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An empirical link between the EEG spectral exponent,
the complexity of TMS-evoked EEG dynamics and consciousness,

across severe brain-injury and anesthesia

Severe brain injuries can result in Disorders of Consciousness (DoC), whereby consciousness may be
retained, despite widely different limitations of the behavioural repertoire. Objective, mechanistically
interpretable neurophysiological markers of consciousness are thus needed to help overcome the
limitations of behavioural assessments of DoC following severe brain injuries. Severe brain injuries, by
removing thalamocortical afferent connectivity, may reduce excitatory inputs to cortical regions spared
from the injury, thereby inducing slower activity. Broad-band slowing, measured by the spectral exponent,
has been previously linked to lower excitation/inhibition ratio (E/I) of cortical activity. We thus
hypothesized that the EEG spectral exponent may index the presence of consciousness, following severe
focal/multifocal brain injury.

We validate our spontaneous-EEG findings considering behavioural responsiveness (when present) and,
during unresponsiveness, an independently-established consciousness marker, based on the complexity of
EEG activity evoked Transcranial Magnetic Stimulation (TMS), the Perturbational Complexity Index (PCI).
We further investigate the relationship between these two spontaneous and evoked markers.
The findings obtained in DoC patients (n=59) of traumatic and vascular aetiology, were moreover validated
in a Reference dataset (n=65), of known neurotypical, neurological and anesthesia conditions.

The spectral exponent robustly stratified patients and discriminated un/consciousness among traumatic
and vascular DoC across un/responsive conditions, and optimally generalized to the reference dataset.
Further, it predicted PCI values, suggesting that a single mechanism may underlie broad-band slowing,
lower complexity of TMS-evoked cortical activity, and loss of consciousness.
Lower E/I may constitute such mechanism, by favoring highly integrated yet differentiated activity, a 
theoretical requirement for achieving both high PCI and the emergence consciousness. More generally, our 
empirical results support theories that predict the emergence of consciousness near a critical transition
between activity propagation and extinction



PCI = Information content of SS
Entropy of SS
_____________________

Spectral Exponent:
slope of the power-law fit of 
the PSD arrhythmic background

Spontaneous- EEG EEG activity evoked by 
Transcranial Magnetic Stimulation
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The EEG spectral exponent indexes the 1/f-like PSD decay, reflecting EEG slowing (Colombo et al. 2019)
A more negative broad-band spectral exponent indexes a steeper power spectral density (PSD) decay, related to a 
‘slower’ and ‘smoother’ temporal profile of the EEG signals, such that the amplitude of low frequencies becomes 
larger relative to high frequencies. To illustrate this concept, an EEG signal (recorded during wakefulness, green) is 
progressively filtered, so as to reduce its broad-band spectral exponent (darker colors). Filtering is obtained by taking 
the Fourier transform of the original signal, changing the slope of the PSD (PSD rotation), then reconstructing the 
signal via the inverse Fourier transform.
First, the PSD was estimated at each electrode using the Welch's method (2s Hanning windows, 50% overlap). 
Oscillations (Theta, Alpha, Beta) appear as peaks above PSD background, and thus deviate from the overall 1/f 
shape. A three-step fitting procedure is devised to discard oscillatory peaks, prior estimating the background slope. 
1) Fit a first OLS line to the PSD (gray dashed line), in log-log coordinates. 2) Identify and discard frequency bins 
around oscillatory peaks (bins with large positive residuals, >1 median absolute deviation). Adjacent bins with 
positive residuals are also discarded, so as to discard both the top and the base of the peak (thin blue dotted line). 3) 
Fit a second OLS line (thick black line) to the remaining frequency bins. The slope of this second line corresponds to 
the spectral exponent. Spontaneous-EEG was recorded contextually to TMS-EEG recordings. 

Perturbational Complexity Index (PCI), reflects the complexity of TMS-evoked EEG responses. PCI is an
independently established highly-sensitive marker of consciousness (Casali et al. 2013; Casarotto et al. 2016)
The cortex is perturbed with TMS (a green star indexes the stimulation site) to engage distributed interactions in the
brain, then the evoked spatiotemporal patterns of these EEG responses are compressed to measure their algorithmic
complexity (Casali et al. 2013). The average EEG activity (>60 electrodes) over several dozens of trials is displayed by
temporal EEG traces (A) and voltage scalp-topographies, sampled at few selected instants (B). Subsequently, the
corresponding distributions of cortical currents are estimated by means of a weighted minimum norm inverse
solution applied to a three-sphere BERG forward model (sources, C). Low-amplitude activity not exceeding baseline
levels is discarded, by applying a nonparametric bootstrap-based statistical procedure, yielding Significant TMS-
evoked cortical currents (D); which are then binarized (E) into a spatiotemporal distribution of significant sources
(SS). Sources in the matrix SS(x,t) are sorted, from bottom to top, on the basis of their total post-stimulus activity.
The SS information content is estimated by its Lempel-Ziv complexity (a measure of incompressibility based on the
number of non-repeated patterns). PCI is defined as the information content of SS, normalized by the correspondent
source entropy.
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Patients with Unresponsiveness Wakefulness Syndrome (UWS, also known as Vegetative State) have preserved arousal 
functions and can maintain their eyes open, but do not display behavioural signs of consciousness. A substantial portion 
of them displays neural signatures of preserved capacity for consciousness, as indexed by high PCI. Consistently, these 
patients not only display high PCI values like patients in a Minimally Conscious State (MCS, behaviourally responsive), 
but also display spontaneous-EEG traces similar to MCS patients, with relatively desynchronized EEG background 
activity (A, bottom rows). In contrast, traumatic and vascular UWS patients with low-PCI show a high degree of EEG 
slowing (A, top rows).
Based on previous clinical neurophysiological knowledge, we chose to focus on traumatic and vascular aetiology only, 
which we include in the DoC not-anoxia dataset. We excluded the anoxic aetiology, since diffuse severe anoxic damage 
typically leads to EEG hypovoltage, an overall power suppression that hampers the signal-to-noise ratio of neural to 
artefactual myogenic activity (top-right). 

In order to verify the generalizability of findings, we also include a Reference dataset of neurological, neurotypical, and
anesthesia conditions. Specifically, we included conscious brain-injured patients capable of functional communication
(Emergence from MCS, Locked In Syndrome, Stroke of Cortical and Subcortical origin), neurotypical individuals during
wakefulness (Wakefulness with eyes open/closed) as well as during different anesthetic conditions, tailored to reach
complete behavioural unresponsiveness: Xenon and Propofol (yielding no conscious reports upon awakening, and low-
PCI) and Ketamine (yielding dream-like conscious reports upon awakening and high PCI).

B) For the Behavioural scheme, the classification reflected the presence/absence of behavioural responsiveness
(assessed by the Coma Recovery Scale-Revised in DoC and severely brain-injured patients, by the Ramsay-scale during
anesthesia, or by functional communication otherwise); groups of patients were stratified according to 4 levels (A-D).
The NeuroBehavioural scheme integrates neural evidence into the Behavioural scheme. For to the NeuroBehavioural
scheme, the classification reflected the presence/absence of the capacity for consciousness, estimated from the best
outcome from behavioural and neural evidence (PCI-max values grouped into zero or low values vs high values).
Further, groups of patients were stratified according to 7 levels (a-g), thus refining the behavioural stratification on the
lower end according to PCI-max (reflecting the complexity of EEG patterns evoked by direct cortical perturbations), and
on the upper end according to the presence/absence of a brain injury.

Capacity for consciousness can be preserved during behavioural unresponsiveness,
in Disorders of Consciousness that follow severe brain injury





Unconsciousness implies a clock-wise rotation of the Power Spectral Density,

and thus a steeper PSD decay, in not-anoxic patients and in reference conditions

The PSD is shown for each group (averaged with the geometric mean across electrodes first, and subjects

later); inlet graphs show the 1/f-like fit of the PSD arrhythmic background over the 1-40 Hz range, yielding a

straight line in log-log coordinates. In the DoC-Not-Anoxia and in the Reference dataset, unconscious

individuals (UWS-0PCI and UWS-loPCI) the PSD rotates clockwise, implying a steeper PSD decay and broad-

band slowing.

In patients with vascular or traumatic aetiology included in our DoC-Not-Anoxia dataset, focal or multifocal

brain lesions coexist with structurally preserved area; in general anaesthesia, functional disconnection

occurs in a structurally preserved brain. The present findings are consistent with the notion that slow waves

emerge in structurally preserved cortical tissue suffering from (partial) deafferentation (Sanchez-Vives and

McCormick 2000; Timofeev 2000). Controlled focal brain lesions generate slowing in areas connected to the

lesion, as revealed by intracranial human recordings (Russo et al. 2021). In cats, cortical slowing appears with

the interruption of afferences, either by white matter, thalamic, hypothalamic or brainstem lesions. In DoC

patients, EEG slowing correlated with thalamic atrophy, implying that cortical slowing follows the damage of

diffuse thalamocortical projections (Lutkenhoff et al. 2022). Further, hemispheric slowing–measured by the

spectral exponent–identified the affected hemisphere of stroke patients, and negatively predicted functional

recovery (Lanzone et al. 2022).

Loss of consciousness in non-anoxic DoC (and anaesthesia) was associated to EEG slowing, 
likely generated by (functionally/structurally) deafferented, yet intact, cortical tissue





More negative Spectral Exponent values, indexing broad-band slowing and steeper PSD decay, 

predicted unconsciousness and lower PCI values across a wide range of conditions: 

focal/multifocal brain injuries, neurotypical wakefulness and different anaesthetics

Spectral Exponent indexed the presence of consciousness (Left, T-values, aROC) and stratified individuals in

line with the NeuroBehavioural scheme (middle, Spearman’s Rho). Spectral exponent and PCI capture

separate aspects of brain activity (spontaneous and TMS-evoked respectively), hence their correlation is

intriguing (Right). Their relationship may be explained by mechanisms regulating the propagation/extinction

of cortical activity. Specifically, steeper PSD decay has been associated with lower excitation-inhibition ratio

of synaptic activity (Gao et al. 2017), longer-lasting inhibitory post-synaptic potentials and lower firing rate

(Brake et al. 2021). Near the critical transition between activity propagation and extinction, neural activity

becomes maximally integrated and differentiated across areas (Tagliazucchi 2017). The criticality framework

offers a mechanistic explanation for the joint emergence of consciousness and integrated information (Lee et

al. 2019; Kim and Lee 2019). Thus, the critical regime may provide an optimal condition to obtain high

complexity of TMS-evoked EEG activity, a key property of conscious states (Casali et al. 2013; Casarotto et al.

2016). Conversely, the prevalence of extinction over propagation mechanisms entail low PCI values–

corresponding to less complex, more stereotypical and/or spatially constrained responses, typical of

unconsciousness. Supporting this view, a reduction in network criticality and a steeper PSD decay were

jointly observed during propofol-induced loss of consciousness (Toker et al. 2022; Maschke et al. 2022). In

sum, the balance between propagation and extinction of cortical activity may underlie the observed relation

between the PSD decay, PCI values and the capacity for consciousness.

Overall, our empirical results support theories that predict the emergence of consciousness 

near a critical transition between activity propagation and extinction



Loss of consciousness

Lower E/I

PCI reduction

Unconscious
Capacity for 
consciousness
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