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ABSTRACT 

 

Understanding the neurophysiological changes that occur during loss and recovery of 

consciousness is a fundamental aim in neuroscience and has marked clinical relevance. Here, we 

utilize multimodal magnetic resonance neuroimaging to investigate changes in regional network 

connectivity and neurovascular dynamics as the brain transitions from wakefulness to 

dexmedetomidine-induced unconsciousness, and finally into early-stage recovery of 

consciousness. We observed widespread decreases in functional connectivity strength across the 

whole brain, and targeted increases in structure-function coupling (SFC) across select networks—

especially the cerebellum—as individuals transitioned from wakefulness to hypnosis. We also 

observed robust decreases in cerebral blood flow (CBF) across the whole brain—especially within 

the brainstem, thalamus, and cerebellum. Moreover, hypnosis was characterized by significant 

increases in the amplitude of low-frequency fluctuations (ALFF) of the resting-state blood oxygen 

level-dependent signal, localized within visual and somatomotor regions. Critically, when 

transitioning from hypnosis to the early stages of recovery, functional connectivity strength and 

SFC—but not CBF—started reverting towards their awake levels, even before behavioral arousal. 

By further testing for a relationship between connectivity and neurovascular alterations, we 

observed that during wakefulness, brain regions with higher ALFF displayed lower functional 

connectivity with the rest of the brain. During hypnosis, brain regions with higher ALFF displayed 

weaker coupling between structural and functional connectivity. Correspondingly, brain regions 

with stronger functional connectivity strength during wakefulness showed greater reductions in 

CBF with the onset of hypnosis. Earlier recovery of consciousness was associated with higher 

baseline (awake) levels of functional connectivity strength, CBF, and ALFF, as well as female sex. 

Across our findings, we also highlight the role of the cerebellum as a recurrent marker of 

connectivity and neurovascular changes between states of consciousness. Collectively, these 

results demonstrate that induction of, and emergence from dexmedetomidine-induced 

unconsciousness are characterized by widespread changes in connectivity and neurovascular 

dynamics. 

 

 

SIGNIFICANCE STATEMENT 

 

Elucidating the neurophysiological changes underlying loss and recovery of consciousness is a 

fundamental question in neuroscience. Here, we analyze magnetic resonance imaging data 

collected across multiple time-points to characterize how the human brain’s connectivity and 

neurovascular dynamics change as it transitions from wakefulness to dexmedetomidine-induced 

unconsciousness, and early-stage recovery of consciousness. During hypnosis, brain regions 

become less functionally synchronized to each other; they attain a smaller number of functional 

configurations compared to wakefulness, and display functional connectivity patterns that are 

more similar to the underlying structural connectivity. Furthermore, cerebral blood flow 

significantly decreases across the whole brain, and less metabolically demanding low frequency 

fluctuations in the hemodynamic signal become more prominent. Collectively, loss of 

consciousness is accompanied by widespread connectivity and neurovascular changes in the brain, 

characteristic of less metabolically demanding dynamics. 
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INTRODUCTION 

 

Unconsciousness is a multifaceted state; it can occur in a naturalistic setting such as during sleep, 

in response to sedative/hypnotic drugs, or after a neurological event such as stroke, traumatic brain 

injury, or epileptic seizure. In addition to its clinical implications, understanding the neural, 

hemodynamic, and metabolic events taking place during loss of consciousness may provide further 

insights into the neural basis of consciousness. Anesthesia has emerged as an effective tool in this 

endeavor as it allows for the reversible manipulation of wakefulness in a highly controlled setting, 

under a variety of pharmacological agents. 
 

One such agent, dexmedetomidine, has been particularly versatile in the clinical and research 

setting, due to its ability to induce hypnosis while still allowing for the easy awakening of the 

participant using gentle tactile or verbal stimulation.1,2 It is typically used as a sedative/hypnotic 

and analgesic agent in the intensive care unit as well as during various medical and surgical 

procedures.3,4 In the research setting, it has been used to pharmacologically induce a state that 

neurophysiologically resembles non-rapid eye movement (NREM) sleep.5–8 An α2-adrenergic 

receptor agonist, dexmedetomidine selectively binds to pre-synaptic a2-adrenergic receptors on 

neurons that project to major arousal centers across the brain, leading to a decrease in their firing 

rate and hence norepinephrine release.6,9–11 Dexmedetomidine is also thought to induce hypnotic 

effects by engaging endogenous NREM sleep-promoting neural networks.7,10,12,13 

 

Dexmedetomidine-induced loss of consciousness is accompanied by a cascade of 

neurophysiological changes spanning cortical and subcortical brain regions. Using tools from 

graph theory, prior work has shown that the dexmedetomidine-induced unconscious state is 

characterized by a decreased capacity for efficient information transmission, both locally and 

globally.14 These changes result from brain regions reducing their overall synchronization strength 

with other regions, a feature that is particularly evident within strongly connected areas.14 

Interestingly, cortico-cortical functional connectivity within two higher-order association 

networks—the default mode network and the fronto-parietal network—defined using resting-state 

functional magnetic resonance imaging (fMRI) was found to be preserved during the unconscious 

state; functional connectivity between the thalamus and higher-order association networks such as 

the default mode, executive control, and salience networks, however, was significantly 

disrupted.12,15  

 

Previous work has also shown that dexmedetomidine affects regional cerebral blood flow (CBF) 

and metabolism, preferentially decreasing CBF and glucose metabolism in the thalamus, default 

mode, and bilateral fronto-parietal networks.12 Recovery from dexmedetomidine-induced 

unconsciousness has been associated with (i) a sustained reduction in CBF,12 (ii) restored thalamic 

functional connectivity to the default mode network,12 and (iii) increased functional activation of 

the hypothalamus, thalamus, brainstem, cerebellum, anterior cingulate cortex, and portions of the 

lateral orbital frontal and parietal lobes.2 These findings underscore how interactions between 

posterior circulation regions and anterior regions give rise to volitional consciousness.1,2    
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Changes in blood flow have been known to accompany changes in neural activity—a process 

referred to as neurovascular coupling. By quantifying this relationship, recent work suggests a 

dynamical coupling between CBF and the amplitude of low frequency (0.01–0.08 Hz) fluctuations 

(ALFF) in the blood oxygen level-dependent (BOLD) signal.16–19 The power of low-frequency 

fluctuations has also been reported to change during anesthetic induction. Indeed, anesthetic agents 

including dexmedetomidine,20,21 propofol,21–24 sevoflurane,22,25 and high-dose ketamine,22,26,27 

among others,25,28,29 have all been reported to induce an increase in the power of slow/delta 

frequencies (0.1–4 Hz) in humans, based on electroencephalogram (EEG) recordings. Increases in 

slow wave activity (< 1 Hz) are also evident during NREM sleep24,30 and coma (vegetative 

state).31,32 These findings collectively highlight the role of low frequency oscillations in 

electrophysiologically characterizing unconsciousness (although see Refs.33–35 for interesting 

case-studies wherein behavioral levels of consciousness were dissociated from EEG features such 

as slow wave oscillations).   

 

Building upon this work, we utilized multimodal non-invasive magnetic resonance neuroimaging 

to further characterize the regional connectivity and neurovascular alterations that occur in the 

human brain as it transitions from the awake state to a state of dexmedetomidine-induced 

unconsciousness and finally to the early-stage recovery of consciousness. To that end, we assessed 

two connectivity markers: functional connectivity strength and structure-function coupling 

(SFC)—a metric36 that quantifies the correlation between a region’s patterns of functional and 

structural connectivity to the rest of the brain—and two neurovascular markers: CBF and ALFF. 

We examined functional connectivity strength, SFC, and CBF using arterial spin labeling (ASL) 

imaging acquired across three awake time-points, two hypnotic time-points, and one recovery 

time-point, and ALFF using resting-state BOLD fMRI acquired across one awake and one 

hypnotic time-point (Figure 1).  

 

Given the aforementioned decreased capacity for efficient information transmission during 

dexmedetomidine-induced loss of consciousness, we first asked whether functional connectivity 

strength and SFC respectively decrease and increase during the transition from wakefulness to 

hypnosis, and reverse towards recovery. Moreover, given the reported decreases in CBF and 

glucose metabolism across select brain regions during loss of consciousness, we next asked 

whether CBF decreases across the brain during pharmacological hypnosis. Given the dynamic 

relationship between blood flow and low frequency fluctuations, as well as the previously reported 

increases in the power of low frequency fluctuations in EEG during various states of 

unconsciousness, we then asked whether ALFF also increases during dexmedetomidine-induced 

hypnosis. To assess whether dexmedetomidine-induced changes in connectivity and neurovascular 

dynamics are site-specific, we tested these hypotheses across cerebellar, subcortical, and cortical 

networks and regions spanning the sensory-association axis of cortical organization, ranging from 

primary sensory and motor cortices to higher-order association cortices such as the fronto-parietal 

and default mode networks.37–39 Lastly, we investigated whether there is a relationship between 

changes in connectivity and neurovascular dynamics as the brain loses and recovers consciousness. 

 

 

RESULTS 

 

Connectivity changes from wakefulness to hypnosis 
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We first examined how functional connectivity strength—estimated via ASL imaging (see 

Methods)—and structure-function coupling (SFC) change from wakefulness to 

dexmedetomidine-induced unconsciousness, at three levels of granularity: the whole-brain level, 

the network level, and the regional level. Functional connectivity strength and SFC were defined 

using ASL imaging,40,41 as it had been acquired across 3 awake time-points, 2 hypnotic time-

points, and one recovery time-point (Figure 1).  

 

Functional connectivity strength remained similar across the 3 awake time-points, and separately 

across the 2 hypnotic time-points. During the transition from the 3rd awake time-point to the 1st 

hypnotic time-point, we observed a significant decrease in overall functional connectivity strength 

(Repeated measures [rm]ANOVA; Tukey's post-hoc pairwise comparisons: 6% decrease; adjusted 

pHSD = 0; Figure 2A). An overall decrease in functional connectivity strength from the average 

awake to the average hypnotic state was also observed across brain regions (5.1% decrease; paired 

samples Wilcoxon test: p = 2.1 x 10-23; Figure 2B) and across individuals (5% decrease; two-sided 

paired t-test; p = 0.008; Figure 3A).  

 

Narrowing our focus from the whole-brain level to the network level, we focused on previously 

established37 resting-state functional networks spanning the sensory-association axis of the human 

brain: the visual, somatomotor, dorsal attention, ventral attention, limbic, fronto-parietal, default 

mode, subcortical, and cerebellar networks. Changes in functional connectivity strength were 

starkly evident across all networks, with each network decreasing its strength as it entered hypnosis 

(Supplementary Table 1; Supplementary Figure 1). Out of all networks considered, the visual 

and somatomotor networks displayed the largest percent decreases in magnitude (visual: 9.1% 

decrease; paired samples Wilcoxon test with Benjamini-Hochberg correction for multiple 

comparisons: pBH = 3.4 x 10-5, somatomotor: 6% decrease; pBH = 2.3 x 10-5). 

 

Concentrating our focus even further, we next examined how individual brain regions altered their 

functional connectivity strength during the shift from wakefulness to hypnosis. Multiple regions 

significantly decreased their functional connectivity strength, including 3 cerebellar sub-regions, 

2 subcortical grey nuclei (left putamen and left hippocampus), and cortical regions spanning across 

the visual (16 regions), somatomotor (13 regions), dorsal attention (5 regions), ventral attention (3 

regions), fronto-parietal (3 regions), and default mode (9 regions) networks (Supplementary 

Table 4). Among these regions, functional connectivity strength decreases were most prominent 

within occipital and temporal regions involved in visual and auditory processing, including the 

cuneal cortex (an average 12.5% decrease across individuals; two-sided paired t-test followed by 

Benjamini-Hochberg correction for multiple comparisons: pBH = 2.7 x 10-4), intracalcarine cortex 

(an average 11.1% decrease across individuals; pBH = 7.3 x 10-4), supracalcarine cortex (an average 

11.5% decrease across individuals; pBH = 4 x 10-4), and lingual gyrus (an average 10.3% decrease 

across individuals; pBH = 3 x 10-4). 

 

We then assessed how the relationship between a region’s functional connectivity and underlying 

structural connectivity changes as the human brain transitions from wakefulness to 

dexmedetomidine-induced unconsciousness. For that purpose, we turned to SFC. Although similar 

in magnitude across the 3 awake time-points and across the 2 hypnotic time-points, SFC 

significantly increased during the transition from the last awake time-point to the first hypnotic 
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time-point (rmANOVA; Tukey's post-hoc pairwise comparisons: 22.8% increase; adjusted pHSD = 

0.003; Figure 2C). Furthermore, the average hypnotic state was characterized by higher SFC than 

the average awake state across brain regions (18.7% increase; paired samples Wilcoxon test: p = 

1.5 x 10-13; Figure 2D) and across individuals (19.5% increase; two-sided paired t-test; p = 0.002; 

Figure 3B). 

 

On the network level, SFC increased in magnitude in unimodal visual and motor cortices (visual: 

18% increase; paired samples Wilcoxon test with Benjamini-Hochberg correction for multiple 

comparisons: pBH = 2.1 x 10-4, somatomotor: 10.1% increase; pBH = 0.013), higher-order 

transmodal association cortices (fronto-parietal: 15.1% increase; pBH = 0.028, default mode: 13.7% 

increase; pBH = 0.002), and cerebellar networks (51.6% increase; pBH = 2.7 x 10-7) (Supplementary 

Figure 2). 

 

On the regional level, SFC increased in one subcortical structure (right pallidum) and 3 cortical 

regions located in the visual (left lingual), fronto-parietal (right frontal pole), and default mode 

(right paracingulate gyrus) networks, and decreased in one cortical region located in the limbic 

network (right posterior inferior temporal gyrus) (Supplementary Table 5). The most pronounced 

increases in SFC, however, were localized within the cerebellum, and specifically across 7 

cerebellar sub-regions (average 134.1% increase in SFC in these areas, across individuals; pBH = 

0.023), with certain sub-regions increasing their SFC more than three-fold (Supplementary Table 

5). 

 

Connectivity changes from hypnosis to early-stage recovery 

 

Next, we examined how functional connectivity strength and SFC changed during the transition 

from hypnosis to early-stage recovery (i.e., between the 2nd hypnotic and 1st recovery time-

points—see Figure 1) on a subset of the population that started regaining consciousness towards 

the end of the hypnosis protocol, while still receiving a steady infusion of dexmedetomidine 

(Figure 1).  

 

Although there was no change in overall functional connectivity strength across individuals (1.1% 

increase; two-sided paired t-test; p = 0.527; Figure 3C), there was a subtle yet significant increase 

in functional connectivity strength across brain regions, after averaging across individuals, (0.9% 

increase; paired samples Wilcoxon test: p = 2.2 x 10-5) towards awake levels. Increases in 

functional connectivity strength were localized within the visual (3.9% increase; paired samples 

Wilcoxon test with Benjamini-Hochberg correction for multiple comparisons: pBH = 6.9 x 10-4) 

and default mode (1.9% increase; pBH = 5.7 x 10-4) networks, among a few other networks 

(Supplementary Table 2; Supplementary Figure 3). 

 

Moreover, decreases in whole-brain SFC towards the early-stage recovery time-point were 

pronounced across brain regions (14% decrease; paired samples Wilcoxon test: p = 5.6 x 10-13) 

and across individuals (12.6% decrease; two-sided paired t-test; p = 0.045; Figure 3D), with SFC 

magnitude reverting back towards awake levels. These decreases were most prominently 

expressed within the cerebellar network (23.4% decrease; paired samples Wilcoxon test with 

Benjamini-Hochberg correction for multiple comparisons: pBH = 1.9 x 10-5; Supplementary 
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Figure 4); other networks that significantly increased their SFC included the somatomotor, ventral 

attention, fronto-parietal, default mode, and subcortical networks (Supplementary Table 3). 

 

Narrowing our focus once again from the network level to the individual brain region level, there 

were no specific brain regions whose functional connectivity strength or SFC changed 

significantly during the transition from hypnosis to early-stage recovery, after correction for 

multiple comparisons. 

 

Neurovascular changes from wakefulness to hypnosis 

 

To investigate the neurovascular changes that take place as the brain transitions from wakefulness 

to dexmedetomidine-induced unconsciousness, we next focus on two markers: the amplitude of 

low-frequency fluctuations (ALFF; 0.01–0.08 Hz) within the resting-state BOLD signal, and the 

CBF obtained from ASL imaging. As with the connectivity analyses, we address this question at 

the whole-brain, network, and regional levels.  

 

On average, brain regions’ ALFF increased during hypnosis (25.8% increase; paired samples 

Wilcoxon test: p = 2.2 x 10-16; Figure 4A). This result was recapitulated across individuals (27% 

increase; two-sided paired t-test: p = 0.002; Figure 4C). Increases in ALFF were localized across 

multiple networks (Supplementary Figure 5), including the unimodal primary visual and motor 

cortices (visual: 50.5% increase; paired samples Wilcoxon test with Benjamini-Hochberg 

correction for multiple comparisons: pBH = 4.6 x 10-5, somatomotor: 54.6% increase; pBH = 3.4 x 

10-5), the dorsal attention network (29.6% increase; pBH = 0.028), as well as the higher-order 

default mode (31.7% increase; pBH = 1.7 x 10-5) and limbic (19.4% increase; pBH = 0.001) networks. 

After dividing each brain region’s ALFF signal by its overall BOLD signal power—a metric 

commonly referred to as fractional ALFF42—the directionality of results inverted, with fractional 

ALFF decreasing from wakefulness to hypnosis across brain regions (10.7% decrease; paired 

samples Wilcoxon test: p = 1.3 x 10-13) and individuals (10.4% decrease; two-sided paired t-test: 

p = 0.033; Supplementary Figure 6). As with ALFF, these decreases were especially localized 

within the unimodal primary visual and motor cortices (visual: 26.3% decrease; paired samples 

Wilcoxon test with Benjamini-Hochberg correction for multiple comparisons: pBH = 1.4 x 10-4, 

somatomotor: 16.1% decrease; pBH = 6.9 x 10-5; Supplementary Figure 7). 

 

On the regional level, ALFF significantly increased across brain regions within the visual (9 

regions), somatomotor (4 regions), dorsal attention (1 region), and limbic (1 region) networks 

(Supplementary Table 7). Among these regions, ALFF increases were particularly robust within 

occipital and temporal regions involved in visual, somatomotor, and auditory processing, including 

the temporal occipital fusiform cortex (an average 78.1% increase across individuals; two-sided 

paired t-test followed by Benjamini-Hochberg correction for multiple comparisons: pBH = 0.031), 

left planum temporale (an average 121% increase across individuals; pBH = 0.031), and left 

Heschl’s gyrus (an average 100.7% increase across individuals; pBH = 0.031). Similarly, fractional 

ALFF decreased across these regions during hypnosis (Supplementary Table 8). 

 

Following the opposite directionality than ALFF, CBF decreased, overall, during the transition 

from wakefulness to hypnosis across brain regions (10.1% decrease; paired samples Wilcoxon 

test: p = 2.1 x 10-23; Figure 4B) and across individuals (9.7% decrease; two-sided paired t-test; p 
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= 0.001; Figure 4D). When examined across the different awake and hypnotic time-points, CBF 

remained similar across the 3 awake time-points, and separately across the 2 hypnotic time-points. 

During the transition from the 3rd awake time-point to the 1st hypnotic time-point, however, there 

was a significant drop in CBF across brain regions (rmANOVA; Tukey's post-hoc pairwise 

comparisons: 7.8% decrease; adjusted pHSD = 0.002; Figure 5A).  

 

Changes in CBF were ubiquitous across the brain, with all networks diminishing their CBF 

magnitude during the transition from wakefulness to dexmedetomidine-induced unconsciousness 

(Supplementary Table 6; Supplementary Figure 8). Networks that displayed particularly robust 

drops in CBF included the visual (11.1% decrease; paired samples Wilcoxon test with Benjamini-

Hochberg correction for multiple comparisons: pBH = 3.4 x 10-5), subcortical (11.4% decrease; pBH 

= 9.2 x 10-5), and cerebellar (17.9% decrease; pBH = 2.7 x 10-7) networks. 

 

On the regional level, the majority of regions considered (80 out of the total of 132 regions; 

Supplementary Table 9) showed significant decreases in their CBF during the transition to 

hypnosis. Among these regions, the thalamus (an average 18% decrease across individuals; pBH = 

6.7 x 10-4), brainstem (an average 19.5% decrease across individuals; pBH = 5.8 x 10-4), and 

cerebellum (an average 17.4% decrease across individuals; pBH = 0.016) displayed the largest 

decreases in magnitude (Figure 6; Supplementary Table 9). 

 

Neurovascular changes from hypnosis to early-stage recovery 

 

Interestingly, instead of reverting back to awake levels, whole-brain CBF continued decreasing 

during the transition from hypnosis to early-stage recovery, across brain regions (3.6% decrease; 

paired samples Wilcoxon test: p = 1.9 x 10-19; Figure 5B). This overall sustained decrease in CBF 

persisted across all networks examined (Supplementary Figure 9). BOLD signal-derived ALFF 

could not be compared between the states of hypnosis and early-stage recovery across the same 

individuals, as it was only acquired at the beginning and end of the experiment (Figure 1; 

Supplemental Material: Methodological Limitations). 

 

In the sub-sample of individuals who started recovering consciousness before the end of the 

hypnosis protocol, there were no brain regions that showed significant changes in their CBF levels 

during the transition from hypnosis to early-stage recovery.  

 

Individuals who remained unconscious versus individuals who regained consciousness 

 

We next examined whether the aforementioned connectivity and neurovascular markers could 

distinguish between individuals in our sample who unexpectedly regained consciousness before 

the end of the experimental session (recovery sample: n = 8) and those who remained unconscious 

(unconscious sample: n = 6). To that end, we compared the two samples’ connectivity (functional 

connectivity strength and SFC) and neurovascular metrics (ALFF and CBF) during wakefulness, 

before the onset of hypnosis. It is of note that all individuals within the recovery sample were 

female (see Methods). 

 

In network connectivity, individuals within the recovery sample had significantly higher overall  

functional connectivity strength (percentage difference: 4.1%; two-sided Mann-Whitney U test: p 
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= 3 x 10-4; Figure 7A) while awake, compared to the individuals who remained unconscious. 

These increases were evident across the visual (percentage difference: 4.3%; uncorrected p = 0.016 

[pBH = 0.072, after correction for multiple comparisons across the 9 networks examined]), default 

mode (percentage difference: 2.1%; uncorrected p = 0.012 [pBH = 0.072, after correction for 

multiple comparisons]), and cerebellar (percentage difference: 7.8%; uncorrected p = 0.032 [pBH 

= 0.095, after correction for multiple comparisons]) networks (Supplementary Figure 10).  

 

Despite differences in functional connectivity strength between the two samples, there were no 

significant differences in SFC between the two samples, either at the whole-brain or at the network 

level. 

 

In neurovascular dynamics, individuals who regained consciousness early had significantly higher 

levels of awake ALFF (percentage difference: 9.6% two-sided Mann-Whitney U test: p = 0.003; 

Figure 7B) and CBF (6.2% increase; p = 0.004; Figure 7C) across the whole brain, compared to 

the individuals who remained unconscious until the end of the experimental session. Despite these 

global differences across the two samples, there were no specific networks that displayed 

significant changes in neurovascular dynamics. Lastly, there were no significant differences in 

fractional ALFF between the two samples. 

 

Relationship between connectivity and neurovascular dynamics 

 

In previous sections, we have established changes in connectivity and neurovascular dynamics 

taking place as the brain transitions between wakefulness, dexmedetomidine-induced 

unconsciousness, and the early-stage of consciousness recovery. Is there, however, a 

correspondence between these two biological aspects? Do changes in connectivity correlate with 

changes in neurovascular dynamics? To address this question, we focus on the relationship 

between functional connectivity and SFC with the two neurovascular markers of interest: ALFF 

and CBF.  

 

First, we observed a significant negative correlation between a brain region’s functional 

connectivity strength and its average ALFF (permutation test across subjects: mean Spearman’s r 

across subjects = -0.19; pSPICE = 0.007) during the awake state. This result indicates that brain 

regions with higher overall ALFF tend to display lower overall functional connectivity with the 

rest of the brain, during wakefulness. This association did not persist during hypnosis. 

 

In contrast to functional connectivity strength, a brain region’s SFC was negatively correlated with 

its average ALFF (permutation test across subjects: mean Spearman’s r across subjects = -0.12; 

pSPICE = 0.012), only during hypnosis. This result indicates that during hypnosis, brain regions with 

higher overall ALFF tend to display functional connectivity patterns that deviate more from the 

underlying structural connectivity patterns. Similarly, a brain region’s SFC was positively 

correlated with its average fractional ALFF (permutation test across subjects: mean Spearman’s r 

across subjects = 0.32; pSPICE = 0.029) during hypnosis. 

 

Lastly, we observed that a brain region’s functional connectivity strength during wakefulness 

predicted the subsequent percentage change in CBF in that region, during the transition from 
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wakefulness to hypnosis (permutation test across subjects: mean Spearman’s r across subjects = 

0.08; pSPICE = 0.043).  

 

 

DISCUSSION 

 

Characterizing the neurophysiological changes underlying loss and recovery of consciousness is a 

fundamental goal in neuroscience. In this work, we examine how the human brain alters its 

connectivity and neurovascular patterns across these transition periods, by analyzing diffusion-

weighted, resting-state functional MRI, and ASL imaging data acquired at multiple time-points 

during dexmedetomidine-induced unconsciousness. Our results are seven-fold: (1) Functional 

connectivity strength prominently decreases across the whole brain from wakefulness to hypnosis; 

(2) SFC significantly increases from wakefulness to hypnosis, and starts decreasing as individuals 

start regaining consciousness, especially across cerebellar connectivity; (3) ALFF significantly 

increases across the brain during the wakefulness-hypnosis transition, and especially within visual 

and somatomotor regions; (4) CBF robustly decreases across the brain during the wakefulness-

hypnosis transition—especially within the brainstem, thalamus, and cerebellum—and continues 

decreasing even while the brain starts regaining consciousness; (5) earlier recovery of 

consciousness is associated with higher baseline (awake) levels of functional connectivity strength, 

ALFF, and CBF, as well as female sex; (6) during wakefulness, brain regions with higher ALFF 

display lower overall functional connectivity with the rest of the brain; during hypnosis, brain 

regions with higher ALFF display weaker SFC; and lastly (7) brain regions with stronger levels of 

functional connectivity strength during wakefulness lower their CBF more as they enter hypnosis. 

In the paragraphs below, we discuss each finding.  

 

Connectivity changes 

 

The transition from wakefulness to dexmedetomidine-induced unconsciousness, and then recovery 

of consciousness, was characterized by widespread changes in functional connectivity strength 

across the whole brain. During loss of behavioral responsiveness, functional connectivity 

strength—assessed via ASL imaging—dropped across all resting-state networks examined (visual, 

somatomotor, dorsal attention, ventral attention, fronto-parietal, default mode, limbic, subcortical, 

and cerebellar), indicating that networks entering hypnosis become less coherent with the rest of 

the brain across the frequency band assessed by resting-state fMRI. After hypnosis, whole-brain 

functional connectivity strength began increasing as the individuals started regaining 

consciousness, even before behavioral arousal. These findings are consistent with previous work 

utilizing a complementary definition of functional connectivity strength derived from resting-state 

BOLD fMRI alongside a set of functional networks (subcortical, sensory, default mode, 

attention/executive, language/memory), reporting a significant reduction followed by a non-

significant increase in functional connectivity strength, during the wakefulness-to-

unconsciousness and unconsciousness-to-recovery transitions, respectively.14 Building on this 

work, we additionally report significant increases in functional connectivity strength during the 

transition from hypnosis to recovery, primarily within the visual and default mode networks. 

 

We next turned to changes in the coupling between functional connectivity and the underlying 

structural connectivity, as individuals traversed from wakefulness to hypnosis and finally to early-
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stage recovery. SFC robustly increased during loss of consciousness, especially across the 

unimodal sensory and motor, higher-order transmodal (fronto-parietal and default mode), and 

cerebellar networks. As individuals began recovering consciousness, whole-brain SFC started 

decreasing towards awake levels; such decreases were predominantly robust across the cerebellum 

(for a more expansive discussion on the putative role of the cerebellum in conscious-unconscious 

transitions, see the corresponding section in our Supplementary Material).  

 

Intuitively, a brain region’s SFC captures the extent to which its functional connectivity patterns 

mirror the underlying structural connectivity patterns.43 Thus, the observed increase in whole-brain 

SFC from wakefulness to hypnosis may reflect a decrease in the number of functional 

configurations the brain can attain during loss of consciousness, given the underlying anatomical 

connectivity. Our results complement prior work identifying a smaller number of functional 

configurations and functional connectivity patterns that were progressively more similar to the 

underlying structural connectivity in patients with disorders of consciousness (vegetative 

state/unresponsive wakefulness syndrome or in minimally conscious state),44,45 in anesthetized 

macaques transitioning from the awake resting state to moderate and deep propofol sedation,46 and 

in humans transitioning from wakefulness to deeper levels of sleep.47  

 

Neurovascular changes 

 

We also assessed changes in neurovascular dynamics, as individuals transitioned from 

wakefulness to dexmedetomidine-induced unconsciousness, and finally early-stage recovery. To 

that end, we focused on two markers: CBF (derived from ASL imaging) and ALFF (derived from 

resting-state fMRI). ASL-derived CBF provides a direct measure of brain perfusion, which reflects 

a combination of cerebrovascular integrity, cerebral autoregulation, and neurovascular 

coupling.48,49 In our cohort of young, healthy subjects in whom cerebrovascular disease is highly 

unlikely, changes in CBF should predominantly reflect neural activity. ALFF provides a measure 

of neurovascular dynamics as assessed by fluctuations in the BOLD signal, which is sensitive to 

changes in CBF, cerebral blood volume, and cerebral oxygen metabolism.50 Although CBF and 

ALFF have been shown to be correlated, they may also become decoupled.16 

 

We observed significant decreases in CBF, during dexmedetomidine-induced unconsciousness, 

across all networks and almost all brain regions examined. Regions where CBF decreased in 

magnitude included the brainstem, thalamus, and cerebellum. Interestingly, CBF continued 

decreasing across all brain networks even during the early stages of recovery of consciousness; 

this is in stark contrast to the connectivity markers (functional connectivity strength and SFC) 

which started reverting back to their awake levels, even before behavioral arousal. This finding 

could point towards changes in CBF as not being sufficient conditions for the recovery of 

consciousness. 

 

Our results recapitulate and expand upon complementary studies identifying widespread decreases 

in cortical and subcortical CBF across a variety of different dosages of dexmedetomidine 

administration.51,52 Furthermore, our findings strongly align with the results of a previous study 

which not only reported significant decreases in CBF across the thalamus and higher-order 

transmodal networks (i.e., default mode and fronto-parietal) during dexmedetomidine-induced 
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unconsciousness, but also revealed that these decreases in CBF did not immediately revert to their 

awake levels during recovery of consciousness.12  

 

To better understand why dexmedetomidine reduces CBF, we turn to its role as an α2-adrenergic 

receptor agonist. Agonists, such as dexmedetomidine, have been reported to decrease CBF by (i) 

activating centrally and peripherally located α2A-adrenergic receptors mediating sympatholytic and 

vagomimetic effects, causing a decrease in heart rate and arterial pressure,53,54 and/or (ii) activating 

α2B-adrenergic receptors in vascular smooth muscle, causing cerebral vasoconstriction.51,53 In 

addition to decreasing during the transition from wakefulness to hypnosis, our analyses indicated 

that CBF continued decreasing in magnitude even during the initial stages of recovery of 

consciousness. This finding is physiologically supported by work demonstrating that 

dexmedetomidine weakens cerebral autoregulation—the ability of cerebral vasculature to maintain 

stable CBF despite changes in arterial pressure—causing a delay in CBF restoration back to awake 

levels during conditions of already reduced CBF (such as during dexmedetomidine-induced 

unconsciousness).55 Besides a potentially weakened cerebral autoregulation, sustained reductions 

in CBF might also reflect altered neurovascular coupling due to the reduced noradrenergic tone. 

By decreasing norepinephrine release in arousal-promoting regions, dexmedetomidine could be 

momentarily weakening the temporal coupling between oxygen demand and blood supply across 

these regions,56 thus delaying the return of CBF to awake levels.  

 

We next turn to the second neurovascular marker of interest, ALFF. Much like CBF,57–60 ALFF is 

a metric with high test-retest reliability.61,62 ALFF captures the local power of low-frequency 

fluctuations within the 0.01–0.08 Hz range of the resting-state BOLD signal; these fluctuations are 

thought to reflect each brain region’s intrinsic, spontaneous neural activity, relatively devoid of 

cognitive load.42,63 In contrast to CBF, ALFF robustly increased across the whole brain as 

individuals transitioned from wakefulness to hypnosis. Fractional ALFF, on the other hand, which 

measures the relative power of low frequency fluctuations compared to the overall BOLD signal, 

decreased across the whole brain. On the regional level, ALFF increases (and similarly fractional 

ALFF decreases) were dominant within unimodal regions involved in visual, somatomotor, and 

auditory processing.  

 

Our ALFF results align with previous studies reporting increases in the power of low-frequency 

BOLD oscillations within a comparable frequency range (0.03–0.10 Hz) across unimodal sensory 

and motor regions, during the transition from wakefulness to sleep.30,64 Similarly, two other studies 

reported a significant increase in spontaneous, low-frequency BOLD fluctuations (0.01–0.08 Hz) 

from resting wakefulness to light sleep, especially within primary sensory areas including visual, 

motor, and auditory cortices, with the visual cortex displaying the most robust increases.65,66 In 

fact, the magnitude of low-frequency BOLD signal fluctuations observed in the visual cortex 

during sleep was comparable to that observed during the performance of a visual task while 

awake.66 The ALFF increases observed during both dexmedetomidine-induced unconsciousness 

and sleep may reflect changes in neural oscillations—and specifically increases in slow wave 

amplitudes—preceding and driving the clearance of metabolic waste from the brain—a process 

more commonly referred to as glymphatic clearance67—and could provide further evidence of 

dexmedetomidine acting as a potential glymphatic clearance enhancer68–71 in humans.  
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Interestingly, another study examining changes in ALFF using a different anesthetic—propofol—

reported overall decreases in both ALFF and fractional ALFF during light and deep sedation, 

compared to wakefulness, and especially within transmodal frontal cortices.72 Collectively, these 

findings could point towards dexmedetomidine and natural sleep imprinting similar effects on the 

cortical BOLD signal during the unconscious state—especially within unimodal sensory 

cortices—as well as highlight the contrasting effects between dexmedetomidine/sleep and 

propofol in inducing unconsciousness, with the latter preferentially altering the BOLD signal of 

transmodal cortices.  

 

Collectively, the widespread increases in ALFF, decreases in fractional ALFF, and decreases in 

CBF observed during dexmedetomidine-induced hypnosis could support the notion that the brain 

enters a metabolically less demanding state. Arriving at this conclusion requires revisiting the 

physiological basis of the BOLD signal. The BOLD signal obtained from resting-state functional 

MRI is sensitive to local changes in the concentration of deoxygenated hemoglobin in the blood, 

which acts as a paramagnetic contrast agent causing inhomogeneities in the magnetic field and 

decreasing MRI signal intensity.73–75 Given that the BOLD signal fundamentally captures changes 

in brain blood deoxyhemoglobin, it has been used to indirectly infer changes in local neuronal 

activation, via neurovascular coupling: when neurons in a brain region are activated, oxygen is 

extracted from the local vasculature, leading to an increase in the concentration of deoxygenated 

hemoglobin. Therefore, the balance between oxygen consumption and oxygen supply modulates 

the BOLD signal. Prior work in humans has demonstrated that this balance shifts during both 

NREM sleep76 and after administration of dexmedetomidine,52 with oxygen consumption 

decreasing proportionately more than oxygen supply, compared to wakefulness. This leads to a 

decrease in paramagnetic deoxyhemoglobin, and, in turn, an increase in the BOLD signal. The 

increased ALFF and decreased CBF observed in our work could thus similarly suggest a decrease 

in oxygen supply accompanied by an even larger decrease in oxygen consumption taking place 

during dexmedetomidine-induced hypnosis, consistent with the brain attaining a metabolically less 

demanding state. This notion is also corroborated by the decreased fractional ALFF we observed 

during hypnosis, considering recent work reporting strong correlations between fractional ALFF 

with oxygen and glucose metabolism.77  

 

Individuals who remained unconscious versus individuals who regained consciousness 

 

Given that a subset of the individuals in our sample unexpectedly regained consciousness before 

the end of the experimental session while still receiving a maintenance infusion of 

dexmedetomidine dosed by weight (see Methodological Limitations section in our 

Supplementary Material), we attempted to identify whether any of the aforementioned 

connectivity and neurovascular markers differed between them (recovery sample) and the 

individuals who remained unconscious (unconscious sample).  

 

Indeed, the recovery sample displayed significantly higher baseline (awake) levels of mean 

functional connectivity strength compared to the rest of the individuals, especially within the 

visual, default mode, and cerebellar networks. The same sample also displayed higher levels of 

awake ALFF and CBF across the whole brain, compared to the unconscious sample. These 

differences could intuitively shed light on why the former group might have been able to wake up 

earlier: a decrease in these individuals’ functional connectivity strength and CBF during hypnosis 
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could still provide them with more integrative capacity and neurovascular tone compared to the 

rest of the individuals, due to their higher baseline values. Interestingly, all individuals within the 

recovery sample were females, an observation in accordance with recent work in the field 

indicating that females regain consciousness and recover cognition faster than males after 

anesthesia—a process appearing to be modulated by testosterone.78–80 More generally, 

dexmedetomidine has been shown to differentially impact females versus males, producing, for 

instance, a weaker morphine-sparing effect in controlling post-operative acute pain in females.81 

Critically, investigating the sex differences between commonly used anesthetic agents—and how 

their differential impact depends on other factors known to alter induction and emergence 

timescales, such as age and health status—would be a particularly fruitful clinical direction.  

 

Relationship between connectivity and neurovascular dynamics 

 

Finally, we examined whether the overall changes in connectivity observed during the transition 

from wakefulness to dexmedetomidine-induced unconsciousness, and finally early-stage recovery, 

correlated with the reported changes in neurovascular dynamics. Indeed, brain regions 

characterized by higher levels of spontaneous BOLD fluctuations during wakefulness—in the form 

of higher awake ALFF—tended to be less functionally connected to the rest of the brain. Instead, 

brain regions with higher levels of spontaneous BOLD fluctuations during hypnosis displayed 

lower SFC: that is, functional connectivity patterns that deviated more from the underlying 

anatomical connectivity. These results indicate that at each (un)conscious state, brain regions with 

putatively higher metabolic needs become more functionally flexible and independent from other 

brain regions as well as from the underlying anatomical constrains. This could perhaps represent 

a neuroprotective mechanism to compensate for high awake metabolism, as such metabolically 

active regions would be highly susceptible in the presence of neurodegenerative disorders, such as 

Alzheimer’s disease, given their capacity to more effectively accelerate pathology.82,83 

 

Lastly, baseline (awake) levels of functional connectivity strength predicted the percentage change 

in CBF during the transition from wakefulness to hypnosis. In other words, brain regions that were 

more strongly functionally connected to the rest of the brain tended to decrease their CBF more as 

they entered hypnosis. This finding could indicate once again how energetically consuming and 

topologically central brain regions might be entering a “resting” phase during unconsciousness, as 

a means to recalibrate and restore synaptic homeostasis.84    

 

In summary, we utilized multimodal non-invasive neuroimaging and data collected across multiple 

time-points to characterize widespread changes in network connectivity and neurovascular 

dynamics as the human brain transitions from wakefulness to dexmedetomidine-induced 

unconsciousness, and finally into the early-stage recovery of consciousness. Collectively, our 

results indicate that loss of consciousness is accompanied by widespread connectivity and 

neurovascular changes in the brain, characteristic of less metabolically demanding dynamics. 

 

 

METHODS 

 

DATASET 
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Healthy individuals (n = 14; mean age: 28.2 ± 5.6 years; age range: 22 – 39 years; 10 female) were 

recruited from the local community and scanned at the Hospital of the University of Pennsylvania 

using a Siemens Prisma 3T scanner (64-channel head/neck coil). They specifically underwent a 

battery of magnetic resonance imaging (MRI) sequences, including T1-weighted (voxel size: 

0.8 mm isotropic; repetition time [TR]: 2400 ms; echo time [TE]: 2.24 ms), diffusion-weighted 

(diffusion imaging; voxel size: 3 mm isotropic; TR: 2500 ms; TE: 65 ms; 61 non-colinear 

directions; 8 b=0 acquisitions), resting-state functional (700 volumes; voxel size: 2 mm isotropic; 

TR: 720 ms; TE: 37 ms), and arterial spin labeling (single-shot background-suppressed pseudo-

continuous arterial spin labeling [ASL]: 60 volumes; voxel size: 3.75 mm isotropic; TR: 4000 ms; 

TE: 10.03 ms, along with a reference image to estimate the equilibrium magnetization of blood 

[M0]) imaging. Informed consent was obtained from all individuals, and the procedures were 

approved by the University of Pennsylvania Institutional Review Board. 

 

The experimental protocol followed is schematically illustrated in Figure 1 and described below. 

Baseline scans (one T1-weighted scan, one resting-state functional MRI scan, and three pairs of 

diffusion-weighted scans each followed by an ASL sequence) were first acquired while each 

subject was awake. Each subject then received administration of the anesthetic agent 

dexmedetomidine (1μg/kg) via an intravenous catheter over 10 minutes followed by a 

dexmedetomidine infusion (1μg/kg/hr) for the duration of the remaining 3 scans to 

pharmacologically enter a state resembling NREM sleep. After the dexmedetomidine loading dose 

and during the dexmedetomidine infusion—while the subjects were unconscious—the same MRI 

sequences (with the exception of the T1-weighted sequence) were re-acquired. 

 

Out of the total 14 individuals who completed the experiment described above, 8 (mean age: 25.6 

± 4.6 years; age range: 22–36 years; all female) began prematurely waking up or displaying signs 

of behavioral arousal (i.e., squeezing the alarm ball, opening eyes, moving extremities) during the 

ongoing dexmedetomidine infusion towards the end of the experiment, starting at the beginning of 

their 3rd “hypnotic” diffusion-weighted scan (Figure 1). To further understand this small sub-

sample of individuals who recovered consciousness early, we used their data in the “3rd hypnotic” 

time-point to define an “early-stage recovery” time-point.  

 

To summarize, data from all 14 individuals were used for the first 5 time-points (the 3 awake and 

first 2 hypnotic time-points), data from only the 6 individuals who remained unconscious until the 

end of the experiment were used to define a 3rd hypnotic time-point, and data from only the 8 

individuals who started regaining consciousness early were used to define an early-stage recovery 

time-point. Comparisons between the values of interest across the awake, hypnotic, and recovery 

time-points are described in our Results section.  

 

PROCESSING PIPELINES 

 

For all analyses considered, cortical, subcortical, and cerebellar brain areas were defined using a 

combination of the Harvard-Oxford atlas and the AAL atlas. This combined Harvard-Oxford-AAL 

atlas incorporates 91 cortical regions of interest (ROIs) defined from FSL’s85 Harvard-Oxford 

maximum likelihood cortical atlas (HarvardOxford-cort-maxprob-thr25-1mm.nii), 15 subcortical 

ROIs from the Harvard-Oxford maximum likelihood subcortical atlas (HarvardOxford-sub-
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maxprob-thr25-1mm.nii), and 26 cerebellar ROIs from the Automated Anatomical Labeling atlas 

(AAL), for a total of 132 brain regions.86–90  

 

We applied two pipelines: a (1) connectivity pipeline, wherein changes in functional connectivity 

and the statistical correlation between structural and functional connectivity—more commonly 

referred to as structure-function coupling—were assessed; and a (2) neurovascular dynamics 

pipeline, wherein changes in two markers—ALFF and CBF—were estimated. We describe both 

pipelines in detail below: 

 

I. Connectivity pipeline 

 

Structural connectivity 

 

Structural connectivity was assessed using the acquired diffusion-weighted imaging sequences. 

Diffusion data were processed using the MRtrix3 toolbox.91 The first preprocessing step was 

denoising the data and manually examining the residual maps (difference maps between the 

denoised and original diffusion images) to ensure that no particular brain region was 

disproportionately impacted by artifactual noise. Eddy current-induced distortion and motion 

correction were then applied on the denoised diffusion data using the dwifslpreproc command. 

After this step had completed, the percentage of outlier slices for each diffusion scan was output 

and manually inspected; all diffusion scans used contained less than 2% of slices classified as 

outliers. Finally, B1 field inhomogeneity correction was applied on the diffusion data and an 

accurate brain mask was generated, to restrict all analyses just to brain voxels. 

 

The second part of diffusion data processing included determining the orientation of diffusion 

within each brain voxel. First, a basis response function was generated from each individual’s 

diffusion scans, using the dwi2response command and the “dhollander” algorithm; the purpose of 

this step was to decompose the diffusion signal within each tissue type (gray matter, white matter, 

and CSF) into a set of fiber orientations across different directions. These basis response functions 

were subsequently used to estimate fiber orientation densities using multi-shell, multi-tissue 

constrained spherical deconvolution (command: dwi2fod). The resulting fiber orientation densities 

were then normalized to ensure that any observed differences were not due to intensity contrasts 

in the diffusion image. 

 

The last component of the diffusion data processing invoked reconstructing the white matter tracts 

(i.e., streamlines) connecting the different gray matter brain regions, using anatomically 

constrained probabilistic tractography. For this purpose, an initial whole-brain tractogram 

containing ten million streamlines was first generated using the command tckgen; the “-act” flag 

was supplied to the command to only focus on streamlines constrained to the white matter. The 

streamlines were then refined by assigning them weights to reduce known biases (SIFT2 method;92 

command tcksift2). Finally, each subject’s refined streamline map was registered to a parcellated 

brain atlas (Harvard-Oxford-AAL atlas: n = 132 brain regions) that had been registered to the 

subject’s native anatomical space. Subject-specific, symmetric, weighted structural connectivity 

matrices of size 132 x 132 were then generated for each diffusion scan; each row and column of 

the matrix corresponded to a brain region and each edge to the SIFT2-weighted sum of the 
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streamlines connecting any two given regions divided by the sum of the regions’ gray matter 

volumes.  

 

Functional connectivity 

 

Functional connectivity was assessed using the ASL sequences acquired, a previously validated 

methodology,40,41 during the 6 different experimental time-points. ASL data were processed using 

MATLAB (version R2021a: The MathWorks, Inc.) and SPM (version 12)93. The ASL images were 

first motion corrected using the commands spm_realign (additional parameter used: 5 mm full-

width half-maximum Gaussian kernel smoothing applied) and spm_reslice. The motion corrected 

ASL images, as well as the reference image M0 acquired at each time-point, were then co-

registered to the anatomical space (the individual’s T1-weighted image) using trilinear 

interpolation, and lastly to the standardized MNI (2 mm) space using non-linear registration (FSL’s 

fnirt command).  

 

Using the processed ASL images, we finally constructed functional connectivity matrices for each 

of the 6 time-points considered. The mean ASL regional time-series (size: 1 x 60 volumes) was 

computed for each brain region of interest (for a total of 132 brain ROIs, as per the Harvard-

Oxford-AAL atlas); the coherence between two brain regions’ ASL regional time-series was 

calculated.94 From a technical standpoint, coherence measures the amount of cross-correlation 

between two time-series in the frequency domain. Thus, the coherence between brain region i and 

brain region j at frequency f is defined as: 

 

𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒𝑖𝑗 =
|𝑃𝑖𝑗(𝑓)|

2

𝑃𝑖𝑖(𝑓)𝑃𝑗𝑗(𝑓)
 , 

 

where 𝑃𝑖𝑗(𝑓) is the cross power spectral density between the time-series corresponding to brain 

regions i and j at frequency 𝑓.94,95 The average coherence between two brain regions across all 

frequencies greater than 0.01 Hz was computed using MATLAB’s mscohere command, and was 

used to define the functional connectivity between these two brain regions. A lower frequency 

threshold of 0.01 Hz was used to remove signals of non-biological origin.96 After computing the 

coherence between all pairs of brain regions for each ASL scan acquired, we constructed the 

corresponding functional connectivity matrices. A Fisher r-to-z transform was lastly applied on 

the functional connectivity matrices, using MATLAB’s atanh function, to normalize their values.95 

 

After the functional connectivity matrices were constructed for each individual, each brain region’s 

functional connectivity strength was calculated and defined as the sum of all edges between that 

brain region and all other brain regions in the functional connectivity matrix.  

 

Structure-function coupling 

 

Both structural and functional connectivities were assessed during all awake and hypnotic time-

points; given that there were three pairs of structural connectivity matrices generated at the awake 

state and three pairs at the hypnotic state, while there were only three functional connectivity 

matrices, we selected the three structural connectivity matrices at each state corresponding to the 

diffusion scans with the least amount of noise (as defined by each scan’s percentage of outlier 
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slices, as defined above). To examine the statistical relationship between structural and functional 

connectivity across each of these time-points, we computed their structure-function coupling 

(SFC). A brain region’s structure-function coupling was defined as the Pearson’s correlation 

coefficient between its structural connectivity vector (size: 1 x 132 ROIs) and its functional 

connectivity vector (size: 1 x 132 ROIs) towards all other brain regions, after excluding the self-

connection and any other entries where either the regional structural or functional connectivity was 

equal to zero, as previously defined.43 

 

These processes allowed us to compute six types of metrics for each connectivity metric 

(functional connectivity strength and SFC) examined: (i) the metric corresponding to each of the 

6 time-points, (ii) the metric during the average awake state, (iii) the metric during the average 

hypnotic state, (iv) the metric during the recovery state, (v) the percent change in the metric from 

the average awake to the average hypnotic state, and (vi) the percent change in the metric from the 

last hypnotic time-point to the recovery time-point. The latter two were calculated using the 

formulae: 

 

𝑋 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 (𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠 → ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠) = 100 ∗
𝑋ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠 − 𝑋𝑎𝑤𝑎𝑘𝑒

𝑋𝑎𝑤𝑎𝑘𝑒
 

 

and 

 

𝑋 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 (ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠 → 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦) = 100 ∗
𝑋𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 𝑋ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠

𝑋ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠
 , 

 

where X denotes the connectivity metric of interest (X = functional connectivity strength or SFC).  

 

II. Neurovascular dynamics pipeline 

 

Amplitude of low-frequency fluctuations (ALFF) 

 

Changes in ALFF for each individual were assessed using the resting-state functional MRIs 

acquired during their awake and hypnotic states, at the beginning and end of the experimental 

setup, respectively (Figure 1). The resting-state functional MRIs were processed with CONN 

(https://web.conn-toolbox.org/home; version 20.b),97,98 using its “default pre-processing pipeline 

for volume-based analyses (direct normalization to MNI-space).” A more detailed description of 

the pipeline has been previously reported;43 here we provide a brief listing of the processing steps: 

(i) Each subject’s functional scans were co-registered to a reference image, (ii) corrected for any 

temporal misalignment between slices that may have occurred during acquisition, (iii) the 

structural (T1-weighted) scans were segmented into gray matter, white matter, and CSF tissue 

classes, and both structural and functional scans were normalized into standardized MNI space, 

(iv) the functional images were smoothed using an 8 mm full-width half-maximum Gaussian 

kernel to increase the BOLD signal-to-noise ratio.98 After these pre-processing steps had taken 

place, CONN’s default denoising pipeline was utilized to remove any potential confounders 

identified in the BOLD signal. Confounders included noise components from white matter and 

cerebrospinal areas, estimated subject motion parameters (i.e., 3 rotation and 3 translation 

parameters, and their 6 associated first-order derivatives), flagged outlier scans, and session-
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related effects such as constant and linear BOLD signal trends. Frequencies below 0.008 Hz were 

also removed to mitigate the presence of low-frequency drifts and signals of non-biological origin. 

B0 field inhomogeneities in each subject’s resting-state functional MRI were also corrected, using 

double-echo gradient echo sequences (2 magnitude volumes and 1 phase difference volume [voxel 

size: 3 mm isotropic; TR: 580 ms; TE difference: 2.46 ms]) acquired during the MRI battery. 

 

After extracting each individual’s denoised resting-state BOLD signal time-series, the ALFF was 

estimated at each experimental time-point. The ALFF captures the power of low frequencies 

(0.01–0.08 Hz) within the BOLD signal, and was computed by (i) bandpass filtering the denoised 

BOLD signal time-series of each brain region over the frequency range 0.01–0.08 Hz, and then 

(ii) computing the standard deviation of that filtered BOLD signal.98,99 This allowed us to estimate 

an ALFF value for each brain region (as defined by the Harvard-Oxford-AAL atlas: n = 132 brain 

regions), for each individual, and at each experimental time-point.  

 

Similarly, a brain region’s fractional ALFF was defined as the ratio between its ALFF and the 

standard deviation of the overall BOLD signal (frequencies ≥ 0.008 Hz). In other words, fractional 

ALFF quantifies the power of the BOLD signal within the low-frequency range, relative to the 

power of the overall BOLD signal. 

 

There were six types of metrics extracted for each brain region and for each individual: (i) the 

(fractional) ALFF during the awake state, (ii) the (fractional) ALFF during the hypnotic state, and 

(iii) the percent change in (fractional) ALFF from the awake to the hypnotic state. The latter two 

were calculated using the formula: 

 
(𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙) 𝐴𝐿𝐹𝐹 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 (𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠 → ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠) 

 

= 100 ∗
(𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙) 𝐴𝐿𝐹𝐹ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠 − (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙) 𝐴𝐿𝐹𝐹𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠

(𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙) 𝐴𝐿𝐹𝐹𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠
 . 

 

Awake levels of (fractional) ALFF were computed across all individuals (n = 14) and hypnotic 

levels of (fractional) ALFF were computed only across the individuals who remained unconscious 

until the end of the experimental session (n = 6; see the “Dataset” section). Given that there were 

only two resting-state functional MRI sequences that were acquired for each individual during the 

experiment—once during wakefulness and once at the end of the experimental setup (Figure 1)—

we were not able to extract the percent change in (fractional) ALFF from a hypnotic time-point to 

a recovery time-point (see Supplementary Material: Methodological Limitations).    

 

Cerebral blood flow 

 

CBF within each brain region was estimated using the processed ASL sequences (see ‘Functional 

Connectivity’ section above). A CBF map corresponding to each of the 6 experimental time-points 

was generated using the equation: 

 

𝐶𝐵𝐹 =
6000 ∗ 𝜆 ∗ (𝑆𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑆𝐼𝑙𝑎𝑏𝑒𝑙 ) ∗ 𝑒

𝑃𝐿𝐷
𝑇1,𝑏𝑙𝑜𝑜𝑑

2 ∗ 𝛼 ∗ 𝑇1,𝑏𝑙𝑜𝑜𝑑 ∗ 𝑆𝐼𝑃𝐷 ∗ (1 − 𝑒
−

𝜏
𝑇1,𝑏𝑙𝑜𝑜𝑑)

 , 
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where 𝜆 is the brain/blood partition coefficient measured in mL/g (set to 0.9), 𝑆𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙  and 𝑆𝐼𝑙𝑎𝑏𝑒𝑙  

are the time-averaged signal intensities in the control and label images extracted from the 

processed ASL image (note: the ASL volumes consist of control and label images acquired in pairs 

and identically scaled), PLD refers to the post-labeling delay in the ASL scan measured in seconds 

(set to 1.5), 𝑇1,𝑏𝑙𝑜𝑜𝑑 is the longitudinal relaxation time of blood measured in seconds (set to 1.65), 

𝛼 is the labeling efficiency (scalar; set to 0.72), 𝑆𝐼𝑃𝐷  is the time-averaged signal intensity of the 

proton density-weighted image (M0 reference image), and τ is the label duration measured in 

seconds (set to 1.5).100 The 6000 factor in the numerator is included to convert the units of the 

above equation from mL/g/seconds to the more conventionally used mL/100 g/min.100 

 

After the above calculation was performed for each time-point, six types of metrics were extracted 

for each brain region and for each individual: (i) the CBF corresponding to each of the 6 time-

points, (ii) the CBF during the average awake state, (iii) the CBF during the average hypnotic state, 

(iv) the CBF during the hypnotic state, (v) the percent change in CBF from the average awake to 

the average hypnotic state, and (vi) the percent change in CBF from the last hypnotic time-point 

to the recovery time-point. The latter two were calculated using the formulae: 

 

𝐶𝐵𝐹 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 (𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠 → ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠) = 100 ∗
𝐶𝐵𝐹ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠 − 𝐶𝐵𝐹𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠

𝐶𝐵𝐹𝑤𝑎𝑘𝑒𝑓𝑢𝑙𝑛𝑒𝑠𝑠
 

 

and 

 

𝐶𝐵𝐹 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 (ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠 → 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦) = 100 ∗
𝐶𝐵𝐹𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 𝐶𝐵𝐹ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠

𝐶𝐵𝐹ℎ𝑦𝑝𝑛𝑜𝑠𝑖𝑠
 . 

 

STATISTICAL ANALYSES 

 

Statistical analyses were performed using MATLAB (version R2021a: The MathWorks, Inc.) and 

Python (version 3.7). A p-value < 0.05 was used as the threshold for significance. 

 

Whole-brain level analyses 

 

Repeated measures one-way analysis of variance (rmANOVA) tests were used to statistically 

compare the mean values of functional connectivity strength, SFC, and CBF across the 5 

experimental time-points (3 awake time-points and the first 2 hypnotic time-points) described in 

the “Whole-brain level” sections of our Results. The rmANOVA tests were followed by post-hoc 

correction for multiple comparisons (Tukey's honestly significant difference [HSD] test) to 

identify which pairs of time-points significantly differed in their mean values (as shown in Figures 

2A, 2C, 5A). To compare the mean values of the metrics of interest between the overall awake 

state (i.e., the average metric value across the 3 “awake” time-points) and the overall hypnotic 

state (i.e., the average metric value across the first 2 “hypnotic” time-points) (as shown in Figures 

2B, 2D, 4A, 4B), we used a Wilcoxon test for paired measurements, a non-parametric paired test 

bearing no assumption on the normality of the data distribution. We used the same test to compare 

brain regions’ functional connectivity strength, SFC, and CBF between the 2nd hypnotic time-point 

and recovery time-point (as shown in Figure 5B). Data from the 3rd hypnotic time-point were not 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2024. ; https://doi.org/10.1101/2024.10.04.616650doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.04.616650
http://creativecommons.org/licenses/by-nd/4.0/


 21 

included in the rmANOVA analyses, as a subset of the individuals (n = 8) did not remain 

unconscious during that time-point.  

 

Lastly, paired t-tests were used to compare the global functional connectivity strength, SFC, ALFF, 

and CBF values between each individual’s average awake vs. average hypnotic, and last hypnotic 

time-point vs. recovery time-point (as shown in Figures 3, 4C, 4D, 5C). For each comparison, we 

report the percent change in the variables’ magnitude and the corresponding p-value. 

 

Network level analyses 

 

To compare the mean functional connectivity strength, SFC, ALFF, and CBF metrics between the 

awake, hypnotic, and recovery states (as shown in Supplementary Figures 1-5, 7-10) across the 

9 networks examined (visual, somatomotor, dorsal attention, ventral attention, limbic, fronto-

parietal, default mode, subcortical, and cerebellar networks)37, we once again used paired samples 

Wilcoxon tests—with an additional Benjamini-Hochberg correction for multiple comparisons to 

control for the false discovery rate across these 9 comparisons. For each comparison, we report 

the percent change in the variables’ magnitude between the three states across each network and 

the corresponding p-value. 

 

Regional analyses 

 

Paired t-tests were once again used to compare regional differences in functional connectivity 

strength, SFC, ALFF, and CBF between the awake, hypnotic, and recovery states. For each 

comparison, we report the percent change in the variables’ magnitude between the three states and 

the corresponding p-value. 

 

Individuals who remained unconscious versus individuals who regained consciousness 

 

To compare the mean values of functional connectivity strength, SFC, and CBF between the subset 

of individuals who started regaining consciousness before the end of the experiment (recovery 

sample) and the rest of the individuals who remained unconscious (unconscious sample), we used 

a two-sided Mann-Whitney U test, a non-parametric test bearing no assumption on the normality 

of the data distribution (as shown in Figure 7). The same test—with Benjamini-Hochberg 

correction for multiple comparisons to control for the false discovery rate—was used to compare 

the two samples across the 9 networks examined (as shown in Supplementary Figure 10). In 

contrast to the previous three sections in our statistical analyses where we report percent changes 

in the variables’ magnitude, here we report the percent difference between the variables’ 

magnitude, since the two samples compared do not consist of the same individuals. The formula 

used to compute the percent difference for variable X (where X can be functional connectivity 

strength, SFC, ALFF, or CBF) was: 

 

𝑋 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑢𝑛𝑐𝑜𝑛𝑠𝑐𝑖𝑜𝑢𝑠 𝑣𝑠. 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒) 

 

= 100 ∗
|𝑋𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑋𝑢𝑛𝑐𝑜𝑛𝑠𝑐𝑖𝑜𝑢𝑠 𝑠𝑎𝑚𝑝𝑙𝑒 |

𝑋𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑋𝑢𝑛𝑐𝑜𝑛𝑠𝑐𝑖𝑜𝑢𝑠 𝑠𝑎𝑚𝑝𝑙𝑒

2

 . 
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Relationship between connectivity and neurovascular dynamics 

 

The comparisons reported in the “Relationship between connectivity and neurovascular dynamics” 

section of our Results were carried out using a previously established “simple permutation-based 

test of intermodal correspondence” (SPICE test) that assesses how two brain maps correlate at the 

individual level, on average.101 We briefly describe the SPICE test below. 

 

Let us assume that we want to correlate variables (i.e., brain maps) X and Y across multiple 

individuals. First, we format X and Y to each be of size <number of individuals x number of brain 

regions considered>, which in our case was 14 x 132. Each entry in these matrices corresponds to 

the value of the respective variable for a given individual and a given brain region. The permutation 

test then performs the following steps: (1) First, it computes the Spearman’s correlation coefficient 

between entries of each row of X and those in each row of Y (i.e., brain regions for each 

individual); (2) the average correlation coefficient across all individuals is then estimated, and 

designated as the observed correlation coefficient Cobs; (3) the rows of Y are randomly sampled 

without replacement, generating a shuffled version of variable Y denoted: Ypermuted; what this step 

does is shuffle the order of individuals within variable Y, while maintaining the order of 

individuals in variable X (original order of rows of X). This step also maintains inherent spatial 

dependencies within both X and Y (i.e., original order of columns of both X and Y); (4) the new 

average correlation coefficient across individuals between variables X and Ypermuted is re-estimated 

as per steps 1 and 2, and designated as a null correlation coefficient Cnull; (5) steps 3 and 4 are 

repeated K times (here, K = 10,000) to generate a distribution of null coefficients; (6) a p-value 

(pSPICE) is finally estimated by counting the number of permutations where the (absolute) 

magnitude of Cnull exceeds that of Cobs, divided by the total number of permutations (here 10,000) 

plus 1, which accounts for the identity permutation.101   

 

In the statistical comparisons mentioned in the section “Relationship between connectivity and 

neurovascular dynamics” of our Results, we report (i) the average Spearman’s correlation 

coefficient r across subjects for each comparison (variable Cobs described above) and (ii) the 

corresponding pSPICE value. 

 

 

CITATION DIVERSITY STATEMENT 

 

Recent work in several fields of science has identified a bias in citation practices such that papers 

from women and other minority scholars are under-cited relative to the number of such papers in 

the field.102–106 We obtained the predicted gender of the first and last author of each reference by 

using databases that store the probability of a first name being carried by a woman.106 By this 

measure (and excluding self-citations to the first and last authors of our current paper), our 

references contain 3.1% woman(first)/woman(last), 13.3% man/woman, 29.6% woman/man, and 

54% man/man. This method is limited in that a) names, pronouns, and social media profiles used 

to construct the databases may not, in every case, be indicative of gender identity and b) it cannot 

account for intersex, non-binary, or transgender people. We look forward to future work that could 

help us better understand how to support equitable practices in science. 
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FIGURES 

 

Figure 1 

 

 
 

Figure 1 — Experimental design.  

Schematic illustration of the experimental setup used in this study. Healthy individuals (n = 14) 

underwent a magnetic resonance imaging (MRI) battery consisting of structural (T1-weighted), 

resting-state functional MR, diffusion-weighted, and arterial spin labeling imaging, while they 

were awake (awake state). Each awake time-point is denoted, followed by the total number of 

individuals who completed it. Dexmedetomidine was loaded over 10 minutes and then 

administered as a continuous infusion for the duration of the “hypnosis” scans. Once individuals 

were behaviorally unconscious, the same MRI battery was repeated during hypnosis (hypnotic 

state). For hypnotic time-points 1 and 2, data from all individuals (n = 14) were used; for hypnotic 

time-point 3, only data from a subset of individuals who remained unconscious were used (n = 6), 

as the rest of the sample had already started recovering from the hypnosis. This latter subset (n = 

8) was labeled as the “recovery sample;” data from these individuals were used to define recovery 

time-point 1. BOLD: blood oxygen level-dependent signal; DWI: diffusion-weighted imaging; 

ASL: arterial spin labeling. 
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Figure 2 

 

 
 

Figure 2 — Whole-brain changes in functional connectivity strength and structure-function 

coupling from wakefulness to dexmedetomidine-induced unconsciousness. 

A: Changes in whole-brain functional connectivity strength across the 3 awake and 2 hypnotic 

time-points (n = 132 brain regions/datapoints for each boxplot, averaged across all individuals). 

B: Changes in whole-brain functional connectivity strength across the average awake state and the 

average hypnotic state (n = 132 brain regions/datapoints for each boxplot, averaged across all 

individuals). C: Changes in whole-brain structure-function coupling across the 3 awake and 2 

hypnotic time-points (n = 132 brain regions/datapoints for each boxplot, averaged across all 

individuals). D: Changes in whole-brain structure-function coupling across the average awake 

state and the average hypnotic state (n = 132 brain regions/datapoints for each boxplot, averaged 

across all individuals). p-value annotation legend: non-significant (ns): 0.05 < p ≤ 1, *: 0.01 < p ≤ 

0.05, **: 0.001< p ≤ 0.01, ***: 10-4 < p ≤ 10-3, ****: p ≤ 10-4; p-values in Figures 2A and 2C 

correspond to repeated measures ANOVA tests followed by post-hoc correction for multiple 

comparisons (Tukey's honestly significant difference [HSD] test), while p-values in Figures 2B 

and 2D correspond to paired samples Wilcoxon tests.  
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Figure 3 

 

 
 

Figure 3 — Whole-brain changes in connectivity variables from dexmedetomidine-induced 

unconsciousness to early-stage recovery. 

A: Changes in whole-brain functional connectivity strength for each individual across the average 

awake state and the average hypnotic state (n = 14 datapoints for each state, denoting each 

individual). B: Changes in whole-brain structure-function coupling for each individual across the 

average awake state and the average hypnotic state (n = 14 datapoints for each state, denoting each 

individual). C: Changes in whole-brain functional connectivity strength for each individual across 

the last hypnotic time-point and the recovery time-point (n = 8 datapoints for each state, denoting 

each individual that recovered consciousness before the end of the experiment). D: Changes in 

whole-brain structure-function coupling for each individual across the last hypnotic time-point and 

the recovery time-point (n = 8 datapoints for each state, denoting each individual that recovered 

consciousness before the end of the experiment). p-value annotation legend: non-significant (ns): 

0.05 < p ≤ 1, *: 0.01 < p ≤ 0.05, **: 0.001< p ≤ 0.01, ***: 10-4 < p ≤ 10-3, ****: p ≤ 10-4; p-values 

here correspond to paired t-tests. 
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Figure 4 

 

 
 

Figure 4 — Whole-brain changes in amplitude of low-frequency fluctuations and cerebral 

blood flow from wakefulness to dexmedetomidine-induced unconsciousness. 

A: Changes in whole-brain amplitude of low-frequency fluctuations (ALFF) across the average 

awake state and the average hypnotic state (n = 132 brain regions/datapoints for each boxplot, 

averaged across all individuals). B: Changes in whole-brain cerebral blood flow (CBF) across the 

average awake state and the average hypnotic state (n = 132 brain regions/datapoints for each 

boxplot, averaged across all individuals). C: Changes in whole-brain ALFF for each individual 

across the average awake state and the average hypnotic state (n = 6 datapoints for each state, 

denoting each individual that remained unconscious until the end of the experiment). D: Changes 

in whole-brain CBF for each individual across the average awake state and the average hypnotic 

state (n = 14 datapoints for each state, denoting each individual). p-value annotation legend: non-

significant (ns): 0.05 < p ≤ 1, *: 0.01 < p ≤ 0.05, **: 0.001< p ≤ 0.01, ***: 10-4 < p ≤ 10-3, ****: p 

≤ 10-4; p-values in Figures 4A and 4B correspond to paired samples Wilcoxon tests, while p-values 

in Figures 4C and 4D correspond to paired t-tests. 
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Figure 5 

 

 
 

Figure 5 — Whole-brain changes in cerebral blood flow from wakefulness to 

dexmedetomidine-induced unconsciousness. 

A: Changes in whole-brain cerebral blood flow across the 3 awake and 2 hypnotic time-points (n 

= 132 brain regions/datapoints for each boxplot, averaged across all individuals). B: Changes in 

whole-brain cerebral blood flow across the last hypnotic time-point and the recovery time-point (n 

= 132 brain regions/datapoints for each boxplot, averaged across all individuals). C: Changes in 

whole-brain CBF for each individual across the last hypnotic time-point and the recovery time-

point (n = 8 datapoints for each state, denoting each individual that recovered consciousness before 

the end of the experiment). p-value annotation legend: non-significant (ns): 0.05 < p ≤ 1, *: 0.01 

< p ≤ 0.05, **: 0.001< p ≤ 0.01, ***: 10-4 < p ≤ 10-3, ****: p ≤ 10-4; the p-value in Figure 5A 

corresponds to a repeated measures ANOVA test followed by post-hoc correction for multiple 

comparisons (Tukey's honestly significant difference [HSD] test), the p-value in Figure 5B 

corresponds to a paired samples Wilcoxon test, and the p-value in Figure 5C corresponds to a 

paired t-test. 
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Figure 6 

 

 
 

Figure 6 — Regional changes in cerebral blood flow during the transition from wakefulness 

to dexmedetomidine-induced unconsciousness, and finally to early-stage recovery. 

Top row: Cerebral blood flow (CBF) changes during the transition from wakefulness to hypnosis 

along axial brain slices (left column), sagittal slices (middle column), and on a 3D rendered 

standardized (MNI152) brain (right column), across all individuals (n = 14). Warm colors indicate 

brain regions where CBF is higher during wakefulness, compared to hypnosis. Bottom row: CBF 

changes during the transition from hypnosis to early-stage recovery of consciousness along axial 

brain slices (left column), sagittal slices (middle column), and on a 3D rendered standardized 

(MNI152) brain (right column), across individuals within the recovery sample (n = 8). Warm 

colors indicate brain regions where CBF is higher during hypnosis, compared to recovery. All 

spatial maps were generated using FSL’s randomise tool, a non-parametric permutation inference 

tool (number of permutations for each analysis = 5,000). test statistic: threshold-free cluster 

enhancement-based statistic107 derived from FSL’s randomise tool; pFWE: p-value corrected for 

family-wise error. 
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Figure 7 

 

 
 

Figure 7 — Whole-brain differences in connectivity and neurovascular variables between 

the subset of individuals who remained unconscious until the end of the experiment 

(unconscious sample) and the individuals who started regaining consciousness earlier 

(recovery sample). 

A: Differences in whole-brain functional connectivity strength between the two samples (n = 132 

brain regions/datapoints for each boxplot). B: Differences in whole-brain ALFF between the two 

samples (n = 132 brain regions/datapoints for each boxplot). C: Differences in whole-brain 

cerebral blood flow between the two samples (n = 132 brain regions/datapoints for each boxplot). 

p-value annotation legend: non-significant (ns): 0.05 < p ≤ 1, *: 0.01 < p ≤ 0.05, **: 0.001< p ≤ 

0.01, ***: 10-4 < p ≤ 10-3, ****: p ≤ 10-4; p-values here correspond to two-sided Mann-Whitney U 

tests. 
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