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Modern medicine has been shaken by the surge of psychedelic science that proposes a new approach to mitigate mental disorders,
such as depression and post-traumatic stress disorder. Clinical trials to investigate whether psychedelic substances can treat psychi-
atric conditions are now underway, yet less discussion gravitates around their use in neurological disorders due to brain injury. One
suggested implementation of brain-complexity enhancing psychedelics is to treat people with post-comatose disorders of conscious-
ness (DoC). In this article, we discuss the rationale of this endeavour, examining possible outcomes of such experiments by postulating
the existence of an optimal level of complexity. We consider the possible counterintuitive effects of both psychedelics and DoC on
the functional connectivity of the default mode network and its possible impact on selfhood. We also elaborate on the role of com-
putational modelling in providing complementary information to experimental studies, both contributing to our understanding of the
treatment mechanisms and providing a path towards personalized medicine. Finally, we update the discourse surrounding the ethical

considerations, encompassing clinical and scientific values.

brain complexity; whole-brain model (WBM); disorders of consciousness; treatment; psychedelics; criticality

Psychedelic drugs include several substances which are
commonly divided into two categories: typical and atypical
psychedelics. Typical psychedelics act upon the 5-HT2A recep-
tor, such as psilocybin, lysergic acid diethylamide (LSD), and
N, N-Dimethyltryptamine (DMT), and atypical psychedelics act
primarily through other neurotransmitter systems, such as the
glutamatergic N-methyl-D-aspartate (NMDA) receptor antagonist
ketamine (Vollenweider and Preller 2020). In the twentieth cen-
tury, scientific research into psychedelic drugs flourished through
several lines of investigation, including their potential to be
employed as an adjunct psychotherapeutic tool in treating psy-
chiatric disorders (Rhead et al. 1977) where this research informed
clinical practice (Pahnke 1963, Grof et al. 1973, Savage and Mccabe
1973). This scientific prosperity was halted after the prohibition of
psychedelics in the USA in 1970 which quickly spread worldwide,
as these substances were labelled as havingno medical use or ben-
efit. This has been suggested by some to be the largest censorship
in the history of science (Nutt et al. 2020). Nevertheless, in the last
decade, a resurgence of scientific interest in these substances is

re-establishing these ‘non-specific amplifiers’ of experience (Grof,
1979) as holding great potential in psychiatry, (Carhart-Harris and
Goodwin 2017, Nutt 2019, Vollenweider and Preller 2020) where
several clinical trials utilising psychedelic drugs to treat a number
of affective psychiatric disorders have yielded promising results
(Gasser et al. 2014, Griffiths et al. 2016, Danforth et al. 2018,
Carhart-Harris et al. 2021, Mitchell et al. 2021, 2023, Spriggs et al.
2021, Bogenschutz et al. 2022, Daws et al. 2022). In these appli-
cations, the experience-distorting properties of psychedelic drugs
are thought to be critical to their therapeutic efficacy (Yaden and
Griffiths 2020). However, an opinion paper in 2019 by Scott and
Carhart-Harris (Scott and Carhart-Harris 2019) proposed a dif-
ferent scientific rationale by suggesting to use psychedelic drugs
to treat post-comatose disorders of consciousness (DoC). People
with DoC represent a group of severely brain-injured patients
with varying capacities of awareness, as well as a pathologically
low brain complexity. DoC is an umbrella term that encom-
passes different clinical entities: the unresponsive wakefulness
syndrome (UWS) is characterised by the presence of wakefulness
and reflex actions yet an absence of awareness (Laureys et al.
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2010); the minimally conscious state (MCS) is characterised by
lack of functional communication but an increased level of aware-
ness through non-reflex behaviours (e.g. visual pursuit, respond
to command) (Giacino et al. 2002). Additional recent investiga-
tions have demonstrated that some UWS patients (called MCS*
or patients with cognitive-motor dissociation, CMD) show covert
consciousness with neuroimaging even if no overtly conscious
behaviour is displayed at the bedside (Owen et al. 2006, Monti
etal. 2010, Schiff 2015, Thibaut et al. 2021). When a patient regains
communication, they no longer occupy a DoC and are considered
as emerged from MCS (EMCS). For recent reviews on DoC, con-
sult Zasler et al. (2019), Alnagger et al. (2023), and Sanz et al.
(2023). Rather than leveraging the impact of psychedelic drugs on
experience, as in their psychotherapeutic utilisation, the approach
outlined by Scott and Carhart-Harris (Scott and Carhart-Harris
2019) focuses on the direct mechanisms of psychedelic drugs to
increase the complexity of networks in the brains of people with
DoC. Here we update the scientific discourse on this original ratio-
nale and set our vision for its potential implementation. We also
discuss its impact on the science of consciousness and comment
on possible ethical concerns.

In the field of the neuroscience of consciousness, there is a con-
sensus over the link between brain complexity and consciousness
(Sarasso et al. 2021). There are prominent theories that directly
draw a relationship between the two, such as the Integrated
Information Theory (IIT) (Tononi 2008, Oizumi et al. 2014) or the
entropic brain hypothesis (Carhart-Harris et al. 2014, Carhart-
Harris 2018). Brain complexity refers to the irreducibility of brain
activity that emerges from the combination of integration and dif-
ferentiation. Operationally, it can be measured in various ways.
One of the simplest is via Lempel-Ziv Complexity (LZC), which
gauges the repetitiveness of brain activity after binarisation. LZC
decreases in anaesthesia (Schartner et al. 2015) and DoC (Altl-
ntop et al. 2022, Liu et al. 2023), and changes over sleep stages
(Andrillon et al. 2016, Aamodt et al. 2023). Another related mea-
sure is the perturbational complexity index (PCI), which computes
the complexity of the response of the brain to either an external
perturbation such as a transcranial magnetic stimulation (TMS)
pulse (Casali et al. 2013) or an intracortical stimulation (Como-
latti et al. 2019), and that decreases during general anaesthesia,
sleep, and DoC (Casali et al. 2013, Casarotto et al. 2015, Rosanova
et al. 2018, Comolatti et al. 2019). New promising measures, such
as the explainable consciousness indicator (ECI), provide more
than a single number (i.e. one for wakefulness and one for aware-
ness) (Lee et al. 2022). While most of these measures (e.g. PCI) are
inspired by specific theoretical frameworks (e.g. IIT), they are not
direct measures of any theoretical construct within the theories
themselves. For the specific case of PCI, we invite the interested
reader to consult Mediano et al. (2022) and Leung and Tsuchiya
(2023) for a larger discussion. Finally, (intrinsic) information (Bar-
bosa et al. 2020), used in the latest version of IIT (Albantakis et al.
2023), is not yet measured by LZC or PCI. For a larger discussion
about complexity measures and how to interpret them, see Box 1.

In healthy subjects, brain complexity and consciousness
strongly covary: when a person is conscious they report hav-
ing a subjective experience and their brain complexity is high;
conversely, when someone has no experience, brain complex-
ity is low (Casali et al. 2013). The observation is robust for both
spontaneous reversible states such as dreamless sleep (Massi-
mini et al. 2005, Schartner et al. 2017) and induced reversible

unconsciousness states like dreamless general anaesthesia with
no report under propofol, xenon, and midazolam (Sarasso et al.
2015). Analogous to this, brain complexity is low in unconscious
DoC patients (i.e. UWS) (Casali et al. 2013, Casarotto et al. 2015).
Since DoC patients are unable to report (by whatever means),
there is little to no information about the phenomenology of these
patients (Fingelkurts and Fingelkurts 2023). When observing the
difference in complexity between UWS and MCS, the latter has
higher complexity compared to the former reflecting the ‘min-
imal’ conserved level of consciousness (Casarotto et al. 2015).
For PCI, this facilitated the creation of a theoretical threshold to
differentiate the two, effectively separating conscious and uncon-
scious states (Casarotto et al. 2015). Currently, no other thresholds
are available for other measures such as LZC, possibly due to an
absence of standardised methodology in preprocessing the data.
Remarkably, during the psychedelic state, both LZC and analogous
fMRI-measurements are higher than in wakefulness (Schartner
et al. 2017, Viol et al. 2017). Consequently, if consciousness and
complexity are inherently connected, as it is currently thought,
in principle, administering a psychedelic to patients with DoC
could ameliorate their consciousness via increasing complexity.
This might manifest through new behaviours, (delayed) reports
of richer mental imagery, or merely through episodes of discon-
nected consciousness (a state of consciousness that has no link
with the environment, such the one experienced in dreaming). We
should note that these two latter cases might not be detected, at
least during the moment when they are experienced, but could be
reported a posteriori. If psychedelics were an effective treatment
for DoC, it might completely change the management of this frag-
ile population for whom limited therapeutic options are currently
available (Thibaut et al. 2019).

Psychedelics impart transient distortions of perceptions and
at high doses in optimal settings can result in experiences often
termed ‘mystical experiences’ characterised by sense of unity and
interconnectedness, which can result in profound psychological
changes (Hirschfeld and Schmidt 2021). Until now, the utility
of psychedelics to treat psychiatric disorders has mainly hinged
upon this impact on subjective experience, as the antidepressive
potency of the treatment that has been shown to be linked to
the self-reported importance of the mystical experience (Griffiths
et al. 2016, Ross et al. 2016). Notwithstanding, there is current
discussion whether the positive clinical changes after exposure
to psychedelic drugs can be solely attributed to the subjective
experience (Yaden and Griffiths 2020) or to its underlying neuro-
physiological effects (Olson 2021). Additionally, there are several
nuanced positions within each perspective, i.e. a change of the
model of the Self (Letheby 2021), or a modification of metaphysical
beliefs (Timmermann et al. 2021). While we consider this debate to
be useful for the current use of psychedelics, we deem it secondary
in the novel interests of psychedelics for brain-injured patients
(Gosseries and Martial 2020, Khan et al. 2021). Here, we are pre-
senting a novel use case for psychedelics in that we are utilising
the mechanistic capabilities of the drugs to directly increase brain
complexity.

If we assume that psychedelics increase complexity per se, then
we would expect an amelioration of consciousness in DoC, ‘regard-
less’ of the diagnosis. If anything, unresponsive patients, who have
the lowest complexity and no signs of consciousness, have the
highest probability to display changes in conscious behaviours or
mental state. This is not to say that MCS patients could not show



Box 1: Complexity and the need for a conscious-ometer

One of the objectives of the neuroscience of consciousness is to scientifically study and measure consciousness, to respond to
questions like: which states in humans are conscious and which are not? Are infants conscious, and from what age? Are other
systems (biological or not) conscious?

As such, there has been a huge intellectual investment in creating a hypothetical ‘conscious-ometer’ (Hunt et al. 2022), an
instrument that is able to index consciousness in a similar fashion a thermometer tracks temperature. Among other approaches,
measures of complexity have been largely explored. While there is an overall accordance in measurements of complexity, they differ
one with the other regarding how they are quantified, and what we can infer from them. Here, we will focus on complexity measures
extracted from magnetoencephalography (MEG) or electroencephalography (EEG), either alone or coupled with a stimulation. For
the sake of succinctness, we will not discuss other indexes that can be derived from functional magnetic resonance imaging (fMRI)
(Luppi et al. 2023).

One of the first indexes to be utilized was LZC, which quantifies the repetitiveness in a string series. LZC is a value that ranges
from 0 to 1 after normalization, where 0 stands for complete repetitiveness and 1 to a random signal (Schartner et al. 2015). LZC is
still commonly employed today and current interpretations of LZC focus on quantifying the various states the brain can occupy,
suggesting that higher LZC equates to a higher number of (phenomenological) states that one can experience. In theory, LZC can
be considered continuous, and direct comparisons (assuming the same set-up) have a clear interpretation: if A has higher LZC than
B, then A could have a richer phenomenology. One strong limitation of LZC is that it can be maximal with high levels of noise (i.e.
white noise), as it measures directly differentiation rather than integration (Sarasso et al. 2021). Note that new versions of LZC,
such as the permutational LZC, try to overcome this limitation by avoiding binarization but investigating motifs that are features
of the signal that repeat over time [for an updated version of this work, see Bai et al. (2015) and Liu et al. (2023)].

PCl is a measurement that is only possible when there is an active perturbation of ongoing neural activity (measured with EEG),
either by TMS or by intracortical stimulation. The original version of PCI is called PCI** (PCI Lempel-Ziv) (Casali et al. 2013) and it is
characterised by the application of LZC on the matrix of significant sources of the TMS-evoked potential. The advantage compared
to LZC is that it is calculated on evoked data that has been baselined, decreasing the effect of noise, and directly appealing to
the causal power of the stimulation. No investigation has so far explored whether PCI is continuous, specifically investigating
whether it could have any value from 0 to 1, or if it has a specific distribution, i.e. some values are more likely to happen compared
to others. The creation of the threshold (i.e. 0.31) leads to a strong dichotomic interpretation of PCI: is the person conscious or
not? This interpretation has a huge clinical value, guiding management of patients with DoC. While it was created to differentiate
global states (conscious vs unconscious), it has also been used to make comparisons between different local states (see the work by
Darmani and colleagues) (Darmani et al. 2021). A new recent version of PCI, PCI®t (PCI State Transition) (Comolatti et al. 2019) does
not rely on the source reconstruction, but acts directly on the electrode level. Despite the fact that PCI®* has not been as extensively
tested as PCI*, it holds promise due to the generalizability to intracortical recordings. Interpretation of PCI® is still to be explored.
However, in theory, a direct comparison between different values should be possible, as it is characterized by non-zero values with
no upper limit.

Whether consciousness is unidimensional or not is a topic that deserves a discussion in itself. Both LZC and PCI provide a single
number, which might be problematic according to some since consciousness is unlikely to be unidimensional (Walter 2021). Novel
measurements such as the ECI (Lee et al. 2022) attempt to resolve this problem. ECI utilises a machine learning classifier to give
one dichotomic value (high or low) on two dimensions (awareness and arousal) that are commonly used in the clinical setting. ECI
measures the probability (from 0 to 1) of having awareness and arousal, using 0.5 as threshold. Interpretation of single values over
the dimensions is currently difficult, but it at least assumes a more comprehensive framing of consciousness. This might lead to
the evolution of novel indexes that englobe other relevant dimensions such as ‘connectedness’ (Martial et al. 2020).

significant improvements, but only that functional or enhanced
behaviours might be cognitively more demanding than showing
any conscious sign whatsoever. Such outcomes would reconcile
the anthology of findings, solidifying the fundamental relation-
ship between brain complexity and consciousness. Additionally, it
would provide insights into the minimal biological requirement to
have any psychedelic effect.

One possibility to consider is that an increase in complexity
might not always be functional. During the psychedelic state, sev-
eral cognitive functions are impaired, including working memory
and attentional resources (Quednow et al. 2012, Bayne and Carter
2018, Healy 2021). Therefore, whilst brain complexity seems to
increase under the effect of psychedelics (Schartner et al. 2017,
Viol et al. 2017), we could hardly consider this to be a func-
tional state one could permanently inhabit. We here speculate
that there might be an optimal point for complexity, around which
consciousness is high and functional; going past this point of

optimality will impair cognition. The proposition of an optimal
point for emergence (and loss of) consciousness has been already
explored by theories concerning entropy (Carhart-Harris et al.
2014, Carhart-Harris 2018) and brain criticality (Tagliazucchi and
Chialvo 2013, Kim and Lee 2019), but it has not focused specifically
on an optimal point of complexity for consciousness and cogni-
tion. Along these lines, we firstly refer to the literature exploring
criticality.

Criticality is a collective, naturally observed behaviour, thought
to be one of the main ways that nature produces complexity
(Chialvo 2010, Tagliazucchi and Chialvo 2013, O’Byrne and Jerbi
2022). The regime around which the critical point is situated
denotes the transition zone between ordered and disordered states
and, when disrupted, neurological conditions can emerge [e.g.
epilepsy (Du et al. 2019, Amin Moosavi and Truccolo 2023, Bur-
rows et al. 2023)]. There is substantial and growing evidence
that during ordinary conscious states the activity of the brain



occupies critical, or marginally sub-critical dynamics, just below
a local maxima of criticality, at every macroscale, as shown by
in vivo (Dahmen et al. 2019, Ma et al. 2019), EEG (Linkenkaer-
Hansen et al. 2001, and fMRI, Kitzbichler et al. 2009) recordings. At
states of diminished or loss of consciousness including DoC and
anaesthesia, the dynamical working point of the brain has been
shown to be further from criticality, occupying more stable states.
Whereas, during non-ordinary states of consciousness such as the
psychedelic state, the brain dynamics reside in a hyper-entropic,
super-critical zone (for an updated review of empirical studies
about criticality of altered states of consciousness, consult Gervais
et al. 2023). Note however that recent investigations have argued
that some DoC might inhabit a ‘super’-critical state, suggesting
that drugs pushing towards sub-criticality should be more effi-
cacious in those cases (Maschke et al. 2022, Gervais et al. 2023).
Criticality has been associated with maximal environmental sen-
sitivity and internal repertoire of available states (O'Byrne and
Jerbi 2022). This enables flexible thinking, yet is thought to result
in inefficient cognition. Evidence from focused attention tasks
and focused meditation show a slight shift towards sub-criticality
which is thought to narrow the set of possible responses, decreas-
ing the generalised environmental sensitivity, whilst increasing
the response reliability (Fagerholm et al. 2015, Gollo 2017, Ponce-
Alvarez et al. 2018, Irrmischer et al. 2018a, 2018b). Interestingly,
the super-critical psychedelic state where LZC seems to be biologi-
cally maximised is associated with the peak subjective experience,
ego dissolution, and feelings of connectedness with the environ-
ment (Carhart-Harris 2018, Carhart-Harris et al. 2019). Therefore,
extrapolating these results to states in which environmental sen-
sitivity and awareness is maximized such as the psychedelic state,
suggests brains that are highly sensitive to perturbation, thus
closer to criticality, may not be optimised for cognitive-based task
demands. Whist speculative, this suggests that there may exist
a point at which complexity is optimal for task-related cognitive
effort which resides in a slightly subcritical zone. In other words,
we mightimagine that given a (biological) structure, the landscape
of possible states that it can dwell is discretely defined as the (val-
ues of) complexity that the system can produce. Thus, this might
similarly limit how cognition is shaped. In this context, when refer-
ring to cognition we mean, loosely speaking, to the ‘ensemble’ of
cognitive functions such as memory, attentional resources, learn-
ing, decision-making, and language (see Supplementary Figure S1
for a visual representation). Note that given the residual architec-
ture of the brain structure following injury, we might speculate
that some patients already are in the cognitively optimal point
of sub-criticality for their particular structural attributes. If that
was the case, any augmentation of their brain complexity would
push the dynamics into a more chaotic regime, closer towards to
criticality or beyond to a super-critical state, which may be detri-
mental for their cognition. Perhaps psychedelics could increase
environmental awareness in DoC patients, yet even so, their cog-
nition may be inhibited further from their pathological setpoint
due to the non-optimal complexity for their impaired structural
connectivity (Fig. 1). While the role of criticality has been explic-
itly addressed by some theories [i.e. entropic brain (Carhart-Harris
2018)], it has been unexplored by others [i.e. IIT (Albantakis et al.
2023)]. Only recently new experimental investigations are pin-
pointing the relationship between criticality and other measures,
such as PCI (Maschke et al. 2023) or surrogates of integrated infor-
mation (Kim and Lee 2019). Future work should define if the sug-
gested link between an optimal level of complexity, cognition, and

consciousness, based on the residual connectivity, is substantial
or not.

There is no medicine that achieves a 100% efficacy, and it is
likely that not all patients would respond to a psychedelic treat-
ment, even if the theoretical prerequisites were correct. In a
scenario where psychedelics increase complexity in MCS patients
but not in UWS patients, it would suggest that psychedelics can
increase complexity in patients who are already conscious [con-
sidering MCS as conscious, as suggested by Giacino et al. (2002)].
This reduces to the idea of the difference between ‘resonance ver-
sus creation’”: do psychedelics need an already complex system to
lead to increased complexity, or are they causally linked with an
increased complexity per se? Even if we assume that psychedelics
would increase complexity in DoC, would they need a (partially)
complex system such the brain of a MCS patient, or could they
be effective in restoring complexity itself in a ‘non-complex brain’
like the one of a UWS patient? Note that this interpretation is
possible even if there were some UWS patients (i.e. behaviourally
unresponsive at the bedside) who responded to the treatment,
since we have recently understood that a significant percentage
of UWS patients are actually MCS*/CMD patients (Owen et al.
2006, Monti et al. 2010, Thibaut et al. 2021). In theory, MCS*/CMD
patients should respond to the treatment as MCS patients, but as
this category of patients has only recently been characterised, the
effects of any treatment on them should be examined in more
detail. On the same line, the effects of the drug on EMCS patients
are likely to be analogous to the one of healthy participants, mean-
ing with an increase of complexity without necessarily a richer
behavioural repertoire.

The initial interest of psychedelics as a treatment for DoC
stems from the effects on brain complexity (Schartner et al.
2017, Viol et al. 2017, Scott and Carhart-Harris 2019, Gosseries
and Martial 2020). Nevertheless, two recent investigations have
shown that psilocybin and sub-anaesthetic doses of ketamine
increase spontaneous (LZC) but not evoked-complexity (PCI) in
healthy participants (Farnes et al. 2020, Ort et al. 2023). Does
the absence of an effect on PCI, arguably the gold-standard of
complexity-measurements in DoC, jeopardise the general idea of
using psychedelics in this population? We do not think so. In part
due to evidence provided by one study (Farnes et al. 2020), which
suggests that LZC might be an index of richness of subjective expe-
rience, while PCI one of the presence of consciousness. Secondly,
it is worth noting that the within-subject comparison in these
two studies was done against wakefulness, when complexity was
already high. As such, this could have caused the absence of dif-
ference in PCI, as this would be a sheer marker of the presence of
phenomenological consciousness. This is crucially in opposition
to the circumstance of administering psychedelic drugs to peo-
ple with DoC, in particular UWS patients, who have ‘low’ brain
complexity as baseline. For a larger discussion about complexity
measures and how they inform us about consciousness, we refer
to Box 1.

Comparing the effects between healthy participants and
patients provides an initial guide to the expected outcomes in
the clinical population. However, patients have a different brain
architecture that might impact the effectiveness of the drugs in
unexpected ways. One example is the effect on the default mode
network (DMN), which has been considered to be crucial to sustain
consciousness (thus, complex activity) in healthy participants, yet
is affected by psychedelics and associated with alterations in the
sense of Self.
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that of healthy subjects. The circles represent the current level of cognition at a given moment. Right, upper. A speculative schematic prediction of an
example UWS and MCS patient (baseline, light blue point) that receives a psychedelic to augment the complexity (blue points, circled in red). We
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cognition increases (higher cognition, higher red outlined blue dot). Scenario 2 illustrates the idea that due to the damaged structural connectivity of
the patients, the distribution of possible states changes so that the augmentation in complexity would be detrimental to residual cognitive capacities,
as they already would occupy the point of optimal complexity for their given structure. Here, the point shifts from the local maximum of possible
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DoC =disorders of consciousness; PCI =perturbational complexity index; LZC = Lempel-Ziv complexity. Colours: orange = super-critical area; dark

blue =sub-critical area.

Contribution of the ‘Self’: the role of the
default mode network in diminished
selfhood

Both the study of psychedelics and the science of DoC present
significant considerations regarding one’s sense of Self. Defining
the Self is notoriously difficult and perhaps is best described as
a hypernym encompassing one’s functional capacities for sev-
eral metacognitive phenomena including Self awareness, sense of

agency, theory of mind, and reality testing (Seth 2013, Lebedev
et al. 2015). Notwithstanding this inherent complexity, the DMN
is commonly associated with several functional roles involved
in one’s sense of Self (Lebedev et al. 2015) including supporting
a bistable system of ‘internal-external’ awareness (Vanhauden-
huyse et al. 2011). Psychedelic drugs can impart a feeling of
dissolving of one’s sense of Self, termed ego dissolution. Ego dis-
solution has been linked to decreased coupling of the DMN and



the medial temporal lobe, in addition to altering the connec-
tivity between the DMN and other resting state networks (i.e.
salience network or dorsal attentional network) (Carhart-Harris
et al. 2012, Stoliker et al. 2023). There is also a dose-dependent
effect of psychedelics on the functional connectivity of the DMN,
such that higher doses lead to more disintegrated network func-
tioning (Madsen et al. 2021). Interestingly, patients with DoC, a
population with a questionable level of selfhood, have impaired
functioning of the DMN at rest. In fact, MCS patients have stronger
DMN connectivity compared to UWS patients (as with other net-
works, such as the auditory network) (Demertzi et al. 2015), while
anticorrelation between DMN and positive-task networks appears
only in EMCS patients (Di Perri et al. 2016). In other words, DMN
is impaired in patients with lower levels of consciousness. This
brings forth an interesting consideration: how would psychedelic
drugs, agents which dissolve one’s feeling of selfhood, act in
patients who either have a misrepresentation of the self-model
or lack the model outright? Or, taking this paradox in neuroscien-
tific terms: how could psychedelic substances, which impair the
connectivity of the DMN, be beneficial to DoC patients, when the
severity of their condition is directly linked to the DMN disorgan-
isation? As suggested by Letherby’s work, perhaps selfhood is a
concept that emerges from a number of hierarchical predictive
models, which requires the integration and unification of cognitive
processing across levels and domains (Letheby and Gerrans 2017).
Therefore, a patient who responds to a psychedelic drug treatment
and has an episode of transiently increased consciousness would
likely have difficulties with their phenomenological representa-
tion of the Self-model, perhaps to an even greater extent than
their baseline state. This would be due to the dysfunctional resid-
ual levels of selfhood as a result of their condition, in combination
with the pharmacological perturbation of their self-model. In fact,
it is worth noticing that psychedelics are effective for disorders
affecting both the representation of the Self and the DMN, such
as major depression (Carhart-Harris et al. 2021, Daws et al. 2022),
recently considered as a problem of consciousness itself (White-
ley 2021). While there might be future experiments utilising fMRI
on DoC undergoing psychedelics, this might be primarily explored
by modelling. In theory, this could reconcile the apparent contra-
diction between the positive effects on consciousness predicted by
the M/EEG literature and complexity, with the possible theoretical
negative one suggested by some fMRI works.

While we have here outlined an informed guess on a relevant
network that might be informative in the exploration of the effects
of psychedelics on patients with DoC, there is likely several other
potential regions, networks, or characteristic brain dynamics that
might be informative. In this regard, computational modelling
offers a unique opportunity to unveil key biomarkers that could
have been missed considering only the effect of psychedelics in
healthy participants.

Scott and Carhart-Harris’ paper (Scott and Carhart-Harris 2019)
mentions the utility of animal models in investigating new treat-
ment paradigms, which is undoubtedly a tried and tested method.
With animal modelling, we would minimise the risks for dis-
tress in humans that may arise from the psychedelic-elicited
shift in subjective experience. One suggestion along this line
would be to explore whether administering a psychedelic drug
can increase the consciousness of animals during pharmaco-
logically induced (e.g. general anaesthesia) or pathological (e.g.
DoC-like) low conscious states. Despite some limitations inherent

to animal modelling, these experiments would provide a valuable
starting point, testing the potential efficacy of such an approach
and allowing the investigation of its possible neurophysiological
mechanisms.

Besides animal models, computational modelling could pro-
vide a useful path of scientific exploration and clinical application,
particularly through the use of whole brain computational mod-
els (WBM) (Cofré et al. 2020, Whiteley 2021). This approach might
be the sole practical way to perform experiments before the safety
profile of these drugs is clarified. By creating in silico models of DoC
patients, we could simulate psychedelic perturbations upon these
patient models, and explore from the bottom up the mechanisms
of psychedelic-induced increases in complexity and its relation-
ship to brain structure and function. WBMs incorporate empirical
structural and functional data, grounded by a theoretical delin-
eation of local brain activity, which can take several forms (Fig. 2)
(Cofré et al. 2020). The interactions between such local dynamics
along an empirical structural connectivity can simulate a num-
ber of useful data depending on the type of model, including the
fMRI blood oxygen-level dependent (BOLD) signal. The parame-
ters of the model are then optimised to minimise the distance
between specific characteristics (e.g. functional connectivity) of
the simulated and empirical functional data to obtain the most
realistic simulations. Whilst we do not yet directly have access to
fMRI data of patients with DoC under psychedelic drugs, in the-
ory, this could be approximated through several approaches which
ultimately induce parameter changes on patient models. Some
biologically realistic models can facilitate the simulation of 5-
HT2A receptor stimulation by including positron emission tomog-
raphy (PET)-derived receptor density maps as parameters within
the model. A 2018 study (Deco et al. 2018b) simulated the effects of
a pharmacological perturbation of LSD on the global dynamics of
brains of healthy subjects via receptor density maps. Such simula-
tions on models built on patients’ injured structural connectomes
could assess the resultant global brain dynamics (following a
simulated treatment) in becoming more similar to dynamics of
healthy brains, through the characterisation of modelling-based
measures. Although aspirational, this research could have con-
siderable clinical applications, via the prediction of the efficacy
of such treatments on these empirically based models formed
by individual DoC patients. This would enable a stratification of
responders, who have positive expected changes due to the medi-
cation, and non-responders, patients for whom the drug may not
be effective. Finding ‘predictive biomarkers’ based on individual
brain signatures could inform if a drug has the highest changes
of working effectively a priori. This would improve efficiency and
reduce material and labour costs in terms of drugs and person-
nel to perform ineffective and/or difficult experiments, in addition
to reducing possible adverse effects due to high medicalisation,
effectively providing a cheaper and more ethical health care.

WBMs could also assist experiments in an auxiliary fashion. A
number of in silico based perturbation methods have been recently
developed. For example, akin to a digital PCI, a perturbative inte-
gration latency index (PILI) (Deco et al. 2018a) can be calculated by
measuring the latency return to the baseline state of integration
after a modelled perturbation. By considering both the resultant
amplitude of stimulation and the time taken to return to baseline,
PILI measures the instability of a system. Unstable dynamics are
related to more chaotic interactions, consistent with what would
be expected from a system at a higher complexity. This measure
has shown to be indicative of a particular state of consciousness:
in fact, PILI was shown to be higher in a WBM of LSD compared to
placebo (Jobst et al. 2021). Similar in silico perturbation protocols
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Figure 2. [llustration of the potential contribution of whole brain computational modelling. (a) The construction of a whole brain computational
model from empirical structural connectivity derived from DWI. The model parameters are then optimised to achieve the best fit between simulated
and empirical connectivity. (b) Parameters from models optimised on healthy controls under psychedelics could be extracted and applied to patient
models to achieve a simulated psychedelic perturbation. Alternatively, neurotransmitter information from PET could be added to a dynamic mean
field model to simulate receptor stimulation (i.e. serotonin-2A, 5-HT2A). The resulting dynamics could then be investigated through in silico
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techniques could build towards having single subject models through which psychedelic treatment could be initially assessed

DoC =disorders of consciousness, PET =Positron emission tomography; 5-HT2A receptor= Serotonin 2A receptor; PILI= perturbative integration latency index;

DWI =diffusion weighed imaging.

could be applied to models of individual DoC patients in both the
baseline state and simulated psychedelic state. This could sur-
pass experimental measures like the PCI by not only determining
the level of consciousness of a particular subject, but also to help
to understand the dependencies between complexity, brain struc-
ture, and function in (non-)responders. As discussed, this might be
crucial for having a better view on the role of regions and networks
(e.g. DMN).

Understanding the mechanisms of action of psychedelics
might be informative not only to pinpoint drugs’ effects per se, but
to frame conscious states as a whole. In fact, while there have
been several attempts to create a taxonomy of consciousness [i.e.
as a combination of wakefulness and awareness (Laureys 2005)
or multidimensional (Walter 2021)], very few have explicitly tried
to place the psychedelic experience in their organisation [for an
example, see Martial et al. (2020)]. This is not to say that there
are no theories that address how we experience the psychedelic
state, but rather that there are only a few that normalise them in
a coherent, unified, space. Only recently the field of psychedelic
science has started merging with the neuroscience of conscious-
ness at large, and with the science of DoC specifically. We consider
this to be of paramount importance to account for similarities
and differences with other (non-ordinary) states of consciousness
(Timmermann et al. 2023), like near-death experiences (Timmer-
mann et al. 2018, Martial et al. 2019, Sweeney et al. 2022, Fritz et al.
2024) or meditation (Smigielski et al. 2019). Nevertheless, even
when such a comparison is made, most of the time it is focused

on the phenomenological profile of experiences, rather than the
brain signatures. If this permits us to have an easily accessible
comparison, it might overlook some underlying similarities that
are evident from the brain activity [see Moujaes et al. (2024) for an
example].

Recently, deep convoluted neural networks such as variational
autoencoders in conjunction with WBM have been employed to
allow the visualisation of brain imaging data within a reduced
dimensional space [see Perl et al. (2020, 2023) or Escrichs et al.
(2022)]. These latent space representations may reveal data-driven
relationships between psychedelic states and others, which can
go on to inform theoretical frameworks, in this way forming a
virtuous cycle of collaboration between theory and experimenta-
tion, computation, and clinical work (Luppi et al. 2021). Therefore,
in tandem with experimental work, modelling experiments can
importantly provide a mechanistic understanding of the effects
of psychedelics on global brain dynamics, identify good potential
candidate patients, and further develop the theoretically based
framework to inform future clinical trials, and ultimately person-
alised interventions (Luppi et al. 2023).

Modelling has recently contributed to our understanding
of drugs mechanisms and effects (Luppi et al. 2023, Sin-
gleton et al. 2022), and provides an inexpensive and avail-
able tool to perform experiments that are experimentally dif-
ficult or impossible. This might be a crucial first step before
launching in vivo experiments, whose ethicality continues to be
discussed.



In addition to growing excitement around the possibility of
employing psychedelics as a treatment for DoC, there have also
been some ethical concerns regarding the validity and necessity of
such experiments (Peterson et al. 2019). DoC is a fragile population
that deserves special scrutiny, and in agreement with the concerns
originally raised (Scott and Carhart-Harris 2019) and the follow-up
paper focusing on the ethics of such experiments (Peterson et al.
2019), before launching such experimentation there are several
considerations that should be weighted to ensure the most benefi-
cial and safe setting for the patients. In fact, some side effects that
might be trivial for healthy participants, (i.e. nausea and vomiting)
could be dangerous for patients with DoC (i.e. need aspiration).
Additionally, the effect of psychedelics on epileptogenic threshold
has not been studied yet, and several patients of DoC suffer from
some sort of epilepsy (Lejeune et al. 2021). Finally, DoC have a high
medical burden, making possible interaction with drugs given as
standard care to be investigated. Nevertheless, given the general
safety profile of the typical psychedelics (Nutt et al. 2010), it is
the phenomenological aspect of psychedelics that has been more
discussed. The associated mystical experiences from high doses
of psychedelic drugs are generally euphoric, pleasant experiences
in which one often reports feelings of oceanic boundlessness, the
dissolving of one’s sense of Self with a sense of connection to the
environment (Griffiths et al. 2006). Despite this, psychedelic drug
administration has the potential to result in unpleasant experi-
ences, sometimes associated with feelings of anxiety, dysphoria,
and confusion, commonly referred to as a ‘bad trip’ (Strassman
1984, Barrett et al. 2016). This raises the cogent question of how
to deal with such challenging experiences in a population with no
capacity to report them. One possibility is to not endure any exper-
imental procedure if there is any risk of inducing such negative
experiences. It is worth noticing that while there are no conclusive
data about the prevalence of challenging experiences in different
settings and populations, the risk of these in clinical settings is
very low, where the preparations of both the environment and
patient’s expectations are controlled (Johnson et al. 2008, Car-
bonaro et al. 2016, Simonsson et al. 2023) [but see Gashi et al.
(2021) for a report in recreational use]. A recent paper has detailed
the importance of set and setting in the use of psychedelics in
DoC, highlighting the challenges of preparing a patient for the
treatment (Rankaduwa and Owen 2023). Another possibility one
could propose is to utilise a psychedelic-like analogue that is non-
psychedelic in terms of its impact on experience. A concerted
effort is underway to synthetise non-psychoactive analogous of
ibogaine (Cameron et al. 2021) and LSD (Kaplan et al. 2022, Lewis
et al. 2023) with the same neuroplastic profile increasing neuro-
genesis and/or spinogenesis (Ly et al. 2018, Vargas et al. 2023). At
the time of writing, as far as we are aware, only one Phase I Trial
with a non-hallucinogenic analogous is on the way for human
use, beside some anecdotal reports online. Despite such ongo-
ing efforts, it is unknown whether a non-psychedelic analogue
would increase brain complexity whilst leaving subjective expe-
rience unaltered. The existence alone of such substance would
have huge implications on the nature of the relationship between
complexity and consciousness, as well as understanding if clinical
changes could be attributed to the subjective experience (Yaden
and Griffiths 2020) or to its underlying neurophysiological effects
(Olson 2021). Another option could be to utilise other agents that
can halt any experiential alterations: a novel study has shown
that ketanserin, a 5-HT2A antagonist, can drastically decrease

the intensity and the duration of LSD experiences (Becker et al.
2023). Although again, the question arises of how brain complex-
ity would be impacted after blocking the alterations of subjective
experience.

Considering the current knowledge on DoC, we could ask to
what extent a patient could experience anything at all. That is to
say, could a UWS patient who is deemed to be unconscious, with
no phenomenological experience, be impacted by a challenging
one? Here, perhaps the clinical perspective and scientific perspec-
tive dissociate; we must consider what represents a successful
outcome, both clinically and scientifically. If it were the case that
even a single UWS patient who, as a result of psychedelic drug
administration, underwent (and reported) a challenging experi-
ence, it would mean that their consciousness would have been
transiently augmented. Even though this experience could have
induced a degree of suffering for the individual, such episodes
of augmented consciousness could allow a patient to interact (at
least partly) with the environment and the individuals present at
bedside. While hard to quantify, some philosophers would con-
sider recovering (even temporarily) consciousness per se to be
beneficial to the individual (Levy 2014, Lee 2019). Whether or not to
consider an augmentation of consciousness that allows a patient
to understand their condition, even if for a transient period, a
desirable outcome is surely a question that would yield different
individual responses. The opportunity of communication or even
conscious perception between patients and relatives/caregivers, in
such a debilitating disorder, might be precious and enriching for
both parts. Note that a priori chances of having a treatment that
forces consciousness upon an unconscious patient are low, since
so far the majority of tested interventions have higher efficacy for
MCS patients than for UWS ones (Thibaut et al. 2019).

Psychedelics are currently investigated for the positive neuro-
plastic effects, which has led several authors to start naming them
as psychoplastogen (Ly et al. 2018, Dunlap et al. 2020, Vargas et al.
2023). As such, it should be considered that DoC patients might
benefit from the plastic effects alone, counterbalancing the brain
damage causing the deficits in consciousness. This is not to say
that any plasticity-based re-organisation has a net positive value,
as demonstrated by epileptic foci that emerge after stroke or phe-
nomena like the phantom limb, but simply stating that it might be
advantageous in a population that has a dramatic need for func-
tional (and structural) replacement due to a massive loss of neural
tissue. While secondary to the aim of this work, we consider it per-
tinent to explore the impact of nature, dose, and administration
mode of psychedelics to maximise functional plasticity, especially
in view of a possible translation to brain-damaged patients.

Finally, one cannot discuss the benefit of psychedelics whilst
ignoring the torn issue of their illegality. While this might change
in the future years, as hinted by the recent evolution of the legal
framework surrounding 3,4-Methylenedioxymethamphetamine
(MDMA)(-assisted psychotherapy), we should recognise that there
are no possible changes of the treatment of DoC if there is no
parallel political and juridical advancement. As such, even few
cases that positively respond to psychedelics could galvanise a
paradigm shift that would speed up the research lines previously
detailed (i.e. creation of non-hallucinogenic analogues).

Through augmenting the complexity of networks in the brains of
people suffering from DoC, psychedelics could potentially unlock a
new treatment paradigm to treat these devastating disorders. Sig-
nificant ethical concerns regarding the ability to report negative



Box 2: Take home messages

In this article we have examined some underexplored topics surrounding the rationale and the contribution of using
psychedelics as treatment for DoC. We consider that such experiments would help elucidating the following points:

1

‘There could exist an optimal amount of complexity for consciousness and cognition’. While it is undoubtful that there is a
strong link between those, it is unclear whether there is an optimal level or amount of complexity, both phenomenologically
and functionally. If there is, this would likely be caused by the individual structural substrate of a brain (or system). In other
words, given a specific brain structure, such as a person with DoC or other brain difference, increasing complexity could lead
to impaired cognition and possibly consciousness.

‘DMN disorganisation and effects on the Self due to psychedelics in DoC is a compelling area to explore’. Consciousness
and Self are deeply bounded, and a discussion on one ought to include the other. DoC have impaired network organisation,
including of the DMN that is linked with their condition. Psychedelics are known to alter the normal functional organisation of
the brain, decreasing integrity within resting state networks (in particular of the DMN) and increasing connectivity between
them. Given the functional disintegration of the DMN that is induced by both DoC and psychedelics, understanding how
psychedelics affect the DMN of DoC patients (which is already functionally impaired) could be crucial to understanding the
phenomenological effects of this treatment.

‘Modelling is a promising avenue for identifying potential biomarkers of treatment efficacy and defining the landscape of
consciousness’. Several groups have now demonstrated the utility of modelling to frame consciousness at large. Additionally,
in the strive for personalised medicine, in silico biomarkers have a pivotal importance to create individualised predictive

biomarkers for appropriate care.

experiences arise, although once properly contextualised and
considering the potential benefit to patients, we believe they
ultimately dissolve. These initial experiments have potential to
impact clinical domains and the science of consciousness by
empirically investigating the links between complexity, cognition,
and consciousness; whilst there exists the possibility that con-
sciousness could arise as a function of complexity modulation,
expectations should be managed and the definition of what con-
stitutes a good outcome should be considered. Additionally, the
possible existence of an optimal ‘complexity point’ tempers the
excitement of drugs that in general increase brain complexity,
as much as the possible counter-intuitive (desirable?) effects on
DMN. Computational modelling could also provide an important
contribution by testing treatment efficacy in silico and further
investigating the links between brain structure, function, and
complexity (see Box 2). As the zeitgeist is establishing psychedelics
as useful tools in psychiatry, we believe that they hold great poten-
tial when applied to neurological conditions, both clinically as a
treatment and scientifically as a probe for consciousness.

Supplementary data is available at Neuroscience of Consciousness
online.
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