC.  

A. DMN-to-a-cBF FC (close-up):  A. Sevoflurane study. A1. Within-DMN iFC during wakefulness pre-anesthesia. 
Voxel-wise one-sample t-test on z-maps of DMN iFC during wakefulness, p<0.005 uncorrected: significant 
connectivity in red-to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue, a-cBF mask 
delineated in black. A2. Within-DMN iFC reduction for the contrast wakefulness pre-anesthesia > sevoflurane 
3vol%. Voxel-wise paired t-test on z-maps of DMN iFC during wakefulness and sevoflurane 3vol%, p<0.01 
uncorrected: significant connectivity in red-to-yellow, DMN mask in blue, a-cBF mask delineated in black. B. 
Propofol study. B1. Within-DMN iFC during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-
maps of DMN iFC during wakefulness, p<0.005 uncorrected: significant connectivity in red-to-yellow, DMN mask 
in blue, a-cBF mask delineated in black.  B2. Within-DMN iFC reduction for the contrast wakefulness pre-
anesthesia > propofol. Voxel-wise paired t-test on z-maps of DMN iFC during wakefulness and propofol, p<0.005 
uncorrected: significant connectivity in red-to-yellow, DMN mask in blue, a-cBF mask delineated in black. 

 
Control for different anesthetic: Propofol. During wakefulness pre-anesthesia, average connectivity 

between the a-cBF and anterior DMN was significant with mean z= 0.21 (SD 0.07 p<0.05). Voxel-wise 

connectivity was significant for prefrontal areas in ACC, paracingulate gyrus, superior frontal gyrus, 

subcortical areas such as thalamus, basal ganglia, ventral brainstem, and posterior cortical areas such 

as PCC/precuneus, with 52% overlap with the anterior portion of the DMN and 51% with the posterior 

portion of the DMN, such as PCC/precuneus (Fig. 7 C1, Tab. 9). This connectivity pattern resembles a-

cBF connectivity maps of both the sevoflurane data set above and previous studies (Fritz et al., 2019) 

supporting further the reliability of our approach. During propofol-induced anesthesia, a-cBF to 

anterior DMN showed a significant connectivity reduction of 98% with a Cohen’s d=1.83. Voxel-wise 

connectivity was reduced in principally the ACC, with 81% overlap with the anterior DMN (Fig. 7 C2, 

Tab. 9). This result indicates that the reduction in connectivity during anesthesia is caused 

independently from the anesthetic agent and its molecular mechanism of action. 
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Control for different sevoflurane concentration: sevoflurane 2vol%. Next, we controlled for potential 

concentration effects of the anesthetic agent. During sevoflurane 2vol%-induced anesthesia, 

reduction of a-cBF iFC showed a trend of reduction in the anterior portion of the DMN, in average 

connectivity was mean z=-0.07 (SD 0.15; p<0.05), this corresponds to a 59% (p<0.1) of reduction as 

compared with wakefulness pre-anesthesia with a Cohen’s d=0.36; voxel-wise connectivity was 

reduced in the brainstem and ACC (single-voxel height threshold of p<0.01, FWE corrected) with 41% 

overlap with the anterior portion of the DMN (Fig. 9, Tab. 9-10). This result supports only partially the 

idea that sevoflurane 2vol% influences a-cBF to anterior DMN connectivity.  

 

 
 

Figure 9. Control analysis. Sevoflurane 2vol% decreases a-cBF iFC.  

a-cBF iFC reduction for the contrast wakefulness pre-anesthesia > sevoflurane 2vol%. Voxel-wise paired t-test on 
z-maps of a-cBF iFC during wakefulness and sevoflurane 2vol%, single voxel height threshold of p<0.01 p<0.05 
FWE cluster level corrected: significant connectivity in red-to-yellow, DMN mask in blue. 

 

Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study 

1) Reduction of a-cBF iFC during sevoflurane 2vol% - average connectivity and paired t-test 

a-cBF-DMN R/L Average 
Reduction 59% 

Cohen’s d= 0.36 
 0.0875 

2) Reduction of a-cBF iFC during sevoflurane 2vol% - voxel-wise connectivity and paired t-test 

Frontal orbital cortex L [-15;36;-18] 3.83 323 <0.001 

Brainstem R [0;-21;-15] 3.62   

Subcallosal cortex L [3;30;-15] 3.50   

 

Default mode network mask  Significant anterior cholinergic 
basal forebrain connectivity  
reduction 
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Table 10. Reduced a-cBF iFC during sevoflurane 2vol%.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

Control for contrast: sevoflurane 3vol% relative to wakefulness post-anesthesia. Finally, we controlled 

for potential contrast effects of the anesthetics, namely induction of versus recovery from 

sevoflurane-induced anesthesia. During sevoflurane 3vol%-induced anesthesia relative to 

wakefulness post-anesthesia, a-cBF to  anterior DMN average connectivity during wakefulness post-

anesthesia was mean z=0.05 (SD 0.05; p<0.05), corresponding to a significant connectivity reduction 

of 42% during 3vol% as compared with wakefulness post-anesthesia with a Cohen’s d=0.46; voxel-

wise connectivity was reduced in the mPFC, with 100% overlap with the anterior portion of the DMN 

(Fig. 10, Tab. 9 & 11). This result overlaps with that of sevoflurane 3vol%-induced VTA connectivity 

reduction relative to wakefulness pre-anesthesia, indicating that this connectivity reduction is 

independent from anesthesia contrast.  

 

 
 

Figure 10. Control analysis. Sevoflurane 3vol% decreases a-cBF iFC relative to wakefulness post-
anesthesia.  

a-cBF iFC reduction for the contrast wakefulness post-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test 
on z-maps of a-cBF iFC during wakefulness post-anesthesia and sevoflurane 3vol%, p<0.05 FWE cluster level 
corrected: significant connectivity in red-to-yellow, DMN mask in blue. 

 
 
 
 
 
 
 
 
 
 

Default mode network mask  Significant anterior cholinergic 
basal forebrain connectivity  
reduction 
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Regions Hemisphere 
MNI Coordinates 

[x;y;z] 
Z value Cluster size P value 

Sevoflurane study  

1) Reduction a-cBF iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia - average connectivity and paired t-test  

a-cBF-DMN R/L Average 
Reduction 42% 

Cohen’s d= 0.46 
 0.045 

2) Reduction of a-cBF iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia - voxel-wise connectivity and paired t-test 

Accumbens L [-12;18;-6] 5.59 645 <0.001 

Putamen R [18;18;-3] 5.35   

Frontal medial cortex R [12;9;-9] 3.72 92 0.014 

 
Table 11. Reduced a-cBF iFC during sevoflurane 3vol% relative to wakefulness post-anesthesia.  

For average functional connectivity: one-sample and paired t-test, one-tailed p<0.05. For voxel-wise functional 
connectivity: one sample and paired t-test, one-tailed p<0.05, FWE cluster-based corrected for multiple testing. 
Cohen’s d is corrected for small sample size.   

 

3.1.3. Reduction of within-DMN BOLD connectivity during anesthesia-induced 

unconsciousness is mediated by reduction of VTA-DMN connectivity reductions 

 

Main result: sevoflurane 3vol%. To test whether DMN connectivity reduction during anesthesia-

induced unconsciousness is mediated by reductions of VTA-DMN connectivity, we performed a 

mediation analysis. We found a significant indirect effect of average connectivity between VTA-DMN, 

with partially standardized indirect effect ab= -0.48 (95% CI: [-0.88;-0.18]). Standardized ab is an 

estimate of the indirect effect of average connectivity between VTA and DMN on DMN connectivity; 

it refers to the product of regression coefficients a and b in the path model divided by the standard 

deviation of the dependent variable DMN average connectivity; it is significant when it’s 95% 

confidence interval does not include zero. The significant indirect effect ab demonstrates that the 

effect of sevoflurane 3vol% on DMN connectivity can be partially explained by VTA connectivity 

reduction during the anesthesia (Fig. 11 A3).  
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Figure 11. Anesthesia-induced unconsciousness is associated with a reduced within-DMN FC, which 
is mediated by connectivity reductions between VTA-DMN.  

A. Sevoflurane study. A1. DMN iFC during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-maps 
of DMN iFC during wakefulness, p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, 
DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. A2. DMN iFC reduction for the contrast 
wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of DMN iFC during 
wakefulness and sevoflurane 3vol%-induced anesthesia, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask in blue. A3. Mediation analysis for sevoflurane 3vol%. Reduction of 
average within-DMN FC during sevoflurane 3vol% is mediated by average VTA-DMN FC, demonstrated by a 
significant indirect effect ab with partially standardized value -0.48 (i.e., ab divided by the standard deviation of 
the dependent variable), 95% CI: ✰[-0.88;-0.18]. 95% CI for further regression coefficients: Æ[-0.12;-0.07], ⌽[-
0.06;-0.02], ⌘[0.29;1.03], ⏃[-0.09;-0.04], ✰[-0.05;-0.01]. B. Propofol study. B1. DMN iFC during wakefulness pre-
anesthesia. Voxel-wise one-sample t-test on z-maps of DMN iFC during wakefulness, p<0.05 family-wise error 
cluster level corrected: significant connectivity in red-to-yellow, DMN mask in blue. B2. DMN iFC reduction for 
the contrast wakefulness pre-anesthesia > propofol. Voxel-wise paired t-test on z-maps of DMN iFC during 
wakefulness and propofol-induced anesthesia, p<0.05 FWE cluster level corrected: significant connectivity in red-
to-yellow, DMN mask in blue.  B3. Mediation analysis for propofol. Reduction of average within-DMN FC during 
propofol is mediated by average VTA-DMN FC, demonstrated by a significant indirect effect ab with partially 
standardized value 0.76, 95% CI: ✰[0.01;1.77]. 95% CI for further regression coefficients: Æ[-0.16;-0.06], ⌽[-0.25;-
0.14], ⌘[-0.76;+0.12], ⏃[-0.27;-0.07], ✰[0.00;0.15]. 
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Control analyses: partial volume effects. We confirmed this finding by repeating the mediation analysis 

with values derived from the ‘SRCC’ VTA iFC analysis. We found a significant indirect effect of 

corrected VTA connectivity, with a partially standardized effect ab= -0.35 (95% CI: ✰[-0.64;-0.11]) (Fig. 

12). This indicates that the mediation effect of connectivity between VTA and DMN is not confounded 

by brainstem neuromodulatory nuclei effects. 

 

 

 

Figure 12. Control analysis. Mediation analysis. Sevoflurane study. Within-DMN FC decrease during 
sevoflurane 3vol% is mediated by DMN and ‘corrected’ VTA FC. 

Mediation analysis. Reduction of average connectivity within the default mode network during sevoflurane 3vol% 
is mediated by average ‘corrected’ connectivity between ventral tegmental area and default mode network, 
demonstrated by a significant indirect effect ab with partially standardized value -0.35 (i.e., ab divided by the 
standard deviation of the dependent variable), 95% CI: ✰[-0.64;-0.11]. 95% CI for further regression coefficients: 
Æ[ -0.12;-0.07], ⌽[ -0.06;-0.01], ⌘[ 0.16;0.93], ⏃[ -0.10;-0.05], ✰[ -0.04;-0.01] 

 

Control for different anesthetic: Propofol. Next, we tested whether this mediation effect is dependent 

on the anesthetic agent. Therefore, we repeated our mediation approach on the propofol data set. 

We found a significant indirect effect of propofol-induced connectivity reduction between VTA and 

DMN on DMN connectivity reduction, with partially standardized effect ab = 0.76 ( 95% CI: 
✰[0.01;1.77]) (Fig. 11 B3). This indicates that the mediation effect does not depend on the anesthetic 

agent.  

 

Control for different sevoflurane concentration: Sevoflurane 2vol%. To control for possible 

concentration-dependent effects, we performed the mediation analysis for sevoflurane 2vol%-

induced anesthesia. We found a significant indirect effect for sevoflurane 2vol%-induced VTA iFC 
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reduction, with partially standardized effect ab= -0.33 (95% CI: ✰[-0.74;-0.03]) (Fig. 13 B). This 

indicates that the mediation effect does not depend on the anesthetic agent concentration. 

 

A. Wakefulness > Sevoflurane 2vol%.                                    B. Mediation analysis 

 
 

Figure 13. Control analysis. Mediation analysis. Sevoflurane study. Within-DMN FC decreases during 
sevoflurane 2vol% and is mediated by DMN-VTA FC.  

A. Reduction of DMN iFC with sevoflurane 2vol%. Voxel-wise paired t-test on z-maps of DMN iFC during 
wakefulness and sevoflurane 2vol%, p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, 
DMN mask in blue. B. Mediation analysis.  Reduction of average within-DMN FC during sevoflurane 2vol% is 
mediated by average VTA-DMN FC, demonstrated by a significant indirect effect ab with partially standardized 
value -0.33 (i.e., ab divided by the standard deviation of the dependent variable), 95% CI: ✰[-0.74;-0.03]. 95% CI 
for further regression coefficients: Æ[ -0.09;-0.03], ⌽[ -0.09;-0.004], ⌘[ 0.11;0.59], ⏃[ -0.07;- 0.02], ✰[ -0.04;-
0.001]. 

 

Control for contrast: sevoflurane 3vol% relative to wakefulness post-anesthesia. Finally, we controlled 

for potential contrast effects, namely induction of versus recovery from sevoflurane-induced 

anesthesia. Using connectivity z-maps for sevoflurane 3vol% and awake post-anesthesia, we found a 

significant indirect effect of sevoflurane 3vol% recovery-induced VTA connectivity increase on DMN 

connectivity increase during wakefulness, with partially standardized effect ab) = -0.72 (95% CI: ✰[-

1.24;-0.28]) (Fig. 14 B). This indicates that the mediation effect does not depend on anesthesia 

contrast.  
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B. Wakefulness post-anesthesia> Sevoflurane 3vol%.             B. Mediation analysis 

 
 

Figure 14. Control analysis. Mediation analysis. Sevoflurane study. Within-DMN FC decreases during 
sevoflurane 3vol% relative to wakefulness post-anesthesia and is mediated by DMN-VTA FC.  

A. Reduction of DMN iFC with sevoflurane 3vol% relative to wakefulness post-anesthesia. Voxel-wise paired t-
test on z-maps of DMN iFC during wakefulness post-anesthesia and sevoflurane 3vol%, p<0.05 FWE cluster level 
corrected: significant connectivity in red-to-yellow, DMN mask in blue. B. Mediation analysis. Reduction of 
average within-DMN FC during sevoflurane 3vol% is mediated by average VTA-DMN FC, demonstrated by a 
significant indirect effect ab with partially standardized value -0.72 (i.e., ab divided by the standard deviation of 
the dependent variable), 95% CI: ✰[-1.24;-0.28]. 95% CI for further regression coefficients: Æ[-0.11;-0.04], ⌽[-
0.07;-0.03], ⌘[0.37;1.40], ⏃[-0.07;0.01], ✰[-0.08;-0.01]. 

 

3.1.4. Reduction of within-DMN BOLD connectivity during sevoflurane-induced 

unconsciousness correlates with the reduction of a-cBF to anterior DMN connectivity 

reduction 

 

3.1.4.1. Mediation analyses.  

 

Main result: sevoflurane 3vol%. To test whether within-DMN connectivity reduction during 

anesthesia-induced unconsciousness is mediated by reductions of a-cBF to DMN connectivity, we 

performed a mediation analysis. We found a non-significant indirect effect of average connectivity 

between a-cBF to anterior DMN, with partially standardized indirect effect ab= -0.03 (95% CI: [-

0.48;0.40]). This results shows that  a-cBF connectivity to anterior DMN does not mediate reductions 

of within-DMN connectivity.  

 
Control for different anesthetic: Propofol. Next, we tested whether this mediation effect is dependent 

on the anesthetic agent. Therefore, we repeated our mediation approach on the propofol data set. 

We found a non-significant indirect effect of propofol-induced connectivity reduction between a-cBF 

and anterior DMN on within-DMN connectivity reduction, with partially standardized effect ab = -0.27 
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(95% CI: [-1.36;0.71]). This indicates that a-cBF does not mediate the reduction of DMN under 

sevoflurane nor propofol-induced anesthesia. 

 

Control for different sevoflurane concentration: Sevoflurane 2vol%. To control for possible 

concentration-dependent effects, we performed the mediation analysis for sevoflurane 2vol%-

induced anesthesia. We found a non-significant indirect effect for sevoflurane 2vol%-induced a-cBF 

iFC reduction to within-DMN reductions, with partially standardized effect ab= -0.02 (95% CI: [-

0.52;0.40]). This further indicates that there is no mediation effect between a-cBF to anterior DMN 

independently from sevoflurane concentration. 

 
Control for contrast: sevoflurane 3vol% relative to wakefulness post-anesthesia. Finally, we controlled 

for potential contrast effects, namely induction of versus recovery from sevoflurane-induced 

anesthesia. We found a non-significant indirect effect with partially standardized effect ab = -0.02 

(95% CI: [-0.79;0.35]). This indicates that the absence of mediation effect does not depend on 

anesthesia contrast.  

 

3.1.4.2. Analysis of differences. 

  

We have previously demonstrated that a-cBF iFC is reduced with sevoflurane-induced anesthesia 

independently of its concentration, i.e., 3vol% and 2vol% (Fig. 15 B2 & B3), as well as with propofol 

(Fig. 15 C2), and particularly in the anterior forebrain, e.g., ACC, which overlaps with the anterior DMN 

area (Fig. 15 B & C). Furthermore, we have also demonstrated that the within-DMN iFC is reduced 

with sevoflurane 3- and 2vol% (Fig. 16 A2 & A3) and propofol (Fig. 16 B2), respectively.  

 

Although the results show that a-cBF to anterior DMN is not a mediator of the within-DMN 

connectivity for sevoflurane nor for propofol-induced anesthesia (non-significant indirect effect 

independent of sevoflurane concentration or anesthetic), we calculated a Pearson’s correlation 

coefficient and performed a simple linear regression analysis to test if the a-cBF-anterior DMN FC 

reduction significantly predicted the within-DMN FC reduction.  

Briefly, we calculated the correlation and performed a linear regression using the difference from 

wakefulness pre-anesthesia state and anesthesia-induced unconsciousness states, e.g., sevoflurane 

3vol% or 2vol%, or propofol, of the a-cBF-anterior DMN (values were extracted per subject from the 

reduction cluster from the paired t-test, e.g., wakefulness pre-anesthesia > sevoflurane 3vol%, 

overlapping with the DMN mask of Yeo and colleagues from the a-cBF-FC analysis) and within-DMN 
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connectivity (values were extracted per subject from the whole DMN Yeo mask from the DMN-FC 

analysis) (Fig. 17 A-B left side).  

 

For sevoflurane, the results show that a-cBF-anterior DMN FC reduction significantly explained 28% 

of the within-DMN FC reduction under sevoflurane 3vol% (p=0.022) (Fig. 17 A1), and 18% under 

sevoflurane 2vol% with a strong trend (p=0.056) (Fig. 17 A2) relative to wakefulness pre-anesthesia. 

For propofol, a-cBF-anterior DMN FC reduction explained only 2% of the within-DMN FC reduction 

under propofol-induced anesthesia relative to wakefulness pre-anesthesia (Fig. 17 B), which was not 

significant (p=0.349). However, when repeating the analysis focusing only on voxels overlapping the 

significant reduction of DMN iFC (result from paired t-test awake pre-anesthesia >propofol (Fig. 16 B2 

red map) with the Yeo mask (Fig. 18 upper brain cartoon), we obtain a strong trend of significance 

(p=0.06) on the power of prediction of the a-cBF-anterior DMN about the reduction of within-DMN 

iFC during propofol-induced anesthesia (Fig. 18). These results evidenced that the relationship 

between the reduction of a-cBF-anterior DMN and that of the within-DMN FC might be dependent on 

regional-specific effects of the anesthetic concentration., i.e., sevoflurane 3- and 2vol%, and 

anesthetic agent, sevoflurane or propofol.  

 

 
 
Figure 15. Summary figure: Anesthesia-induced unconsciousness is associated with a reduced a-cBF 
iFC relative to wakefulness pre-anesthesia.  
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A. a-cBF mask for seed-based functional connectivity analysis.  The mask is derived from (Fritz et al., 2019). B. 
Sevoflurane study. B1. a-cBF connectivity during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on 
z-maps of a-cBF iFC during wakefulness, p<0.05 FWE cluster level corrected: significant connectivity in red-to-
yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. B2. a-cBF connectivity reduction 
for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of a-cBF 
iFC during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: significant connectivity in red-
to-yellow, DMN mask in blue. B3. a-cBF connectivity reduction for the contrast wakefulness pre-anesthesia > 
sevoflurane 2vol%. Voxel-wise paired t-test on z-maps of a-cBF iFC during wakefulness and sevoflurane 2vol%, 
single voxel height threshold of p<0.01 p<0.05 FWE cluster level corrected: significant connectivity in red-to-
yellow, DMN mask in blue. Propofol study. C1. a-cBF connectivity during wakefulness pre-anesthesia. Voxel-
wise one-sample t-test on z-maps of a-cBF iFC during wakefulness, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. C2. a-cBF 
connectivity reduction for the contrast wakefulness pre-anesthesia > propofol. Voxel-wise paired t-test on z-
maps of a-cBF iFC during wakefulness and propofol anesthesia, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask in blue.  

 

 
 

Figure 16. Summary figure: Anesthesia-induced unconsciousness is associated with a reduced 
within-DMN FC relative to wakefulness pre-anesthesia.  

A. Sevoflurane study. A1. DMN iFC during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-maps 
of DMN iFC during wakefulness, p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, 
DMN mask derived from Yeo and colleagues (Yeo et al., 2011) in blue. A2. DMN iFC reduction for the contrast 
wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of DMN iFC during 
wakefulness and sevoflurane 3vol%-induced anesthesia, p<0.05 FWE cluster level corrected: significant 
connectivity in red-to-yellow, DMN mask in blue. A3. DMN iFC reduction for the contrast wakefulness pre-
anesthesia > sevoflurane 2vol%. Voxel-wise paired t-test on z-maps of DMN iFC during wakefulness and 
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sevoflurane 2vol%, p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, DMN mask in 
blue. B. Propofol study. B1. DMN iFC during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-
maps of DMN iFC during wakefulness, p<0.05 family-wise error cluster level corrected: significant connectivity in 
red-to-yellow, DMN mask in blue. B2. DMN iFC reduction for the contrast wakefulness pre-anesthesia > 
propofol. Voxel-wise paired t-test on z-maps of DMN iFC during wakefulness and propofol-induced anesthesia, 
p<0.05 FWE cluster level corrected: significant connectivity in red-to-yellow, DMN mask in blue. 

 
 
 

 
 

Figure 17. Analysis of differences.  

A. Sevoflurane study. A1. Deltas wakefulness pre-anesthesia vs. sevoflurane 3vol%. a-cBF-anterior DMN FC 
reduction explained 28% of the within-DMN FC reduction under sevoflurane 3vol% (r= 0.525, R^2=0.28, p=0.022, 
one-tailed correlations were bootstrapped (n=1000) 95% CI: [0.08;0.89]) relative to wakefulness pre-anesthesia 
(ANOVA: F(1,13)=4.945, p=0.045). This results were tested at alpha 0.05 level. A2. Deltas wakefulness pre-
anesthesia vs. sevoflurane 2vol%. a-cBF-anterior DMN FC reduction explained 18% of the within-DMN FC 
reduction under sevoflurane 2vol% (r= 0.428, R^2=0.18, p=0.056, one-tailed correlations were bootstrapped 
(n=1000) 95% CI: [-0.019;0.78]) relative to wakefulness pre-anesthesia (ANOVA: F(1,13)=2.917, p=0.111). This 
results were tested at alpha 0.05 level. B. Propofol study. Deltas wakefulness pre-anesthesia vs. propofol. a-
cBF-anterior DMN FC reduction explained 2% of the within-DMN FC reduction under propofol-induced anesthesia 
(r= 0.125, R^2=0.016, p=0.349, one-tailed correlations were bootstrapped (n=1000) 95% CI: [-0.74;0.44]) relative 
to wakefulness pre-anesthesia (ANOVA: F(1,10)=0.159, p=0.698). This results were tested at alpha 0.05 level. 
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Figure 18. Control Analysis. Analysis of differences. Propofol study. 

A. Propofol study Deltas wakefulness pre-anesthesia vs. propofol. a-cBF-anterior DMN FC reduction explained 
22% of the within-DMN FC reduction under propofol-induced anesthesia (r= 0.47, R^2=0.22, p=0.06, one-tailed 
correlations were bootstrapped (n=1000) 95% CI: [0.05;0.86]) relative to wakefulness pre-anesthesia (ANOVA: 
F(1,10)=2.82, p=0.199). This results were tested at alpha 0.05 level. 

 

3.2. Beyond static connectivity analyses: DMN transient global 

synchronizations are reduced during anesthesia and mediated by VTA 

 

3.2.1. Anesthesia-induced unconsciousness is related to reduced transient large-scale 

synchronizations across the DMN relative to wakefulness  

 
The impact of anesthesia on transient large-scale BOLD synchronizations across DMN, whole-brain 

and control networks was tested during anesthesia-induced unconsciousness with sevoflurane 3vol% 

against the awake states. Anesthetic concentration’s effect as well as anesthetic’s agent was tested 

using data from sevoflurane 2vol%- and from propofol-induced unconsciousness, respectively.   
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A1.      A2. 
 
 
 
 
 
 
 
 
 
 
B1.      B2. 
 
 
 
 
 
 
 
 
 
 
C1.      C2. 
 
 
 
 
 
 
 
 
 
 
D1.      D2. 
 
 
 
 
 
 
 
 
 
 
Figure 19. Transient large-scale synchronization of BOLD fluctuations across DMN, whole-brain and 
control networks in a ≈50 second window size for sevoflurane and propofol.  

Distributions of the sizes of transient large-scale synchronizations (Fano Factors) of blood oxygenation level 
dependent fluctuations across DMN, whole-brain and control networks for sevoflurane and propofol and 

Sevoflurane study Propofol study 
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distribution fits. Distributions are taken from all ≈50 second time windows within the whole time series. Chance 
sizes of transient large-scale synchronizations would fall into the interval between the vertical dashed lines. 
Within the plot, measured data are indicated by dotted lines, while drawn out lines depict the fitted curves. The 
line colors reflect anesthesia depth as indicated. Scale parameters derived from the fitting procedure to the 
distribution are shown in the respective bar plots to the right of the distribution plots.  

 

Main result: sevoflurane 3vol%. Fig. 19 shows the average distribution of the FF across time (within 

≈50 seconds) and subjects per state and per network. Results for sevoflurane-induced anesthesia 

(sevoflurane 3vol% and 2vol%) are shown on the left-hand side. Measured FF distributions were 

statistically compared against FF distributions arising from a purely random occurrence of events, 

labelled Poisson process. During wakefulness (pre- or post-anesthesia), distributions significantly 

deviate from those resulting from a Poisson process regardless the ensemble (i.e., DMN, whole-brain, 

frontoparietal or sensorimotor network). Thus, when testing their centers of gravity against a value 

derived for a Poisson process all distributions were significant (P<0.01). In contrast, during sevoflurane 

3vol%, and only for the networks (i.e., DMN and control networks), the distributions do not contain 

high FF values and are hardly separable from originating from Poisson processes (DMN: P=0.062, 

frontoparietal network: P=0.148, sensorimotor network: P=0.109). For the whole-brain, this 

comparison was significant (P=0.013). These differences are reflected in a significant reduction of the 

scale parameter of the distributions compared to that of wakefulness pre- and post-anesthesia 

particularly for the DMN and control networks (DMN: P=<0.001/0.003, frontoparietal network: 

P=<0.001/0.003, sensorimotor network: P=<0.001/<0.001). In the gamma distribution, the scale 

parameter represents the variability of the FF values. This implies that higher FF values (increased 

synchronizations) will shift the probability density function to the right while shifting away from the 

Poisson’ derived value range (Fig. 19 range between vertical dashed lines). The reduction of scale 

parameter for the whole-brain compared to wakefulness pre- and post- anesthesia showed a trend of 

significance (whole-brain: P=0.048/0.107).  

 

Control analysis for concentration of anesthetic: sevoflurane 2vol%. During sevoflurane 2vol%, the FF 

distributions significantly deviated from a Poisson process in all ensembles P<0.05 (DMN: P=0.008, 

whole-brain: P=0.003, sensorimotor network: P=0.008, frontoparietal network: P=0.024). These 

differences were reflected in a significant reduction of the scale parameter relative to wakefulness 

pre-anesthesia only in the DMN and sensorimotor network (DMN: P=0.005, whole-brain: P=0.561, 

frontoparietal network: P=0.277, sensorimotor network: P=0.026) (Fig. 19 A1-D1 left side). Compared 

to wakefulness post-anesthesia, sevoflurane 2vol% was not significantly different for any ensemble, 

for DMN there was a strong trend towards significance P<0.1 (DMN: P=0.064, whole-brain: P=0.804, 

sensorimotor: P=0.121, frontoparietal: P=0.639). A Page test was used to test for systematic grading 
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of the scale factor in the order (sevoflurane 3vol% < sevoflurane 2vol% < awake post-anesthesia) being 

significant for all networks and the whole-brain ensemble (DMN: P=0.022, whole-brain: P=0.038, 

sensorimotor: P<0.001, frontoparietal: P=0.012. This suggests that the recovery of transient large-

scale BOLD synchronizations within each network  is dependent on the depth of the anesthesia, and 

not  solely on the state of consciousness. However, the behavior across DMN regions during 

anesthetized states compared to wakefulness suggests a more ‘binary’ nature, i.e., awake states are 

different than states with anesthesia, however there is this difference is not present between 

anesthesia-induced states (sevoflurane 3vol% vs. sevoflurane 2vol%).  

 

Control analysis for anesthetic: propofol. During wakefulness pre-anesthesia, distributions significantly 

deviate from those resulting from a Poisson process, regardless the ensemble (i.e., DMN: P=0.009, 

whole-brain: P=0.005, frontoparietal: P=0.027, sensorimotor network: P=0.03). During propofol-

induced anesthesia the results are mixed, the distributions for DMN and sensorimotor network does 

not differ from those originating from a Poisson process (DMN: P=0.073, frontoparietal network: 

P=0.058), indicating loss of transient large-scale synchronicity also reflected in a significant reduction 

of the scale factor of the distributions particularly for the DMN (DMN: P=0.009, frontoparietal 

network: P=0.301).  The whole-brain and sensorimotor network FF distributions significantly differed 

from  a Poisson distribution also under propofol anesthesia (whole-brain: P=0.001, sensorimotor 

network: P=0.037), neither was  the derived scale factor significantly reduced towards the awake state 

(whole-brain: P=0.665, sensorimotor network: P=0.064) (Fig. 19 A2-D2 right side). This result indicates 

that propofol affects the transient large-scale synchronization of particularly the DMN.  

 

Summary. In combination the results indicated that transient large-scale synchronizations particularly 

in the DMN relate to the state of consciousness. A reduction of the scale factor, parametrizing the FF 

distribution, within the DMN is the most consistent finding in the conscious versus the unconscious 

state. 
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3.2.2. VTA- and a-cBF-DMN functional connectivity is reduced during anesthesia-

induced unconsciousness: summary of seed-based connectivity results from first 

project 

 

 
 

Figure 20. VTA correlated spontaneous BOLD fluctuations during wakefulness and its reduction 
during sevoflurane 3vol%- and propofol-induced unconsciousness.   

A1. VTA mask for seed-based correlation analysis.  The mask is derived from Harvard Ascending Arousal 
Network Atlas (Edlow et al., 2012). A2. DMN ROIs to compare areas of correlation. 5-mm spheres derived 
categorized as DMN derived from Dosenbach and colleagues(Dosenbach et al., 2010) . B. Sevoflurane study. B1. 
VTA iFC wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-maps of VTA correlation during 
wakefulness, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN ROIs derived from 
Dosenbach and colleagues in blue. B2. VTA iFC reduction for the contrast wakefulness pre-anesthesia > 
sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of VTA correlation during wakefulness and sevoflurane 
3vol%, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN ROIs derived from 
Dosenbach and colleagues. B3. VTA iFC during wakefulness post-anesthesia. Voxel-wise one-sample t-test on z-
maps of VTA correlation during wakefulness post-intervention, p<0.05 FWE cluster level corrected: significant 
correlation in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues in blue. B2. VTA iFC reduction 
for the contrast wakefulness post-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of VTA 
correlation during wakefulness post-intervention and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: 
significant correlation in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues in blue. C. Propofol 
study. C1. VTA iFC during wakefulness pre-anesthesia. Voxel-wise one-sample t-test on z-maps of VTA 
correlation during wakefulness, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN 
ROIs derived from Dosenbach and colleagues in blue. B2. VTA iFC reduction for the contrast wakefulness pre-
anesthesia > propofol-induced unconsciousness. Voxel-wise paired t-test on z-maps of VTA correlation during 
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wakefulness and propofol-induced unresponsiveness, p<0.05 FWE cluster level corrected: significant correlation 
in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues in blue. 

 
In Fig. 20 we depicted the summary results from our first project, where we have demonstrated that  

BOLD fluctuations derived from the VTA correlate with cortical areas in the brain, such as ACC, 

precuneus/PCC which are classically defined as being part of the DMN, which are significantly reduced 

with sevoflurane and propofol-induced unconsciousness, respectively. 

 

 
 
Figure 21. a-cBF correlated spontaneous BOLD fluctuations during wakefulness and its reduction 
during sevoflurane 3vol%- and propofol-induced unconsciousness.   

A1. A-cBF mask for seed-based correlation analysis.  The mask is derived from (Fritz et al., 2019). A2. DMN ROIs 
to compare areas of correlation. 5-mm spheres derived categorized as DMN derived from Dosenbach and 
colleagues(Dosenbach et al., 2010) . B. Sevoflurane study. B1. a-cBF iFC wakefulness pre-anesthesia. Voxel-wise 
one-sample t-test on z-maps of a-cBF correlation during wakefulness, p<0.05 FWE cluster level corrected: 
significant correlation in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues in blue. B2. a-cBF iFC 
reduction for the contrast wakefulness pre-anesthesia > sevoflurane 3vol%. Voxel-wise paired t-test on z-maps 
of a-cBF correlation during wakefulness and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: significant 
correlation in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues. B3. a-cBF iFC during 
wakefulness post-anesthesia. Voxel-wise one-sample t-test on z-maps of a-cBF correlation during wakefulness 
post-intervention, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN ROIs derived 
from Dosenbach and colleagues in blue. B2. a-cBF iFC reduction for the contrast wakefulness post-anesthesia > 
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sevoflurane 3vol%. Voxel-wise paired t-test on z-maps of a-cBF correlation during wakefulness post-intervention 
and sevoflurane 3vol%, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN ROIs 
derived from Dosenbach and colleagues in blue. C. Propofol study. C1. a-cBF iFC during wakefulness pre-
anesthesia. Voxel-wise one-sample t-test on z-maps of a-cBF correlation during wakefulness, p<0.05 FWE cluster 
level corrected: significant correlation in red-to-yellow, DMN ROIs derived from Dosenbach and colleagues in 
blue. B2. a-cBF iFC reduction for the contrast wakefulness pre-anesthesia > propofol-induced unconsciousness. 
Voxel-wise paired t-test on z-maps of a-cBF correlation during wakefulness and propofol-induced 
unresponsiveness, p<0.05 FWE cluster level corrected: significant correlation in red-to-yellow, DMN ROIs derived 
from Dosenbach and colleagues in blue. 

 

In Fig. 21 we depicted the summary results from our first project, where we have demonstrated that  

BOLD fluctuations derived from the a-cBF correlate with cortical areas in the brain, particularly to the 

anterior part of the DMN, which are significantly reduced with sevoflurane and propofol-induced 

unconsciousness, respectively.  

 

3.2.3. Reduction of transient large-scale BOLD synchronizations across the DMN is 

mediated by reduced VTA-DMN functional connectivity during anesthesia-induced 

unconsciousness  

 

Main result: sevoflurane 3vol%. To test whether altered connectivity between VTA and DMN during 

anesthesia-induced unconsciousness (tested in the first project) mediates the reduction in large-scale 

synchronicity within the DMN, we performed a mediation analysis. Testing for effect of sevoflurane 

3vol%-induced anesthesia compared to wakefulness pre-anesthesia, we found a non-significant 

indirect effect with partially standardized value ab= -0.39 (95% CI: [-0.88;0.40]) (Fig. 23 A1). 

Standardized ab is an estimate of the mediation effect of reduction in connectivity between VTA and 

DMN on reduction of large-scale synchronicity within the DMN; it refers to the product of regression 

coefficients a and b in the path model divided by the standard deviation of the dependent variable 

large-scale synchronization within DMN; it is significant when it’s 95% confidence interval does not 

include zero. In contrast, testing for effect of sevoflurane 3vol%-induced anesthesia compared to 

wakefulness post-anesthesia, we found a significant indirect effect with a partially standardized value 

ab= -0.60 (95% CI: [-1.09;-0.09]) (Fig. 23 A2). This result indicates that changes in connectivity between 

VTA and DMN during sevoflurane 3vol%-induced anesthesia compared to wakefulness post-

anesthesia mediate the recovery of large-scale synchronicity within the DMN upon emergence. 

Control analyses for further RSN were not performed due to lack of overlapping voxels between VTA 

iFC and ROIs from sensorimotor or frontoparietal network (Fig. 22). 
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Figure 22. Definition of VTA-DMN mediator variable to test.  

A. Sevoflurane study. A1. Overlap between VTA correlated spontaneous BOLD fluctuations during wakefulness 
pre-anesthesia and DMN ROIs. Overlap depicted in green. Control RSN do not overlap with VTA iFC. A2. Overlap 
between VTA correlated spontaneous BOLD fluctuations during wakefulness post-anesthesia and DMN ROIs. 
Overlap depicted in green. Control RSN do not overlap with VTA iFC. A. Propofol study. B1. Overlap between 
VTA correlated spontaneous BOLD fluctuations during wakefulness pre-anesthesia and DMN ROIs. Overlap 
depicted in green. Control RSN do not overlap with VTA iFC. 



86 
 

 
 

Figure 23. Testing for cortical correlated fluctuations between VTA and DMN influence on DMN 
transient large-scale synchronized BOLD fluctuations during induction of and emergence from 
anesthesia-induced unresponsiveness.  

A1. Sevoflurane study. Mediation analysis. Reduction of cortical correlated fluctuations between VTA and DMN 
during sevoflurane 3vol%-induced unresponsiveness does not mediate the effect of the anesthetic agent during 
sevoflurane 3vol%-induced unconsciousness on the BOLD transient large-scale synchronization within the DMN. 
This is demonstrated by the non-significant indirect effect ab with partially standardized value -0.39 (i.e., ab 
divided by the standard deviation of the dependent variable), 95% CI: [-0.88;0.40]. 95% CI for further regression 
coefficients: Æ[-0.46;-0.19], ⌽[-0.14;-0.06], ⌘[-0.38;2.30], ⏃[-0.42;-0.04], ✰[-0.22;0.08]. A2. Sevoflurane study: 
Mediation analysis. Reduction of cortical correlated fluctuations between VTA and DMN during sevoflurane 
3vol%-induced unresponsiveness mediates the recovery of effect of the anesthetic agent during sevoflurane 
3vol%-induced unresponsiveness in wakefulness post-intervention on the transient large-scale synchronization 
of the blood oxygenation level dependent fluctuations within the DMN. This is demonstrated by the significant 
indirect effect ab with partially standardized value -0.60 (i.e., ab divided by the standard deviation of the 
dependent variable), 95% CI: ✰[-1.11;-0.15]. 95% CI for further regression coefficients: Æ[-0.34;-0.06], ⌽[-0.10;-
0.03], ⌘[0.57;3.44], ⏃[-0.22;0.10], ✰[-0.26;-0.03]. B. Propofol study: Mediation analysis. Reduction of cortical 
correlated fluctuations between VTA and DMN during propofol-induced unresponsiveness does not mediate the 
effect of the anesthetic agent during propofol-induced unresponsiveness on the transient large-scale 
synchronization of the blood oxygenation level dependent fluctuations within the DMN. This is demonstrated. By 
the non-significant indirect effect ab with partially standardized value -0.60 (i.e., ab divided by the standard 
deviation of the dependent variable), 95% CI: [-1.08;-0.09]. 95% CI for further regression coefficients: Æ[-0.38;-
0.11], ⌽[-0.11;-0.04], ⌘[0.30;3.07], ⏃[-0.23;0.05], ✰[-0.27;-0.02]. 
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Control analyses: partial volume effects. We confirmed this finding about the mediating effect of VTA-

DMN connectivity during sevoflurane 3vol%-induced anesthesia compared to wakefulness post-

anesthesia on the recovery of large-scale BOLD synchronizations within the DMN, by repeating the 

mediation analysis with values derived from the ‘SRCC’ VTA iFC but conserving the VTA-DMN mask 

from the non-corrected analyses. We found a significant indirect effect of corrected VTA connectivity, 

with a partially standardized effect ab= -0.64 (90% CI: [-1.17;-0.09]). This indicates that the mediation 

effect of connectivity between VTA and DMN is not confounded by brainstem neuromodulatory nuclei 

effects. 

 

Control analysis for concentration of anesthetic: sevoflurane 2vol%. We repeated the mediation 

analyses with sevoflurane 2vol% derived values. Relative to wakefulness pre-anesthesia or post-

anesthesia the indirect effect was not significant with a partially standardized value ab= -0.43 (95% CI: 

[-0.93;0.23]) / ab= -0.52 (95% CI: [-1.23;0.30]). This results indicates that the reduction of large-scale 

BOLD synchronizations within-DMN during sevoflurane 2vol%-induced anesthesia cannot be 

explained through the reductions in connectivity between VTA and DMN during this anesthesia-

induced state.  

 

Control for anesthetic: Propofol. To test for effects of propofol on the large-scale synchronization of 

the DMN and the role of the change of connectivity between VTA and DMN as mediator, we repeated 

the mediation analysis. We found a non-significant indirect effect with partially standardized value 

ab= -0.34 (95% CI: [-1.22;0.30]) (Fig. 23 B). This result indicates that the reduction of large-scale 

synchronization within the DMN during propofol-induced anesthesia is not mediated by the change 

in connectivity between VTA and DMN.  

 

3.2.5. Reduction of transient large-scale BOLD synchronizations across the DMN is not 

mediated by reduced a-cBF-DMN functional connectivity during anesthesia-induced 

unconsciousness  

 

Main result: sevoflurane 3vol%. To test whether altered connectivity between a-cBF and DMN during 

anesthesia-induced unconsciousness (tested in the first project) mediates the reduction in large-scale 

synchronicity within the DMN, we performed a mediation analysis. Testing for effect of sevoflurane 

3vol%-induced anesthesia compared to wakefulness pre-anesthesia, we found a non-significant 

indirect effect with partially standardized value ab= 0.21 (95% CI: [-0.20;0.83]). Standardized ab is an 

estimate of the mediation effect of reduction in connectivity between VTA and DMN on reduction of 
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large-scale synchronicity within the DMN; it refers to the product of regression coefficients a and b in 

the path model divided by the standard deviation of the dependent variable large-scale 

synchronization within DMN; it is significant when it’s 95% confidence interval does not include zero. 

To test the dependency on the contrast, i.e., wakefulness pre-anesthesia vs. wakefulness post-

anesthesia, we found a non-significant indirect effect as well, with a partially standardized value ab= 

0.26 (95% CI: [-0.31;0.66]). This result indicates that changes in connectivity between a-cBF and DMN 

during sevoflurane 3vol%-induced anesthesia compared to wakefulness pre-anesthesia or post-

anesthesia do not mediate the change in large-scale synchronicity within the DMN during anesthesia-

induced unconsciousness.  

 

 
 

Figure 24. Definition of a-cBF-DMN mediator variable to test.  

A. Sevoflurane study. A1. Overlap between a-cBF correlated spontaneous BOLD fluctuations during 
wakefulness pre-anesthesia and DMN ROIs. Overlap depicted in green. Control RSN do not overlap with a-cBF 
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iFC. A2. Overlap between a-cBF correlated spontaneous BOLD fluctuations during wakefulness post-
anesthesia and DMN ROIs. Overlap depicted in green. Control RSN: overlap between a-cBF spontaneous BOLD 
fluctuations and sensorimotor network depicted in cyan. There is no overlap with frontoparietal network. A. 
Propofol study. A1. Overlap between a-cBF correlated spontaneous BOLD fluctuations during wakefulness pre-
anesthesia and DMN ROIs. Overlap depicted in green. Control RSN: overlap between a-cBF spontaneous BOLD 
fluctuations and sensorimotor network depicted in cyan. There is no overlap with frontoparietal network. 

 

Control analysis for different RSN: sensorimotor network. We found an overlap between a-cBF iFC and 

sensorimotor ROIs during wakefulness post-anesthesia (Fig. 24 A2), therefore we repeated the 

mediation analyses with values derived from the scale parameters from this control network. The 

analyses using sevoflurane 3vol% or 2vol% showed a non-significant indirect effect with a partially 

standardized value ab= 0.24 (95% CI: [-0.04;0.66]) / ab= 0.01 (95% CI: [-0.12;0.37]). This results 

indicates that the reduction of large-scale BOLD synchronizations within the sensorimotor network 

during sevoflurane 3vol%- or 2vol%-induced anesthesia cannot be explained through the reductions 

in connectivity between a-cBF and DMN during this anesthesia-induced state, respectively. 

 

Control analysis for concentration of anesthetic: sevoflurane 2vol%. We repeated the mediation 

analyses with sevoflurane 2vol% derived values. Relative to wakefulness pre-anesthesia or post-

anesthesia the indirect effect was not significant with a partially standardized value ab= 0.04 (95% CI: 

[-0.15;0.47]) / ab= 0.19 (95% CI: [-0.34;0.38]). This results indicates that the reduction of large-scale 

BOLD synchronizations within-DMN during sevoflurane 2vol%-induced anesthesia cannot be 

explained through the reductions in connectivity between a-cBF and DMN during this anesthesia-

induced state.  

 

Control for anesthetic: Propofol. To test for effects of propofol on the large-scale synchronization of 

the DMN and the role of the change of connectivity between a-cBF and DMN as mediator, we repeated 

the mediation analysis. We found a non-significant indirect effect with partially standardized value 

ab= 0.25 (95% CI: [-0.54;1.26]). We repeated the analyses to evaluate the sensorimotor network as a 

control network due to overlap with ROIs from this network (Fig. 24 B1), where we found a non-

significant indirect effect with partially standardized value ab=-0.07 (95% CI: [-0.65;0.59]). This result 

indicates that the reduction of large-scale synchronization within the DMN nor somatosensory 

network during propofol-induced anesthesia is not mediated by the change in connectivity between 

a-cBF and the respective network. 

 



90 
 

3.3. Subcortical activity in period prior burst-onset during sevoflurane-

induced burst suppression state 

 

3.3.1. Period prior burst-onset is associated to increased subcortical-cortical functional 

connectivity  

 
3.3.1.1. All events included.  

 

 
 

Figure 25. Average dynamic correlation between different parcels of the brain prior to burst-onset 
for all bursts independent of length.  

A-F. Pre-burst correlation within and between parcels. Average correlation per time timepoint (blue dots), 
median (blue trace), average correlation from other timepoints (grey traces), 50% CI (light blue shaded area), 
ROIs from each parcel displayed in brain cartoon (blue) to indicate different combinations, significant average 
connectivity compared to the rest of timepoints displayed with an asterisk (*p<0.05) and a plus (+p<0.1).    

 

All bursts included. Fig. 25 shows the time-resolved averaged dynamic connectivity between 

Cortex_BG and ARAS parcels showing a significantly increase in connectivity at timepoint -3 TRs 

(p<0.05), i.e., around 6 seconds before the start of a burst; timepoint -2 TRs showed only a trend of 

significance (p<0.1). Thalamus to Cortex_BG parcel showed an increased connectivity before the event 
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start; however, this was not significant (Fig. 25 D). No other combination of parcels showed 

significantly increased connectivity before the start of the bursting event. Our results indicate that just 

before an event there is coherent activity between midbrain nuclei and cortical and subcortical areas 

excluding the thalamus, which might support the idea that brainstem areas area causal in the 

generation of individual bursts in sevoflurane anesthesia. 

 

3.3.1.2. Short and long bursts analysis.  

 

 

 

 

Figure 26. Average dynamic correlation between different parcels of the brain prior to burst-onset 
for short and long bursts.  

A-F. Pre-burst correlation within and between parcels of short bursts (left side) and long bursts (right side). 
Average correlation per time timepoint (blue dots), median (blue trace), average correlation from other 
timepoints (grey traces), 50% CI (light blue shaded area), ROIs from each parcel displayed in brain cartoon (blue) 
to indicate different combinations, significant average connectivity compared to the rest of timepoints displayed 
with an asterisk (*p<0.05) and a plus (+p<0.1).    

 

‘Short’ bursts. Fig. 26 left side shows the average dynamic correlation for the ‘short’ bursts showed  a 

significant increase in connectivity between Cortex_BG-Thalamus parcels at time point -4 TR (p<0.05), 
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i.e., around 8 seconds before the start of a burst (Fig. 26 E1). A decrease in connectivity was evidenced 

around timepoint -7 TR for Cortex_BG-Cortex_BG (p<0.1) (Fig. 26 A1), for ARAS-ARAS (-7 TR: p<0.1, -

6 TR: p<0.05) (Fig. 26 C1), as well as for Thalamus-Thalamus (-4 TR: p<0.1) (Fig. 26 B1). No other 

combination of parcels showed significant increased connectivity before the start of event.  

 

‘Long’ bursts. Fig. 26 right side shows the average dynamic correlation for the ‘long’ bursts showed  a 

significant increase in connectivity between Cortex_BG-Thalamus parcels at timepoint -3 TR and 

timepoint -2 TR (p<0.05) (Fig. 26 E2), i.e., around 6 seconds before the start of the burst. This 

connectivity seems to start to increase at timepoint -7 TR. Cortex_BG-ARAS (-2 TR: p<0.1) (Fig. 26 D2) 

and ARAS-Thalamus (-6 TR: p<0.1) (Fig. 26 F2) showed a trend of increased connectivity before the 

event start. A decrease in connectivity was evidenced in timepoint -8 TR (p<0.05) and timepoint -5 

(p<0.1) for ARAS-ARAS (Fig. 26 C2). No other combination of parcels showed significant increased 

connectivity before the start of event.  

 

Summary. Overall, these results suggest that there might be a common feature of all bursting events 

independently of their length, which is a coherent ARAS-Cortex_BG activity before the burst-onset, 

while thalamic-cortical coherent activity might be dependent on the length of the burst. 

 

3.3.2. Period prior burst-onset is associated to increased subcortical BOLD activations: 

GLM analyses. 

 

3.3.2.1. All bursts included.  
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Figure 27. GLM analyses and summary of maximum t-values per ROI per timepoint.  

A. Significant positive co-activations with electrophysiological signal of bursts in the brain. Group statistics 
shown as a voxel-wise t-values of a GLM modeling burst on the EEG as regressor of interest (height p threshold 
0.005 FWE cluster corrected for multiple comparisons). B1-B4. Summary plots from GLM modeling burst 
modifying start of event: maximum t-value per ROI per timepoint. Maximum t-values were extracted from the 
group statistics t-maps result from a GLM modeling burst on the EEG as a regressor of interest modifying the 
start of the burst in consecutive steps of 1 TR back to 9 TRs; zero line corresponds to the real start of the event 
as defined by the EEG signal. Significant t-value starts at around  t=2. Color in traces correspond to same colors 
in the brain cartoons for each ROI. ARAS ROIs are displayed in different plots for a better overview. 

 
 

Regions Hemisphere 
MNI Coordinates 

Z value Cluster size P value 
[x;y;z] 

Burst suppression: all events included 

1) Original 

Superior temporal gyrus L [-60;-37;5] 5.21  201 <0.001 

Caudate nucleus L [-15;11;14] 5.14  261 <0.001 

Pallidum R [24;-4;2] 4.9  260 <0.001 

Inferior frontal gyrus L [-39;2;26] 4.46  39 <0.001 

Inferior temporal gyrus R [48;-49;-19] 4.37  84 <0.001 

Fusiform gyrus L [-24;-61;-13] 4.22 186 <0.001 

Inferior frontal gyrus R [45;35;14] 4.05 45 <0.001 

Lingual gyrus R [33;-43;-10] 4.03  85 <0.001 

Middle temporal gyrus R [57;-52;5] 3.99  133 <0.001 
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Precentral gyrus R [60;2;11] 3.46  28 0.001 

2) Minus 1 

Pallidum L [-24;-7;2] 4.91 242 <0.001 

Putamen R [21;2;2] 4.66 228 <0.001 

Lingual gyrus L [-18;-67;-10] 4.41 107 <0.001 

Superior temporal gyrus L [-51;-37;2] 4.34 313 <0.001 

Inferior frontal gyrus R [45;35;14] 4.14 55 <0.001 

Supramarginal gyrus R [57;-43;11] 4.06 70 <0.001 

PCC R [6;-49;14] 3.97 31 <0.001 

Middle temporal gyrus R [54;-52;5] 3.88 26 0.001 

Precuneus L [-15;-64;23] 3.87 20 <0.001 

Inferior temporal gyrus R [45;-64;-4] 3.85 32 <0.001 

Fusiform gyrus R [24;-55;-10] 3.77 36 <0.001 

Lingual gyrus R [27;-73;-13] 3.55 18 0.01 

3) Minus 2 

Pallidum R [21;2;2] 5.18 247 <0.001 

Putamen L [-27;-16;5] 4.69 247 <0.001 

Supramarginal gyrus R [51;-37;11] 4.59 105 <0.001 

Lingual gyrus L [-18;-67;-10] 4.54 465 <0.001 

Inferior frontal gyrus L [-39;17;23] 4.48 49 <0.001 

Precuneus L [-15;-64;23] 4.36 26 0.001 

Angular gyrus R [54;-52;5] 4.14 23 0.002 

PCC R [6;-49;26] 4.13 14 0.003 

Fusiform gyrus R [24;-55;-10] 4.12 47 <0.001 

Inferior frontal gyrus R [45;35;14] 4.06 51 <0.001 

Precuneus R [15;-67;32] 4.03  22 <0.001 

Fusiform gyrus R [42;-52;-13] 3.97 51 <0.001 

Lingual gyrus R [21;-70;-1] 3.87 17 0.001 

Precuneus R [21;-52;5] 3.64 17 0.001 

Operculum L [-45;-37;23] 3.64 31 <0.001 

Middle temporal gyrus R [51;-64;5] 3.64 16 0.001 

Postcentral gyrus R [60;-19;20] 3.33 21 <0.001 

4) Minus 3 

Putamen R [24;-7;5] 4.77 141 <0.001 

Superior temporal gyrus R [48;-28;-7] 4.76 30 <0.001 

Pallidum L [-21;-4;5] 4.43 188 <0.001 

Inferior temporal gyrus L [-48;-64;-13] 4.30 48 <0.001 

Supramarginal gyrus R [57;-43;11] 4.04 34 <0.001 

Precuneus L [-15;-61;23] 3.99  17 0.012 

Inferior frontal gyrus L [-39;17;23] 3.88 25 0.001 

Middle temporal gyrus R [54;-55;8] 3.85 16 <0.001 
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Superior temporal gyrus L [-51;-31;-1] 3.80 160 <0.001 

Fusiform gyrus L [-18;-67;-10] 3.73 69 <0.001 

Inferior frontal gyrus R [51;35;8] 3.69 27 <0.001 

Lingual gyrus R [24;-55;-10] 3.63 29 <0.001 

Precuneus R [15;-67;29] 3.60 25 0.001 

5) Minus 4 

Insula L [-30;-25;11] 4.75 121 <0.001 

Putamen R [24;-4;5] 4.68 138 <0.001 

Caudate nucleus L [-9;8;14] 4.04 44 <0.001 

Heschl's gyrus R [48;-19;-10] 4.01 31 <0.001 

Fusiform gyrus L [-33;-64;-13] 3.95 127 <0.001 

Precuneus R [15;-70;38] 3.85 28 <0.001 

Middle temporal gyrus R [60;-46;8] 3.84 29 <0.001 

Postcentral gyrus L [-63;-7;14] 3.59 21 0.002 

Inferior frontal gyrus R [42;29;17] 3.55 27 <0.001 

Precuneus L [-6;-52;14] 3.44 25 0.001 

Precentral gyrus L [-42;8;29] 3.40 24 0.001 

Fusiform gyrus R [24;-55;-13] 3.30 22 0.002 

6) Minus 5 

Insula L [-33;-25;5] 4.49 15 0.026 

Putamen R [24;-4;5] 4.32 117 <0.001 

Precuneus R [21;-58;26] 4.10 22 0.002 

Middle temporal gyrus L [-54;-16;-13] 3.97 14 0.039 

Caudate nucleus L [-9;-1;17] 3.89 38 <0.001 

Fusiform gyrus L [-27;-52;-7] 3.85 39 <0.001 

Pallidum L [-24;-7;2] 3.77 56 <0.001 

Superior temporal gyrus L [-54;-34;-1] 3.72 60 <0.001 

Fusiform gyrus L [-33;-64;-13] 3.71 32 <0.001 

Middle temporal gyrus R [48;-16;-10] 3.61 18 0.008 

Inferior temporal gyrus L [-48;-64;-13] 3.37 27 <0.001 

7) Minus 6 

Putamen R [27;-7;-1] 4.16 79 <0.001 

Lingual gyrus L [-27;-52;-7] 4.05 35 <0.001 

Precuneus R [21;-58;26] 3.99  19 0.005 

Middle temporal gyrus L [-54;-34;-1] 3.56 20 0.001 

Putamen L [-27;-1;8] 3.50 17 0.012 

Fusiform gyrus L [-39;-67;-16] 3.50 31 <0.001 

8) Minus 7 

Lingual gyrus L [-27;-52;-7] 3.38 20 0.005 

9) Minus 8 

No voxel survived to FWE            

10) Minus 9 
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No voxel survived to FWE            

 

Table 12. Regional BOLD co-activations with electrophysiologic burst during burst suppression state 
per timepoint.  

Group results from GLM modelling burst EEG signal as a regressor of interest, one sample t-test height p 
threshold 0.005 FWE cluster-based corrected for multiple testing.  

 

Group analysis revealed that BOLD activity positively increased in association with bursts occurrence 

on the EEG specifically in subcortical areas, such as basal ganglia, and cortical areas such as inferior 

temporal and frontal gyrus (Fig. 27 A, Tab. 12 Original); voxels in the thalamus did not survive the 

cluster correction. This result goes in line with the original publication of Golkowski and colleagues 

(Golkowski et al., 2017).  

 

Briefly, to study BOLD activity per region before the start of a burst, we have modeled a GLM in single 

subjects with appearance of burst (burst=1, suppression=0) alternating the start of the event back in 

time in consecutive steps of 1 TR back to 9 TRs. Fig. 27 B1-B4 depicts the summary region-resolved 

activation plots showing the maximum t-value resolved per timepoint. Activations in cortical ROIs 

follows a progressive increase until reaching timepoint 0, i.e., where the burst starts defined by EEG 

(Fig. 27 B1), suggesting that the GLM modelling of these regions’ BOLD response fits better at the 

burst-onset time. This was confirmed by plotting the fitted and adjusted BOLD event-related 

responses of a cortical ROI, e.g., the temporal cortex, resolved in time, where the ROI’s BOLD fitted 

response appears to match best the HRF when approaching the burst-onset (Fig. 29 A). On the 

contrary, thalamus activity shows an evident peak around -4 and -2 TRs before the burst event in 

voxels from the medial and posterior thalamus (Fig. 27 B2). ARAS regions do not show a clear pattern 

of activity, most of them evidencing t-values around zero before the start of the event (Fig. 27 B3-4).  
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3.3.2.2. ‘Short’ and ‘long’ bursts analyses.  

 

 

 
 
Figure 28. GLM analyses and summary of maximum t-values per ROI per timepoint.  

A-D. Summary plots from GLM modeling burst modifying start of event: maximum t-value per ROI per 
timepoint for short bursts (left side) and long bursts (right side). Maximum t-values were extracted from the 
group statistics t-maps result from a GLM modeling burst on the EEG as a regressor of interest modifying the 
start of the burst in consecutive steps of 1 TR back to 9 TRs; zero line corresponds to the real start of the event 
as defined by the EEG signal. Significant t-value starts at around  t=2. Color in traces correspond to same colors 
in the brain cartoons for each ROI. ARAS ROIs are displayed in different plots for a better overview.  
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To study whether the length of the bursting event is related to specific region activity, we have 

repeated our GLM analyses using only ‘short‘ bursts (length= max 10 TRs), and ‘long‘ bursts (length= 

min 20 TRs).  

 

‘Short‘ bursts. Pattern of activations in cortical and thalamic ROIs appears to be flattened in 

comparison to the analysis including all events. More specifically, for Cortex_BG ROIs, the pattern 

follows a less pronounced increase of activations during the period before the start of the burst in 

comparison to the analysis including all the bursts (Fig. 28 A1). Concerning thalamus activity, the 

pattern looks homogenous and none of the ROIs show a sudden increase of activations as suggested 

by the analysis including all the bursts (Fig. 28 B1). ARAS regions do not show a clear pattern of activity, 

most of them evidencing t-values around zero before the start of the event (Fig. 28 C1 & D1).  

 

‘Long‘ bursts. Activations in cortical ROIs follows a different pattern as expected, activations increase 

in a progressive manner until timepoint -2 TRs, which flattens afterwards, confirming that the best 

GLM modelling fit improves while reaching the burst-onset  (Fig. 28 A2). Interestingly, in the thalamus, 

there is a peak of activation within the medial thalamus at timepoint -2 TR (Fig. 28 B2) and in the 

posterior thalamus at timepoint -7 TRs (Fig. 28 B2). Event-related responses of the medial and 

posterior thalamus are shown in Fig. 29 B-C Long bursts; responses from anterior thalamus were 

included as a control region (Fig. 29 D). These plots show that medial thalamus as well as the posterior 

thalamus follow the expected BOLD response function (HRF), specifically medial thalamus in timepoint 

-4 TRs and the posterior thalamus in timepoint -7 TRs for the long bursts. ARAS regions do not show a 

clear pattern of activity, most of them evidencing t-values around zero before the start of the event 

(Fig. 28 C2 & D2).  

 

Summary. Overall, these results confirm previous studies showing a positive correlation of cortical and 

basal ganglia BOLD activity with EEG signal at the burst-onset and depicts evidence of subcortical 

thalamic activity before the burst-onset.   
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A.  

 
B.  

 
C.  
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D.    

 
 
Figure 29. Event-related response time course extraction.  
 
A-D. Mean peri-stimulus time histogram (PSTH) of adjusted data and fitted response across peri-stimulus time.  
Summary plots from PSTH of adjusted BOLD response with respect to burst-modeled-BOLD response. A. summary 
plots in temporal cortex including all events per time point. B-D. summary plots for medial, anterior, and posterior 
thalamus per timepoint for short and long bursts. Responses were derived from the voxel with the maximum t-
value within the ROI and averaged across subjects per timepoint (height p threshold p<0.01). The burst-onset is 
indicated in each plot for reference. Traces are color coded according to thalamus ROI (lila=medial thalamus, 
dark blue= anterior thalamus, dark red= posterior thalamus, yellow= peri-stimulus hemodynamic response 
function, shaded area= SD across subjects).   
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4. Discussion 

4.1. VTA and a-cBF are related to DMN BOLD functional connectivity 

reductions during anesthesia-induced unconsciousness 
 

Using two independent fMRI data sets of healthy controls during wakefulness and anesthesia-induced 

unconsciousness with sevoflurane and propofol, respectively, we found that anesthetized states are 

characterized by a reduced VTA and a-cBF iFC, and that this reduction occurs in areas associated with 

the DMN. Particularly for VTA, this reduction regionally overlaps posterior and anterior hubs of the 

DMN, while for the a-cBF, the reduction targets mainly the anterior DMN. Furthermore, results from 

the mediation analysis showed that the reduction of the within-DMN FC independently from 

anesthetic, anesthetic concentration, or from anesthesia contrast, is mediated by the reduction of 

VTA-DMN FC. On the contrary, reduction of a-cBF-anterior DMN FC did not mediate the within-DMN 

FC during anesthetized states for either of the study samples, however the reduction of a-cBF-anterior 

DMN FC predicted the reduction of the within-DMN FC, especially for sevoflurane-induced anesthesia 

relative to wakefulness pre-anesthesia. This finding is, possibly, consistent with the model that an 

alteration between coherent activity between neuromodulatory systems, such as the dopaminergic 

(represented by VTA iFC) or cholinergic (represented by a-cBF iFC), and cortical DMN is intrinsically 

related with within-coherent activity in the DMN during anesthesia-induced unconsciousness. 

 

4.1.1. Anesthesia-induced unconsciousness is related to VTA-DMN functional 

connectivity reductions 

 

We demonstrated that connectivity between the VTA and DMN, including both forebrain and 

cerebellar regions, is reduced during anesthetized states (Fig. 2 & Table 2). This result was not 

confounded by neuromodulatory brainstem nuclei effects, others than VTA, and choice of seed in 

seed-based functional connectivity analysis (Fig. 4). Its generality for anesthesia-induced 

unconsciousness is based on consistent reductions of FC between VTA and DMN across different 

anesthetic agents (Fig. 2 B & C), anesthetic concentrations (Fig. 5), and anesthesia contrasts (Fig. 6). 

Our finding of reduced VTA iFC during anesthesia-induced unconsciousness is in line with recently 

reported reduced subcortical nuclei connectivity, including the VTA, during propofol (Nir et al., 2019; 

Spindler et al., 2021)  and sevoflurane (Nir et al., 2022). Furthermore, it fits several animal studies, 
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demonstrating that direct stimulation of the VTA induces arousal behavior during continuous 

administration of  anesthesia (Solt et al., 2014; Taylor et al., 2016). 

Although not directly studied, we suggest that VTA-DMN FC reduction might reflect changes in 

neuromodulatory input from the brainstem towards the DMN, most probably dependent on 

dopamine, induced by the anesthetic agent. This interpretation is based on previous findings: first, 

VTA iFC resembles anatomical dopaminergic projections (Fallon & Moore, 1978; Garcia-Cabezas et al., 

2009; Morales & Margolis, 2017; Yetnikoff et al., 2014); second, this pattern of connectivity can be 

modulated by externally administered dopamine levels (Cole et al., 2013; Kelly et al., 2009; Kohno et 

al., 2016; Shafiei et al., 2019); third, it can be affected by VTA-deep brain stimulation-evoked 

dopamine release in swine, demonstrating a correlation between stimulation amplitude and fMRI-

BOLD amplitude changes (Settell et al., 2017); and fourth, in a recent publication it was demonstrated 

that methylphenidate, a dopamine reuptake inhibitor, increased VTA-DMN connectivity in patients 

with chronic disorders of consciousness (Spindler et al., 2021). 

However, there are three limitations to acknowledge: First, definitive direct evidence for 

dopaminergic manipulation leading to VTA BOLD FC reduction, (as it has been demonstrated for cBF 

lesions and related connectivity changes in monkeys (Drew et al., 2020)), is still missing. Second, 

dopamine-related changes induced by propofol, or halogenated ethers are mixed (for a Review on 

this topic, see (Hao et al., 2020)). For instance, presynaptic dopamine release in isolated nerve 

terminals is inhibited by isoflurane, while in striatal slices this anesthetic causes an increase in the 

basal release of dopamine (Hao et al., 2020). Furthermore, propofol increases dopamine release in 

the somatosensory cortex (Shyr et al., 1997) but decreases dopamine concentrations in the nucleus 

accumbens (Schulte et al., 2000) and in the mPFC (Wang et al., 2016). Such findings suggest that these 

anesthetic agents alter the normal physiology of dopaminergic neurotransmission in the brain, 

however, they do this in a heterogenous way. It is also unclear whether these alterations result from 

a direct effect of the anesthetic agent on dopaminergic VTA cells and/or at dopaminergic synapses in 

the projection target regions, or from an indirect effect of the anesthetics on different mechanisms 

controlling VTA activity, e.g., enhancement of GABA-mediated inhibitory neurons in the VTA (Lee et 

al., 2001). Third, our measure of FC does not allow inferences about the direction of connectivity 

changes. Therefore, due to reciprocal structural connections between VTA and cortical forebrain, FC 

changes might be also induced by changes in the cortical DMN due to anesthesia effects. Future 

effective connectivity analyses might solve this problem of directed connectivity (Sabaroedin et al., 

2022). 
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4.1.2. Anesthesia-induced unconsciousness is related to a-cBF (Ch1-Ch3) functional 

connectivity reductions 

 

To the best of our knowledge, this is the first study assessing effects of anesthesia on a-cBF-DMN FC 

in humans. Our results showed that a-cBF to anterior DMN FC is significantly reduced during 

anesthetized states (Fig. 7 & Table 8), independently of anesthetic agent, i.e., sevoflurane or propofol 

(Fig. 7 B & C), anesthetic concentrations, i.e., sevoflurane 3- and 2vol%, (Fig. 9), and anesthesia 

contrasts., i.e., wakefulness pre- and post-anesthesia (Fig. 10).  

Although not directly studied, this result might reflect the direct effect of anesthesia on cholinergic 

forebrain input to DMN anterior hubs associated with modulation of wakefulness. This interpretation 

is grounded through previous reports: first, rs-FC mapping of cBF, including a region-specific a-cBF 

map, has been demonstrated in healthy controls (Fritz et al., 2019; Markello et al., 2018); second, 

areas of FC reduction were largely consistent through the analyses, principally localized in the medial 

frontal and anterior cingulate cortices, which goes in line with the origin of its cholinergic innervation 

coming from rostromedially cholinergic cellular groups (Ch1-Ch3) (Bloem et al., 2014; Ghashghaei & 

Barbas, 2001; Luiten et al., 1987); third, cBF FC has been used to assess cholinergic dysfunction in 

patients with cognitive impairment disorders, e.g., mild cognitive impairment (Byun et al., 2022; Meng 

et al., 2018), neuropsychiatric diseases, such as, Parkinson’s disease (Gargouri et al., 2019), and 

diseases directly related with a dysfunction of sleep-wake cycle, such as Insomnia (Ma et al., 2021), or 

vigilance, like in temporal lobe epilepsy (Fan et al., 2022); and fourth, experiments in rodents have 

demonstrated that the administration propofol and sevoflurane, respectively, are associated with a 

decreased ACh release in the frontal cortex (Gamou et al., 2010; Kikuchi et al., 1998; Nemoto et al., 

2013; Shichino et al., 1998; Shichino et al., 1997), as well as with reduced neuronal activity in the cBF 

(Luo et al., 2020).  

   

If our results, a-cBF-anterior DMN FC reduction, reflect any aspect of cholinergic downregulation 

through anesthesia, there are some limitations to consider. First, the amount of neurons within the a-

cBF (Ch1-Ch3) is considerably reduced in comparison to the Ch4: from ~200 000 cholinergic neurons 

per hemisphere, only ~5% where identified as Ch1-Ch3 groups (Arendt et al., 1985); also the 

proportion of cholinergic to non-cholinergic neurons varies within these cell groups: ~90% of neurons 

are cholinergic in the Ch4, while only 10% in the Ch1, 70% in the Ch2, and 1% in the Ch3 group 

(Mesulam et al., 1983). Thus, is not clear whether the observed effect depends solely on cholinergic 

input. Second, although there is experimental evidence in primates demonstrating that cBF lesions 

affect ipsilateral global fMRI fluctuations as well as RSN-within FC, the tested cBF regions were 
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specifically, subregions of Ch4 (Turchi et al., 2018). Studies addressing more anterior regions of the 

cBF, i.e., Ch1-Ch3 are still missing.  Third, as mentioned before, our FC measure does not allow 

inferences about the directionality of connectivity changes. Hence, the observed effect could emerge 

as well from direct effects of anesthesia on anterior-DMN FC affecting a-cBF iFC. Future effective 

connectivity analyses might solve this problem of directed connectivity (Sabaroedin et al., 2022). 

 

4.1.3. Reduction of within-DMN BOLD connectivity during anesthesia-induced 

unconsciousness is mediated by reduction of VTA-DMN connectivity reductions 

 

The main motivation of this study was to explain the effect of sevoflurane- and propofol-induced 

anesthesia, respectively, on DMN FC via connectivity changes between VTA and DMN. To do so, we 

replicated DMN FC reductions during anesthesia-induced unconsciousness for both sevoflurane and 

propofol (Fig. 11 A2 & B2), and we demonstrated that this reduction is mediated by VTA-DMN FC 

reduction. This was evidenced independently of anesthetic agent (Fig. 11 A3 & B3), anesthetic agent 

concentration (Fig. S6), confounds of ventral tegmental area nearby neuromodulatory nuclei (Fig. 13), 

and anesthesia contrast (Fig. 14). This finding fits recent evidence showing that alteration in 

dopaminergic neuromodulation within the precuneus/PCC area might explain both DMN FC reduction 

and consciousness modulation (Spindler et al., 2021). While these results focused on the posterior 

hub of the DMN, we could also observe that the reduction of VTA FC towards the anterior parts of the 

DMN, namely the ACC, might be of comparable importance. Concretely, we found for mediation 

analyses of both sevoflurane 2vol% anesthesia induction and sevoflurane 3vol% anesthesia recovery 

(Fig. 13-14), that specifically VTA FC reduction towards the mPFC is a mediator of the anesthetic´s 

effect on DMN FC. These results are consistent with recent experiments in rodents showing that a 

pharmacologically induced inactivation of the mPFC facilitates induction of anesthesia-induced 

unconsciousness, and that this inactivation delayed emergence from sevoflurane-induced 

unresponsiveness (Huels et al., 2021). These results suggest that FC reduction between VTA and 

anterior DMN is a comparable mediator of anesthesia-induced DMN FC reduction as VTA FC reduction 

towards the posterior DMN.  

 

Even when assuming that these VTA FC mediation effects on DMN FC during anesthesia are influenced 

by dopaminergic effects (see discussion above), it is worth to mention that the mechanisms by which 

dopaminergic modulation eventually affects BOLD-based DMN FC are still poorly understood. One 

reason is that the specific nature of the effect which translates into a reduction of correlated BOLD 

signals is unclear, e.g., is the target of modulatory dopamine vessel cells that control directly cerebral 
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blood flow or/and neuronal populations that control blood flow indirectly (Bruinsma et al., 2018). 

Future studies such as those separating neuronal (e.g., EEG-derived measures) from neuro-vascular 

coupling outcomes (e.g., HRF) with respect to VTA FC are necessary to address these topics. 

 

4.1.4. Reduction of within-DMN BOLD connectivity during sevoflurane-induced 

unconsciousness correlates with reduction of a-cBF to anterior DMN connectivity 

reduction 

 

The goal of this study was to determine the association between the effect of sevoflurane- and 

propofol-induced anesthesia, respectively, on DMN FC and changes between a-cBF to anterior DMN 

FC. Using our mediation analysis approach, we could not demonstrate that a-cBF-anterior DMN FC 

reductions mediated the within-DMN FC reductions, independently of anesthetic agent, i.e., 

sevoflurane or propofol, anesthetic agent concentration, i.e., sevoflurane 3- or 2vol%, or anesthesia 

contrast, i.e., wakefulness pre- or post-anesthesia. Based on the extensive body of literature 

suggesting the importance of the cholinergic system in the modulation of wakefulness, we conclude 

that that our model is not suitable to explain the relationship between these variables. 

 

Results from our correlation analyses demonstrated that a-cBF-anterior DMN FC reductions 

significantly predicted the within-DMN FC during sevoflurane 3vol%-induced anesthesia (Fig. 17 A1), 

whereas during sevoflurane 2-vol%-induced anesthesia, we only found a strong trend of significance 

(Fig. 17 A2). During propofol-induced anesthesia, the analysis showed that the definition of the DMN 

FC affected the results, for instance, the statistical power of the correlation between a-cBF-anterior 

DMN FC and within-DMN FC reductions improved after focusing strictly on voxels of significant 

reduction of the within-DMN FC (from a p value of 0.3 to 0.06) (Fig. 17 A3 & Fig. 18), but still only 

showing a strong trend of significance. These results suggest, that although the effect of anesthesia 

on a-cBF iFC, i.e., significant reduction in anterior DMN forebrain areas (Fig. 15), as well as the effect 

on within-DMN FC, i.e., significant reduction in posterior as well as anterior hubs (Fig. 16), is largely 

consistent between studies, the relationship between a-cBF-anterior DMN FC and within-DMN FC 

reduction could be specific for anesthetic concentrations or anesthetic agent. For instance, 

experiments in rodents have shown that both, sevoflurane and propofol, decrease concentrations of 

ACh in the frontal cortex, however with sevoflurane there is also a decrease in the striatum, whereas 

for propofol this is not the case (Nemoto et al., 2013; Shichino et al., 1998; Shichino et al., 1997). This 

is also evidenced in our results comparing anesthetized-states vs. wakefulness pre-anesthesia, e.g., 

the reduction of a-cBF iFC during sevoflurane 3vol% include subcortical areas such as basal ganglia 
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(Fig. 15 B2), while this is not the case during sevoflurane 2vol% (Fig. 15 B3) or propofol (Fig. 15 C2). 

Alternatively, there might be a regional-specific effect dependent on anesthetic concentration or 

anesthetic agent on ACC/frontal cortex (e.g., Brodmann areas 24, 25 or 32) which could better explain 

the reduction of DMN iFC during anesthesia-induced unconsciousness during this specific states. 

Particularly considering that these cortical areas have their own unique receptor fingerprint 

(Palomero-Gallagher et al., 2008), hence these might be affected in different ways dependent on 

anesthetic or anesthetic concentration.  

 

If we consider that our findings might reflect cholinergic changes under anesthesia, we were able to 

demonstrate that the effect of sevoflurane on cholinergic input to the ACC/medial frontal cortex 

predicts the reduction of the within-DMN, which is consistent with the idea that cholinergic 

neuromodulation of PFC plays a critical role in the modulation of consciousness (Mashour et al., 2022; 

Pal et al., 2018). However, it is important to mention that the mechanisms by which cholinergic 

modulation affects BOLD-based DMN FC are not yet completely understood. More specifically, it is 

not clear yet how a cholinergic activity disruption translates into reduction of correlated BOLD signals. 

Future experiments determining quantitative relationships between neural activity, BOLD and 

cerebral blood flow with cholinergic modulation is still needed.  

 

4.1.5. Limitations 

 

First, while BOLD 3-Tesla fMRI enables brain-wide analysis of brain activity, it is clearly limited in both 

its spatial-temporal resolution particularly in the brainstem and its specificity of signal nature. These 

resolution and specificity limitations prevent not only more detailed analysis of cellular underpinnings 

(e.g., dopaminergic nature of VTA FC or cholinergic nature of a-cBF iFC) but also – at a larger scale – 

exact regional delineations of our seeds with potentially confounding effects of neighboring nuclei. 

For the later problem, 7-Tesla MRI approaches might be useful. Beyond partial volume effects from 

neighboring structures,  further regions such as direct projections from the PFC to or striatal inhibitory 

influences on the analyzed seeds, might confound connectivity the connectivity patterns and its 

associated role with the DMN. Second, as our study is only based on two rather small cohorts, 

statistical power of results is limited. However, a-priori power calculations under the assumption of 

large and consistent effect size of anesthesia on FC confirmed chosen sample sizes for both state 

comparison and mediation analysis (see Methods). Furthermore, results were replicated across 

cohorts, suggesting further reliability of findings. Third, our study is restricted to males. Therefore, 

generalization of results to females should be evaluated carefully. Fourth, our experimental and 
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analytic approach prevent a process analysis of anesthesia effects in terms of cause/effect and event-

based resolution. Instead, it is based on averaged outcomes across large brain areas as well as across 

prolonged periods of time, which, together with the mediation analysis approach, restricts us to an 

analysis of conditional factors of anesthesia-induced unconsciousness. Fifth, although results of 

reduced VTA-DMN as well as a-cBF-anterior DMN and its association with reduced within-DMN FC are 

consistent across samples, findings might not be the same with agents acting through other 

mechanisms (e.g., ketamine, dexmedetomidine). Future experiments with those anesthetics are 

necessary. 

 

4.1.5. Conclusion 

 

Our findings demonstrate that the reduction of VTA-DMN FC mediates the within-DMN FC during 

anesthesia-induced unconsciousness with sevoflurane and propofol anesthesia, and that the 

reduction of a-cBF-anterior DMN FC predicts the reduction of within-DMN FC during sevoflurane-

induced anesthesia.  

 

4.2. Beyond static connectivity analyses: DMN transient global 

synchronizations are reduced during anesthesia and mediated by VTA 

 
We demonstrated that first, during anesthesia-induced unconsciousness with sevoflurane and 

propofol, respectively, transient large-scale BOLD synchronizations across the DMN are reduced 

relative to wakefulness states, and second, that the effect of sevoflurane on transient large-scale 

synchronizations across the DMN is mediated by the change in correlated activity between VTA and 

DMN upon wakefulness post-anesthesia. We did not find any mediating effect of a-cBF and DMN 

correlated activity on the change of transient large-scale synchronizations across the DMN nor across 

further control networks. These findings suggest that: first, a pattern of reduced BOLD 

synchronizations in the DMN could be a signature of anesthesia-induced unconsciousness, with 

sevoflurane and propofol respectively; and second, that a coherent VTA-DMN functional connectivity 

is crucial for reestablishing structured synchronization pattern in the DMN. 
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4.2.1. Anesthesia-induced unconsciousness is related to reduced transient large-scale 

synchronizations across the DMN relative to wakefulness 

 

Our results showed a significant reduction of transient large-scale synchronizations across the DMN, 

but not in the whole-brain, independent of anesthetic concentration, i.e., sevoflurane 3- and 2vol%, 

or anesthetic, i.e., sevoflurane or propofol, compared to wakefulness pre-anesthesia. Relative to 

wakefulness post-anesthesia, this reduction was significant across DMN during sevoflurane 3vol%; 

there was a strong trend of significance compared to sevoflurane 2vol%-induced state (Fig. 19 A1-2 & 

B1-2). To control for specificity, we tested further RSNs, i.e., sensorimotor and frontoparietal network, 

where we found a significant reduction of synchronizations, however only during sevoflurane-induced 

states (Fig. 19 C1-2 & D1-2).  

 

This finding demonstrates that among the tested ensembles, the DMN showed the pattern of large-

scale synchronizations most sensitive to discern between wakefulness and anesthetized states across 

anesthetics, hence suggesting that a structured synchronization pattern within the DMN could be a 

neural correlate of anesthesia-induced unconsciousness (independent on anesthetic concentration, 

but on the presence or absence of responsiveness). This interpretation is based on the following 

evidence: first, disrupted large-scale synchrony among neural processes has been suggested as a 

potential mechanism of anesthesia-induced unconsciousness (Alkire et al., 2008; Barttfeld et al., 2015; 

Demertzi et al., 2019; Mashour & Hudetz, 2018); second, studies of ongoing BOLD fMRI fluctuations 

suggest that physiologically-, e.g., deep sleep, or pharmacologically-induced unconsciousness, e.g., 

propofol sedation in monkeys and humans, are associated with disrupted cortical large-scale 

correlations in both space and time (Barttfeld et al., 2015; Hahn et al., 2021); third, it has been 

demonstrated that both stationary and dynamic FC, particularly within the DMN, is typically reduced 

during anesthesia (Boveroux et al., 2010; Golkowski et al., 2019; Palanca et al., 2015); and fourth, we 

provide evidence suggesting that decreased large-scale BOLD coactivations across the DMN might be 

a signature of consciousness itself (i.e., presence or absence of behavioral responsiveness), showing 

that the behavior across DMN regions during anesthetized states compared to wakefulness suggests 

a more ‘binary’ nature, i.e., awake states are different from states with anesthesia, however there is 

this difference is not present between anesthesia-induced states (sevoflurane 3vol% vs. sevoflurane 

2vol%).  

 

However, there are some points which need to be considered; first, the global synchronization index 

(FF), is not sensitive to anticorrelations, which prevents us to reflect anticorrelated infra-slow BOLD 
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activity during the wakefulness states; second, our analyses are focused on FF distributions across a 

specific time-window (~25 TRs) based on Hahn and colleagues’ results showing that this span of time 

provides sufficient sampling across time to give a robust separation of consciousness states (Hahn et 

al., 2021), however further studies are needed to overcome the limitation of distribution-based 

markers (Hahn et al., 2021); and fourth, it is worth mentioning that in contrast to previously proposed 

by Hahn and colleagues (Hahn et al., 2021), in our study the whole-brain synchronicity changes was 

not able to differentiate anesthesia-induced unconsciousness states from wakefulness. Thus, our 

results do not support the idea that brain-wide synchronization in fMRI data could reflect physiological 

signals dependent on level of consciousness/responsiveness as suggested by Scholvinck and 

colleagues (Scholvinck et al., 2010). The possibility that this difference originating from brain-wide 

synchronizations could be related to head movement artifacts cannot be excluded, especially 

considering that although both preprocessing pipelines are highly comparable, we have carefully 

performed an extensive movement artefact correction (see Methods: preprocessing fMRI data), 

including steps omitted by Hahn and colleagues, such as slice oriented motion correction (SLOMOCO). 

Furthermore, we have implemented a different ‘whole-brain’ parcellation, focusing on 5-mm sphere-

ROIs time courses, and not on complete delineated anatomical ROIs as Hahn and colleagues to avoid 

introducing partial volume confound effects between areas.  

 
4.2.2. VTA- and a-cBF-DMN functional connectivity is reduced during anesthesia-

induced unconsciousness: summary results from first project  

 
Using two independent fMRI data sets of healthy controls during wakefulness and anesthesia-induced 

unconsciousness with sevoflurane and propofol, respectively, we found that anesthetized states are 

characterized by a reduced VTA and a-cBF iFC. This reduction has been demonstrated independently 

of anesthetic agent, i.e., sevoflurane or propofol, anesthetic concentration, i.e., sevoflurane 3vol% or 

2vol%, and anesthesia contrast, i.e., wakefulness pre- or post-anesthesia. Crucially, this reduction 

occurred mostly in areas associated with the DMN. Particularly for VTA, this reduction regionally 

overlaps posterior and anterior hubs of the DMN, while for the a-cBF, the reduction targets mainly 

the anterior DMN (Fig. 20 & 21). (See detailed discussion above) 

 

 



110 
 

4.2.3. Reduction of transient large-scale BOLD synchronizations across the DMN is 

mediated by reduced VTA-DMN but not by reduced a-cBF-DMN functional 

connectivity during anesthesia-induced unconsciousness 

 

The goal of this study was to find the link between the reduction of BOLD fluctuations in large-

synchrony across DMN regions and the reduction of functional connectivity between both VTA and a-

cBF, respectively, to DMN during anesthesia induced unconsciousness. Our results demonstrate that 

the effect of sevoflurane 3vol% on transient large-scale synchronizations across the DMN was 

mediated by the change in correlated activity between VTA, but not a-cBF, and this network upon 

wakefulness post-intervention (Fig. 23 A2). Our study suggests that, possibly, coherent VTA-DMN 

activity is crucial for reestablishing structured synchronization pattern in the DMN. This interpretation 

is based on the following: first, recent studies have identified subcortical areas functionally and 

anatomically connected to the DMN, including VTA (Aguilar & McNally, 2022; Alves et al., 2019; 

Harrison et al., 2022; Li et al., 2021); second, recent evidence showing that cortical areas, including 

areas in the DMN, could be modulated by VTA during anesthesia- and disorder-induced 

unconsciousness, specifically it was demonstrated that functional connectivity of infra-slow activity 

between VTA and DMN is reduced in patients with disorders of consciousness, and increased with the 

administration of methylphenidate, a dopamine and norepinephrine reuptake inhibitor (Spindler et 

al., 2021); and third, several studies have demonstrated that stimulation of the VTA, e.g., electrical 

(Solt et al., 2014), optogenetic (Taylor et al., 2016), or chemo genetic (Oishi et al., 2017) induces wake-

like behavior in rodents.  

 

4.2.4. Limitations 

 

As for the first project, is important to acknowledge that our BOLD fMRI datasets are derived from 3-

Tesla fMRI scanner, which on the one side enables brain-wide analysis of brain activity, and on the 

other side, it is clearly limited in both its spatial and temporal resolution, particularly in the brainstem. 

Furthermore, we lack specificity in terms of nature of the signal, i.e., cholinergic for a-cBF or 

dopaminergic for VTA analyses (See detailed discussion in first project). Regarding our experimental 

and analytic approach, i.e., FF calculation and distribution analyses, it is important to mention that the 

FF is a measure of variability of neuronal spike trains commonly used in electrophysiological 

experiments, which when implemented using the BOLD signal it carries several limitations. First, the 

fMRI BOLD signal, a readout of infra-slow fluctuations of blood oxygenation in vessels in the brain, 
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only provides an indirect measure of neuronal activity based on a complex interaction between 

neurons, vascular cells and neuroglia called the neurovascular coupling, therefore our results of 

‘synchronicity’ should be carefully interpreted. Second, to calculate the FF, we have reduced our 

continuous BOLD signal into countable single events by applying a trespassing threshold, evidently 

loosing information along the way; a systematic analysis using different thresholds is necessary. Third, 

the dependence of the FF on the intensity rate of events is still unclear, for example it has been 

observed in electrophysiological experiments that changes of intensity of spiking rates are equivalent 

to changing the length of the observation window with fixed intensity (Rajdl et al., 2020), it is unclear 

how this translates to BOLD event readouts and its relationship with wakefulness or states of 

unconsciousness. Fourth, regarding the mediation analysis, contrary to the FF outcome, i.e., scale 

parameters derived from FF fitted distribution, our VTA-DMN FC measure is based on averaged 

outcomes across the whole scanning time, which restricts our interpretation of conditional factors of 

anesthesia-induced unconsciousness. Fifth, future experiments with those anesthetics and 

consciousness-altered conditions are necessary to evaluate. 

 

4.2.5. Conclusion 

 
Results demonstrate reductions of transient BOLD large-scale synchronization across the DMN might 

be a signature of anesthesia-induced unconsciousness, which specifically upon wakefulness post-

intervention with sevoflurane were mediated by the change of FC between the VTA and this network.  

 

4.3. Subcortical activity in period prior burst-onset during sevoflurane-

induced burst suppression state  
 

Using simultaneous EEG-fMRI recordings from healthy participants during BS state induced with 

sevoflurane anesthesia we have shown that the period before the start of a burst is characterized by 

increased dynamic functional connectivity between cortical and subcortical areas, especially the 

brainstem and thalamus, which participation might be related to the length of the bursting event. Our 

results for the thalamus were supported by GLM analyses and regional-specific event-related 

responses. This finding supports the idea that subcortical regions might be causal in the generation of 

individual bursts in sevoflurane anesthesia BS. 
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4.3.1. Period prior burst-onset is associated to increased subcortical-cortical dynamic 

functional connectivity  

 

Our time-resolved averaged dynamic correlation analysis using all bursts showed a significant 

increased connectivity between Cortex_BG and ARAS ROIs starting already at ~18 seconds, reaching 

the highest point at ~6 seconds and dropping ~2 seconds before the burst-onset (Fig. 25 D). 

Interestingly, our analyses dependent on burst-length, i.e., including only ‘short’ bursts, i.e., defined 

as bursts no longer than 10 TRs (~20 s), or ‘long’ bursts, i.e., defined as bursts longer than 20 TRs (~40 

s) showed that the participation of the thalamus before the burst-onset might depend on the burst-

length. This was evidenced by the increased connectivity of thalamic and cortical -including basal 

ganglia- ROIs before the burst-onset specially in the ‘long’ bursts (Fig. 26 E2). These results 

demonstrate that, first, connectivity between cortical and subcortical areas, including ARAS and 

thalamic regions increased before the burst-onset; second, grouping bursts by length improved 

unraveling connectivity patterns, especially depicting participation of thalamo-cortical activity before 

a ‘long’ bursting event started and almost disappearing with shorter bursts.   

 

Contrary to the view about BS being characterized by an isolated cortex (Steriade et al., 1994), this 

finding supports the idea that coherent cortico-subcortical activity is present before a single burst, 

hence, possibly, reflecting causation of bursts during BS induced with sevoflurane. This interpretation 

is based on previous literature: regarding the thalamus: first, sensory input triggers cortical EEG 

bursting activity during BS state (Kroeger & Amzica, 2007), which are morphologically analogous, e.g., 

in power, frequency, and duration, to the spontaneously-emergent bursts (Hudetz & Imas, 2007); 

second, in vitro electrophysiologic studies in auditory thalamocortical slices demonstrated that 

isoflurane in moderate concentration depresses polysynaptic bursts, i.e., those emerging from 

cortico-cortical connections, more than those monosynaptically driven, i.e., those emerging from 

thalamo-cortical afferents (Voss et al., 2019); and third, a recent study using high-speed calcium-

imaging showed that unilateral thalamic inactivation caused a shift in the spatial distribution of 

cortical onset sites away from the inactivated hemisphere (Ming et al., 2020).  

 

However, we cannot completely exclude the possibility that bursting activity during sevoflurane-

induced BS could originate in the cortex as well, mainly because of two reasons: first, it might be that 

the analyzed bursts were all induced by external stimuli, especially from auditory nature, i.e., MRI 

sound during BS EEG-fMRI data recordings, and second, the ‘short’ bursts cortico-cortical connectivity 

pattern presents a strong trend of decreased connectivity at ~14 seconds before the burst-onset, 
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which could reflect the loss of global coherence due to specific reverberant activity in few areas. 

Nevertheless, our results are consistent with an EEG study in pediatric patients with severe epileptic 

and non-epileptic encephalopathies with BS pattern, where it was demonstrated that bursting periods 

were characterized by a significant cortico-subcortical directed coherence, while suppression periods, 

presented a non-directed cortico-cortical coherence (Japaridze et al., 2015). This suggests that 

probably there is a common mechanistic explanation for bursting global events independent of their 

origin, i.e., pathology-related BS patterns or pharmacologically-induced ones. Application of our 

research method to further characterize bursts of different origin could be helpful.  

 

Regarding the role of Cortex_BG-ARAS interaction in the generation of single bursts, our results are 

consistent with animal experiments, which have shown that direct stimulation in the midbrain 

reticular formation during isoflurane-BS state produced single bursts (Orth et al., 2006), plus it has 

been proposed that extra-thalamic pathways, especially those originated in the midbrain, could play 

a role in the facilitation of spontaneous bursts and of those produced by directly of the brainstem 

nuclei (Golanov & Reis, 1995; Hudetz & Imas, 2007).  Interestingly, a decreased connectivity between 

ARAS ROIs was evidenced in both ‘short’ as well as the ‘long’ bursts. We interpret this finding as 

indirect evidence indicating regional differentiation and consequently loss of coherence associated 

with, possibly, midbrain burst-generating activity.   

 

4.3.2. Period prior to burst-onset is associated to increased subcortical BOLD 

activations: GLM analyses 

 

The aim of this project was to investigate regional-specific BOLD activations during a period of ~18 

seconds before the burst-onset during sevoflurane-induced BS. First, evaluating BOLD activity during 

the bursting events (i.e., periods of EEG high voltage activity), we could replicate previous findings 

from (Golkowski et al., 2019) about the positive coupling of EEG and BOLD signal across cortical areas, 

mainly temporal, frontal, and parietal regions, as well as subcortical areas, specifically basal ganglia, 

but not thalamus (after correcting for multiple comparison) (Fig. 27 A & Tab. 12 Original). In our 

model, we included the global signal as a covariate of no interest, thus voxel-wise, the extend of our 

significant activations was reduced in comparison with the original paper. This indicates that although 

it has been demonstrated that anesthesia, i.e., subclinical as well as clinical concentration of 

sevoflurane, directly affects metabolic and cerebrovascular physiology, e.g., regional cerebral blood 

flow (rCBF), cerebral blood volume (rCBV) and cerebral metabolic rate of oxygen (rCMRO2) (Kaisti et 

al., 2003; Kaisti et al., 2002; Kolbitsch et al., 2001; Kolbitsch et al., 2000; Lorenz et al., 2001; Schlunzen 
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et al., 2004), neurovascular coupling seems to be preserved even in extreme brain state conditions 

such as BS. This has been observed in rats under BS conditions, where EEG and BOLD cortical signals 

where temporally and spatially highly correlated (Liu et al., 2011); in monkeys (Zhang et al., 2019) and 

in humans (Golkowski et al., 2019).  

 

Next, evaluating the period prior burst-onset, our results showed that the BOLD activations in the 

cortex and basal ganglia followed a progressively increasing pattern of activations starting at ~18 

seconds before the burst-onset, reaching its highest peak at for most of these ROIs, at timepoint ‘zero’ 

or burst-onset (Fig. 27 B1), suggesting that the GLM modelling of these regions’ BOLD response fits 

better at the burst-onset time and confirmed by plotting the mean BOLD event-response of voxels 

within the cortex (Fig. 29 A). Interestingly, we found that thalamus regions did not follow the 

activation pattern as for the cortical and basal ganglia areas, but some nuclei depicted a sudden 

increase of activation at ~8 seconds (in medial thalamus) and at ~4 seconds (in posterior thalamus) 

prior burst-onset (Fig. 28 B1-B2). Critically, sudden thalamic BOLD activations were confirmed while 

studying specific bursts grouped by length. For instance, ‘long’ bursts, i.e., bursts with a minimal length 

of 20 TRs, showed increased activations in both the medial and the posterior thalamic nuclei, however 

in different timepoints as when including all bursts, at ~4 seconds (in medial thalamus) and at ~14 

seconds (in posterior thalamus) (Fig. 28 B2). For the ‘short’ bursts, i.e., bursts with a maximal length 

of 10 TRs, medial thalamus’ activations showed less pronounced peaks, e.g., at ~12 or ~4 seconds 

before the burst-onset; in posterior thalamus there is a more pronounced, but still not comparable to 

the ‘long’ bursts’ one, at ~4 seconds prior to burst-onset (Fig. 28 B1).  

 

BOLD activations before a global-bursting event are consistent with a previous study applying this 

same approach of artificially modifying the event-onset, where it was found that thalamic regional 

BOLD activity preceded generalized spike wave discharges by 6 seconds (Moeller et al., 2008). This 

might indicate a common underlying mechanisms of bursting global events, for example Liou and 

colleagues (Liou et al., 2019) observed that in a rodent epileptic model during BS induced by 

anesthesia, the thalamus triggered interictal bursts, plus inactivation of the ventroposterolateral 

thalamic nuclei reduced the rate of seizures (Liou et al., 2019). However, further research including 

bursting global events from different origins, for instance pharmacologically-induced with different 

anesthetics, and diseased-induced like in coma, encephalopathies, or epilepsy, are needed. 

 

Our findings about increased pre-burst thalamic BOLD activations particularly for ‘long’ bursts were 

confirmed by the extraction of the mean event-related response, i.e., PSTH, of thalamic voxels and 
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the mean burst-modeled-BOLD for the burst event, where we found that particularly for medial 

thalamus there was a qualitatively accurate fit between time courses in comparison with posterior or 

anterior thalamic nuclei (Fig. 29 B-D). This is consistent with canonical electrophysiological 

experiments during BS in cats, where it was demonstrated that, during silent periods in cortical cells, 

i.e., suppression periods corroborated with electrocorticography (ECoG), there was a persistent 

electrical activity in ~30-40% of recorded thalamic neurons, located in ventral and centromedial 

thalamic areas (Steriade et al., 1994). Ii is important to mention that during timepoint ‘zero’ or burst-

onset, the t-values for single voxels in the thalamus are high enough to reach significance, which 

means we cannot exclude the possibility that the thalamus does not show coherent BOLD fluctuations 

with the cortex hence with the EEG BS pattern as shown in previous studies (Liu et al., 2011). 

 

Regarding further regional-specific BOLD activations with distinction of burst-length, e.g., cortical, and 

basal ganglia’s activation pattern suggest a more homogenous behavior (Fig. 28 A1-A2), following the 

expected pattern as for the analysis including all events. Results for ARAS regions were inconclusive, 

although we see sudden increase in activations prior burst-onset, for example in the VTA at around 

~6-4 seconds in all events as well as in the ‘long’ ones, the statistical values do not support any 

interpretation (Fig. 27 C1-C2 & D1-D2). For the rest of the ARAS nuclei, there is no specific pattern, 

which might indicate different BOLD dynamics which is not captured by the canonical HRF. Taking 

these results together with our dynamic functional connectivity ones, we suggest that subcortical 

activity, especially thalamic one, might be causal in the generation of single ‘long’ bursts during BS 

with sevoflurane. Our results do not suggest cortical activity as possible generator of a single burst 

during BS.  

 
 4.3.3. Limitations 

 
As in our previous projects, there are several limitations: first, our BOLD fMRI datasets are derived 

from 3-Tesla fMRI scanner, which on the one side enables brain-wide analysis of brain activity, and on 

the other side, is clearly limited in its spatial resolution, particularly in the brainstem and deep 

structures as the thalamus. However, regarding the temporal resolution, it is recognized that BS has a 

slower timescale than neural activity associated with less-deep anesthetized states (i.e., 0.5 to 2Hz 

delta oscillations) (Ching et al., 2012), which is suitable for canonical BOLD responses. Second, 

regarding the methods used for these analyses, it is important to mention that our connectivity 

analyses were derived from parcel-averaged dynamic correlations, which disregards regional 

specificity, plus, the PJK approach is a novel method which needs further research to validate our 

present results. Third, as mentioned in the discussion, regarding our GLM analyses and region-specific 
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event-related responses, it is important to highlight that we found BOLD signal changes prior burst-

onset longer than by 4 seconds, which is the canonical delay that has been described to elicit a BOLD 

response after a stimuli in an experiment (Glover, 1999). Specific BOLD-response modelling for a burst 

event is necessary to confirm these results. And fourth, our interpretations about causation should be 

taken carefully, effective connectivity analyses might solve this problem of directed connectivity.  

 
4.3.4. Conclusion 

 
Our findings demonstrate that just before the bursting global event, there is a significant increase in 

connectivity towards the cortex of subcortical areas, including thalamus and ARAS nuclei, but not to 

cortico-cortical connectivity. Thalamus-related results are supported by GLM and event-related 

response time courses. 
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4. Conclusion 
 

In our first project, focusing on states of deep anesthesia, i.e., anesthesia-induced unconsciousness 

with sevoflurane 3vol% and 2vol%, or with propofol, we investigated the effect of these anesthetics 

on the intrinsic functional connectivity of both the VTA and a-cBF and its association with the effect 

of anesthesia on the so-called DMN, respectively. Here we demonstrated that independently of 

anesthetic, anesthetic concentration or anesthesia contrast, i.e., wakefulness pre- or post- anesthesia, 

anesthesia-induced unconsciousness is associated with both a reduced VTA and a a-cBF intrinsic 

functional connectivity, crucially, in areas included in the DMN. We further demonstrated that 

anesthesia-induced unconsciousness is associated with a reduced within-DMN functional connectivity 

and that these reductions were mediated by the connectivity reduction between VTA and DMN, 

independently of anesthetic agent, anesthetic concentration, or anesthesia contrast. We did not find 

a mediation effect of within-DMN connectivity reduction via a-cBF-DMN; however, we demonstrated 

that these were significantly correlated, especially for sevoflurane-induced anesthesia. These findings 

support the idea that the direct modulation of cortical dynamics represented by the reduction of the 

within-DMN during anesthetized states, are intrinsically related to lower-order anesthetic actions, i.e., 

direct effect on subcortical neuromodulatory systems associated with arousal processes represented 

by reduced VTA iFC and a-cBF iFC, respectively. 

 

In our second project, also focusing on states of deep anesthesia, we investigated the effect of 

anesthesia on the transient large-scale BOLD synchronizations across DMN regions and its association 

with the reductions of VTA-DMN and a-cBF-DMN connectivity, respectively. We found first that there 

is a reduction of large-scale BOLD coactivations across DMN in anesthesia induced-states compared 

to wakefulness with sevoflurane and propofol, respectively, and second, that the reduction with 

sevoflurane was mediated by VTA-DMN connectivity reductions, specifically upon wakefulness post-

anesthesia. We did not find a mediation via a-cBF-DMN connectivity. These results corroborate that 

anesthesia-induced unconsciousness is associated with a disruption of the within-organization of 

cortical dynamics, represented by the effect observed across the DMN, and additionally, our findings 

suggest that the recovery of the within-DMN organization might be influenced by the recovery of a 

coherent DMN and midbrain arousal system interaction. This supports the argument suggested by  

(Mashour, 2014): cortical anesthesia-induced changes might reflect a direct modulation from lower-

order anesthetic actions.  
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Taken together, the findings from the first two projects provide evidence that (i) neuromodulatory 

brainstem connectivity to the cortex, particularly to the DMN is reduced during distinct states of 

anesthesia depth, and that (ii) this reduction is associated with the within-DMN connectivity changes 

signatures found during anesthesia-induced unconsciousness.  

 

Finally, in our third project focusing on extreme brain states, i.e., burst suppression induced with 

sevoflurane, we studied cortico-cortical and cortico-subcortical connectivity patterns and the 

regional-specific BOLD activations in the period prior to burst-onset. Here we found a significant 

increased cortico-subcortical connectivity just before the start of a bursting global event, including 

ARAS and thalamic nuclei, but not a cortico-cortical one. Interestingly, thalamic participation was 

dependent on the length of the burst. This provides indirect evidence suggesting that subcortical 

activity, specially from the medial thalamus, could participate in the generation of single global 

bursting events during sevoflurane-induced burst suppression. Thalamic results were supported by 

regional BOLD activations before the burst-onset.   

 

Overall, these results support the suggested ‘bottom-up’ model of anesthesia-induced 

unconsciousness about neuromodulatory brainstem systems’ influence on the cortex, nevertheless 

due to important limitations of our methods, i.e., BOLD FC (correlation approach), potential influences 

from the cortex on the brainstem cannot be fully excluded, animal experiments are necessary.   
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