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Dynamical measures of developing neuroelectric fields 
in emerging consciousness
William J Bosl1,2,3 and Jenny R Capua Shenkar4

Human consciousness emerges over time. From the moment of 
conception, a process of neurodevelopment and 
complexification begins, generating and supporting a 
neuroelectric field that can be quantified by computational 
methods from dynamical systems theory. In the early embryo, 
genetically driven cellular processes are mediated by 
endogenous electromagnetic fields and intrinsic electrical fields 
produced by migrating neurons. In the ambient cellular 
environment, these interactions influence each other, impacting 
neural migration. The emergence of Theory of Mind, often 
considered a hallmark of conscious awareness, is accompanied 
by increasing neural connectivity, neuroelectric field 
complexity, and more integrated information processing. 
Neurodegeneration in old age and the often-associated decline 
in conscious awareness correlate closely with changes in the 
dynamical complexity of the neuroelectric field. Monitoring 
trajectories of the neuroelectric field and its complexity changes 
through the lifespan presents a developmental perspective and 
empirical correlation for studying the emergence and decline of 
human consciousness.
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Introduction
The development and complexification of all physiolo
gical systems, including the neural system, begin from 
the moment of conception, gradually enabling the 
emergence of human consciousness [1,2]. From both 
theoretical and empirical perspectives, the dynamic 
electromagnetic (EM) field that is coextensive with the 
physical body of a conscious organism is correlated in 
some way with consciousness. In this paper, we will 
briefly review measurable changes that occur during the 
development of the neuroelectric field.

Consciousness is typically studied empirically by mea
suring physiological correlates of observed states such as 
sleep, epileptic seizures, or anesthesia-induced un
consciousness and comparing these to awake states in 
the same individual. While this approach may not di
rectly address the ‘hard problem of consciousness’ [3], it 
may add to our understanding of mind-brain-behavior 
relationships that underlie consciousness. A less 
common approach to studying neural correlates of con
sciousness is to analyze its emergence through devel
opment from conception to old age, and death. Between 
conception and adulthood, consciousness gradually un
folds, leading to a fully conscious human being. In
creasing evidence suggests that consciousness emerges 
relatively early, possibly in early infancy or even pre
natally [4].

The EM field produced and maintained by neural and 
other physiological activity will henceforth be called the 
neuroelectric field, noting that this term is not intended 
to exclude extraneural, subcellular (e.g. microtubule 
derived processes), other physiological, or external in
fluences. The neuroelectric field may be considered the 
physical substrate and proximate cause of thought and 
behavior, although the neuroelectric field and physiolo
gical processes are co-extensive spatially and temporally, 
suggesting two dimensions or aspects of the body–mind 
system. While the neuroelectric field is dependent on 
neurophysiological processes and influenced by extra
neural fields, such as cardiac electrical fields [5], or de
liberately applied therapeutic fields, such as transcranial 
magnetic stimulation (TMS) [6], it is directly measurable 
and quantifiable. The neuroelectric field is a dynamical 
system [7,8] that may be analyzed by methods and 
concepts of dynamical systems theory. Any dynamical 
system is capable of information processing [9–12], and 
the information processing capacity of a dynamical 
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system is related to its complexity [13]. This principle 
has been exploited to create a type of neuromorphic 
device, called a reservoir computer, based on physical 
dynamical systems [14]. Mathematical development of 
the neuroelectric field as a dynamical system can be 
found in dynamical field theory (DFT) literature, which 
provides a framework for linking the neuroelectric field 
to sensory, motor, and cognitive functionality [15].

Developmental trajectories provide an opportunity to 
study evolving levels of consciousness by comparing 
quantitative measures of the neuroelectric field com
plexity to developmental consciousness assessments. 
Recent evidence increasingly supports complexity 
measures from dynamical systems theory as appropriate 
and reliable markers or correlates of consciousness 
[16,17]. Quantifying dynamical system properties 
through phase space reconstruction from time series 
generated by the system [18], or utilizing emerging 
computational methods based on reservoir computing 
[19], can be used to analyze the essential dynamical 
properties of the neuroelectric field. This perspective is 
consistent with the emerging paradigm that information 
storage and processing depend on spatially distributed, 
dynamic groupings of neurons called engrams [20]. Ex
perimental tests support the hypothesis that electric 
fields generated by neurons integrate information ex
change between neurons to create engrams, a process 
called ephaptic coupling [21]. Mathematical analysis 
using neural field theory has shown that electric fields 
guide ensemble activity, suggesting that the neuro
electric field entrains and controls neurophysiology 
[21,22]. The physical ensembles that constitute an en
gram may be the physical analogs to mathematical basins 
of attraction in dynamical systems theory, which can, in 
principle, be estimated from nonlinear time series ana
lysis [7,23,24]. Both of these concepts align with the 
basic ideas of the Integrated Information Theory (IIT) 
framework, which posits that consciousness can be 
quantified by a mathematical measure [25]. Dynamical 
system measures of complexity may provide alternative 
or complementary measures of integrated information 
that are correlated with consciousness but do not ne
cessarily explain the underlying ‘hard problem’ of con
sciousness. The neuroelectric field may also include 
higher frequencies that are not typically measured by 
electroencephalography (EEG) but are predicted by 
some consciousness theories, such as Orchestrated Ob
jective Reduction (Orch OR) [26,27]. Measurement of 
MHz and higher frequencies has been demonstrated 
[28], which may be included in future dynamical analysis 
of neuroelectric fields to empirically test theoretical 
predictions. Our presentation examines the dynamical 
neural field as a potential correlate of consciousness 
while leaving open the question of whether it funda
mentally explains consciousness or supports any parti
cular theory.

Stages of electrophysiological development
A key aspect of early brain functional development is the 
formation and organization of functional networks that 
form the basis for the development of neurocognitive 
capabilities and are the primary generator of the neuro
electric field. Neuroelectric field dynamics generally 
become more complex with physical maturation from 
conception through the stages of childhood [29], ado
lescence, and adulthood [30,31]. Increasing complexity 
may not be a single measure but may vary by region, 
does not occur uniformly over developmental time, and 
may involve multiple measures, which may include en
tropy measures [32], Lyapunov exponents [33], or the 
various nonlinear dynamical measures derived from re
currence plots [34], and other yet-to-be-discovered 
complexity measures.

From conception to birth
The primary endogenous force driving the development 
of the neuroelectric field is genetic, guiding neurode
velopment by shaping neural structures and pathways 
responsible for the neural networks sustaining the neu
roelectric field and are involved with learning, memory, 
and behavior. A feedback mechanism may also be in
volved: control of genetically driven cellular processes is 
mediated by EM fields produced by centrosomes that 
function as nano-electronic generators in cells [35]. In 
the early embryo, intrinsic electrical fields from mi
grating neurons and cellular environments influence 
each other, impacting neural migration [36]. Disruption 
of endogenous EM fields can lead to severe neural de
fects [37]. The complexity of these cellular EM fields 
has yet to be studied.

Fetal brain development that is believed to be related to 
consciousness emergence begins as early as 24 to 26 
weeks of gestation, with the formation of the thalamo
cortical complex [38–40]. By 35–37 weeks of gestation, 
synchrony of the EEG rhythms across both cortical 
hemispheres suggests sensory processing and basic 
awareness [41]. Electrophysiologically, this stage is 
characterized by high-amplitude slow-wave activity, 
predominantly delta (1–4 Hz) and theta (4–7 Hz) 
rhythms [42], as well as early components of event-re
lated potentials (ERPs) in response to sensory stimuli 
[43]. Unfortunately, limited research has explored 
quantitative complexity measures at these early ages. 
Such data might provide insight into the early devel
opment of neuroelectric complexity as an analog to the 
IIT measure Φ of integrated information.

Infancy and early childhood
EEG signals are typically more synchronized and, we 
might assume, less complex in early infancy than during 
childhood and later stages of life. Delta and theta 
rhythms predominate early, with beta (12–30 Hz) in
creasing with age, indicating growing alertness [44]. 
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Development of more distinct ERP components is also 
observed to increase with age, suggesting greater re
sponsiveness of the neuroelectric field to specific stimuli. 
Entropy, which is one common measure of complexity, 
is generally relatively low during this stage [45], which 
may reflect the immature state of neural networks and 
thus the neuroelectric field, and may be correlated with 
the underdeveloped nature of awareness and conscious 
experience. In this sense, entropy, as one measure of 
complexity, might be a useful correlate to levels of 
consciousness.

During early childhood, EEG patterns stabilize with the 
emergence of alpha [8–13] waves, which are associated 
with wakeful, relaxed states, and increased coherence, 
usually associated with better communication between 
brain regions [46]. Increased coherence may reflect in
creasing myelination of central nervous system neurons 
during childhood. In general, neuroelectric field com
plexity was shown to increase with development in 
children [47].

An important milestone of this period is the development 
of a ‘theory of mind’ (ToM), where children begin to be 
aware of others having thoughts, feelings, and perspec
tives different from their own [48]. Emergence of ToM is 
a milestone in development that is especially relevant to 
consciousness and is central to social cognition. Its de
velopment is especially relevant to consciousness and is 
centrla to social cognition. Although generally thought to 
emerge between 3 and 6 years of age, evidence suggests 
that even infants might possess some form of under
standing of other people’s minds [49,50].

Emergence of ToM is accompanied by increased frontal 
lobe activity [51] and improved connectivity between 
frontal and temporal lobes [52,53], suggesting more 
complex integration and information processing. In
creased gamma band activity (30–100 Hz) may be 
especially relevant as it is typically associated with high- 
level cognitive processing, such as understanding others’ 
perspectives and intentions [54]. Enhanced P300 am
plitude [55] is apparent and is associated with heigh
tened attentional effort to understand the actions and 
intentions of others. Sensitivity to semantic incongruities 
in social contexts, indicating growing linguistic and 
cognitive abilities, is also tied to ToM development and 
is evident via the ERP components [56,57]. Finally, late 
slow wave, associated with reflective thinking about 
others’ mental states, is another characteristic of this 
important stage [58–60].

While research suggests a general timeline for ToM 
development in children that continues to refine through 
adolescence and into adulthood [61], studies more spe
cifically directed at complexity measures of the neuro
electric field in relation to consciousness are an 

important direction for future research. It has been 
proposed that ToM is necessary for an awareness of 
one’s own mind or consciousness. Evidence for ToM 
awareness in nonhuman animals is still lacking [62].

To assess ToM in humans, false-belief tests are com
monly used. Before 2022, no artificial model systems 
could pass a false-belief test. However, GPT-3, which 
was released in early 2022, was able to pass 70% of test 
questions, achieving a performance level comparable to 
that of a 7-year-old. Less than a year later, model per
formance had improved to 90%, reaching a level similar 
to that of a typical 9-year-old [63]. This ability appears to 
have developed spontaneously in new generations of 
large language models (LLMs) [64]. While touted as 
evidence that LLMs are rapidly ‘developing’, this may 
suggest that the tasks themselves may not solely rely on 
cognitive abilities associated with ToM but involve 
pattern recognition, language understanding, and con
textual inference, which are regarded to be strengths of 
LLMs. This may be an indication of the need for al
ternative assessments for ToM and conscious awareness 
based on objective measures such as Φ or complexity.

ERP studies indicate that increasing connectivity in the 
left lateral prefrontal cortex is associated with the 
emergence of ToM [60,61]. This response continues to 
evolve into adulthood, with greater involvement of par
ietal regions [61]. Connectivity during cognitive tasks is 
also associated with desynchronization of alpha activity 
and increasing gamma (higher frequency) power. A 
promising area for further research would be to explore 
which measures of complexity are associated with de
velopment of self-awareness and conscious experiences, 
which are differentiated from general cognitive activity. 
The visual awareness negativity ERP is associated with 
lower-level visual awareness but not higher-level 
awareness of specific properties of the perceived ex
perience [65]. Research on complexity measures asso
ciated with conscious visual awareness is needed. 
Complexity may also include connectivity or synchro
nization measures that are related to consciousness. For 
example, in awake, conscious individuals, a TMS pulse 
propagates throughout the cortex, contrasting with local 
effects in unconscious patients and longer pulse propa
gation in REM sleep, visually resembling awake EEG 
activity that still dies out locally [66,67]. This suggests 
that connectivity, as measured by electrical unity of the 
neuroelectric field, provides a metric for information 
integration [68]. During conscious states, the neuro
electric field is poised near the edge of chaos (or edge of 
stability), which supports the optimal flow of information 
through cortical networks [69]. Complexity measures 
that identify the chaotic regions or attractors in cortical 
activity may serve as appropriate measures of con
sciousness for future research through developmental 
stages.
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Adolescence
Neural maturation during adolescence is more rapid than 
at any time other than prenatal through early childhood. 
Unlike early childhood, when neural proliferation dom
inates, adolescence is characterized by neural pruning 
and refinement. This process proceeds generally from 
posterior to anterior, with the prefrontal cortex maturing 
last [70]. Electrophysiological changes during this period 
may be most easily measured during sleep [70,71].

EEG complexity, as measured by the correlation di
mension, shows a jump in neuroelectric field complexity 
during puberty, followed by a linear increase with age 
through later adulthood. During maturation (7–25 years), 
the maximum gain in complexity occurs over the frontal 
associative cortex [61]. Some key observations during 
adolescence include a significant decline in delta power 
during non-rapid eye movement sleep, suggesting sy
naptic pruning and streamlining brain networks. This 
shift is accompanied by a shift in power to higher fre
quencies, particularly in beta power, especially in pro
cessing networks and the posterior cingulate cortex, a 
hub of the default mode network [72]. It appears that 
these changes are strongly linked to age rather than 
other sexual maturation milestones [73]. As with studies 
of earlier development, studies of neuroelectric field 
complexity might augment spectral power measures and 
give greater insight into the changes in complexity and 
integrated information that are central to consciousness 
development.

Adulthood, aging, and degenerative conditions
Traditional EEG spectral power and measures of con
nectivity have been considered as potential correlates of 
phenomenal consciousness [68]. The bispectral index, 
for example, has long been used by anesthesiologists to 
assist in the titration of anesthetics [68]. More recently, 
complexity measures, including multiscale entropy 
(MSE) and Higuchi’s fractal dimension, are being used 
as indicators of levels of consciousness. These measures 
have been found to increase through adolescence and 
early adulthood, reaching a plateau before old age is 
reached, reflecting a mature state of neural networks 
[30,47,74].

Loss of consciousness is also a long-neglected aspect of 
dementia [75], providing another developmental trajec
tory for studying changes in consciousness through the 
lifespan. Dementia is a common malady of older adult
hood, characterized by decreased memory and cognitive 
capacity. Although the cognitive decline associated with 
dementia has long been known, dementia is increasingly 
recognized as a disorder of consciousness [75,76]. In 
neurodegenerative conditions like Alzheimer’s disease 
(AD) and other forms of dementia, significant decreases 
in entropy and fractal dimensions, as well as correlation 
dimension [77] and Lyapunov exponents [78], are 

reported. Importantly, some of the complexity measures 
are observed at the preclinical stages of the disease. For 
example, an MSE index was found to correlate with 
cognitive decline in mild cognitive impairment [79]. 
MSE, in particular, has been shown to be sensitive to the 
severity of AD symptoms [80,81], with entropy sig
nificantly declining from moderate to severe AD stages. 
However, early-stage AD-related entropy measures were 
indistinguishable from healthy controls.

Characterizing the dynamical attributes of the neuro
electric field at the thresholds of consciousness — such 
as near-death, comatose, or vegetative states, may be a 
natural next step [82]. Research on near-death experi
ences (NDEs), reveals altered EEG patterns [83–85], 
providing a model for studying the gradual decline of the 
neuroelectric field complexity in such conditions. Some 
studies of near-death states have observed transient 
bursts of coherent EEG activity, particularly in the 
gamma oscillation frequency. High-frequency gamma 
waves have been reported in cases of cardiac arrest in 
both animal and human studies [84] and are thought to 
contribute to the heightened awareness or vivid ex
periences reported in NDEs [86]. It is evident that each 
developmental stage provides a distinct piece of the 
puzzle in understanding the emergence and decline of 
consciousness. Characterizing the dynamical attributes 
of the neuroelectric field across these stages could offer 
an objective and quantitative approach to resolving the 
different aspects of the neuroelectric correlates of con
sciousness.

Discussion and future research
Two essential messages regarding neuroelec
trophysiology can be drawn from a brief review of the 
literature, which we have intended to highlight in this 
paper. First, EM fields play a role in a feedback loop 
throughout neurodevelopment. Internally generated 
fields created by subcellular processes, as well as neural 
interaction, influence neural architecture. The neuro
electric field exhibits distinct changes throughout de
velopment, particularly during key milestones such as 
the emergence of ToM and declines when disorders of 
cognition and consciousness appear. The clear involve
ment of the neuroelectric field in the emergence, de
velopment, and decline of consciousness suggests the 
need for standard measures of the neuroelectric field 
that will enable trajectories through the lifespan to be 
constructed by multiple research groups and shared with 
the community. Complexity measures derived from 
dynamical systems theory appear to be viable candidates 
for this task, but more research is needed to determine 
which of the many complexity measures are essential 
and exactly how they are to be computed. A recent paper 
discusses more than 20 different definitions and algo
rithms for ‘entropy’ alone [32]. These cannot all be 
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independent. A promising new approach to extracting 
quantitative measures of a dynamical system is to use 
reservoir computing to analyze time series generated by 
the system of interest [7,87]. A reservoir is a kind of 
recurrent neural network with fixed weights, making it 
optimal for processing time series information from dy
namical systems [88]. For analyzing the neural correlates 
of consciousness, reservoir computers can successfully 
predict dynamical behavior that is qualitatively different 
from any behavior contained in their training, suggesting 
that reservoir computers can be used for data-driven 
discovery of new dynamical regimes [88].

Consciousness, cognition, perception, and self-aware
ness are all related but may also represent different as
pects of higher-order cognitive function. To capture the 
full spectrum of conscious experience and differentiate 
between its interrelated aspects, it may be valuable to 
extend the investigation toward the life/death con
tinuum, where cognitive function is impaired, but 
awareness may still be present. Research on altered or 
minimal states of consciousness, such as those observed 
in coma, anesthesia, REM sleep, and NDEs, could 
provide insights into the limits and robustness of neu
roelectric field complexity as a correlate of conscious
ness. In this context, additional physical measures, such 
as biophotons are proposed as providing more insight 
into the sphere of life and death [82]. We note that 
photons are ripples in the EM field in the terahertz 
frequency range (specifically, about 400 THz to 
750 THz). Others have proposed that processes in mi
crotubules radiate EM energy in the MHz to lower THz 
range [27]. These studies may identify specific EM 
phenomena correlated with the last detectable neural 
activity patterns before loss of conscious awareness, po
tentially enhancing our understanding of the boundaries 
of conscious awareness and supporting related medical 
strategies. Measurement of a much broader range of EM 
radiation from living systems than is common with EEG 
sensors, along with nonlinear dynamical analysis, which 
reveals far more than just power in frequency bands, is 
needed. This is consistent with the concept of a neu
roelectric dynamical field, which need not be limited in 
frequency range.

Beyond developmental trajectories, expanded states of 
consciousness, such as those induced by meditation or 
medication [89,90] (e.g. psychedelics), offer unique op
portunities to modulate and examine neuroelectric field 
dynamics. Exploring the dynamic attributes of these 
states could extend our ability to distinguish conscious 
awareness and subjective human experience from other 
higher-order cognitive functions [91]. Interestingly, both 
near-death states and deep meditative states have been 
associated with gamma-band oscillation and long-distance 
phase-synchrony, as well as cross-frequency coupling with 
both theta and alpha waves [92,93], both demonstrating 

higher cortical connectivity compared with normal waking 
states [94,95], which is associated with heightened states 
of awareness. Expanded analysis of a broad range of 
nonlinear dynamical measures associated with all these 
phenomena has yet to be conducted.

The multiplicity of complexity measures for character
izing the phase portrait of a complex dynamical system 
or field may enable a more complete and refined ap
proach to measuring consciousness than a single measure 
such as Φ. This will require more empirical research at 
many developmental stages as well as altered states of 
consciousness.

We have presented DFT as an empirically measurable 
dynamical system that is correlated with consciousness 
throughout development but leave it to future studies to 
explore its specific relation to fundamental ontologies of 
consciousness. It may provide a quantitative, empirical 
framework for evaluating predictions from various con
sciousness theories, such as IIT [1,2,96,97]. Specifically, 
the neuroelectric field is a unified or integrated entity that 
may be described mathematically by the language of dy
namical systems [9,98,99]. The DFT concept is also 
compatible with Orch OR theory of consciousness, in that 
subcellular (microtubule) processes that result in high-fre
quency EM signals will contribute to the neuroelectric 
field. Dynamical activity in the EEG is only the low-fre
quency spectrum of the entire EM field that emerges from 
neuronal and non-neuronal physiological functions [100].

Quantitative measurements of neuroelectric field com
plexity at all stages of development through the lifespan 
are needed to fully evaluate developmental trajectories 
and how these are related to behavioral assessments of 
consciousness. Many previous studies of electro
physiology were limited to spectral power, which is useful 
but potentially misses complexity information. The latter, 
as noted, may be relevant to measures of integrated in
formation and its development through the lifespan.

EEG may be the most direct measure of the mind 
available, yet it remains an underutilized tool for mea
suring and analyzing consciousness and awareness. The 
implementation and adoption of standardized com
plexity measures may enable this tool to be used as a 
reliable clinical instrument for monitoring the develop
ment of conscious awareness through the lifespan, as 
well as a detector for disorders of consciousness. The 
neuroelectric field model provides a consistent frame
work that points to DFT for the development of com
putational research tools to advance this field.
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