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When does the mind begin? Infant psychology is mysterious in part because we cannot remember our first months 

of life, nor can we directly communicate with infants. Even more speculative is the possibility of mental life prior 

to birth. The question of when consciousness, or subjective experience, begins in human development thus re- 

mains incompletely answered, though boundaries can be set using current knowledge from developmental neuro- 

biology and recent investigations of the perinatal brain. Here, we offer our perspective on how the development of 

a sensory perturbational complexity index (sPCI) based on auditory ( “beep-and-zip ”), visual ( “flash-and-zip ”), or 

even olfactory ( “sniff-and-zip ”) cortical perturbations in place of electromagnetic perturbations ( “zap-and-zip ”) 

might be used to address this question. First, we discuss recent studies of perinatal cognition and consciousness 

using techniques such as functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and, in 

particular, magnetoencephalography (MEG). While newborn infants are the archetypal subjects for studying early 

human development, researchers may also benefit from fetal studies, as the womb is, in many respects, a more 

controlled environment than the cradle. The earliest possible timepoint when subjective experience might begin 

is likely the establishment of thalamocortical connectivity at 26 weeks gestation, as the thalamocortical system 

is necessary for consciousness according to most theoretical frameworks. To infer at what age and in which be- 

havioral states consciousness might emerge following the initiation of thalamocortical pathways, we advocate 

for the development of the sPCI and similar techniques, based on EEG, MEG, and fMRI, to estimate the perinatal 

brain’s state of consciousness. 
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. Introduction 

Research into the level or state of human consciousness often focuses

n fields with strong medical applications and/or unmet needs, such as

isorders of consciousness ( Bourdillon et al., 2020 ; Chennu et al., 2014 ;

ngemann et al., 2018 ; Jean-Remi King et al., 2013 ; Lutkenhoff et al.,

020 ; Monti et al., 2010 ; Sitt et al., 2014 ) and anesthesia monitoring
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 Colombo et al., 2019 ; Sarasso et al., 2015 ). Nonetheless, a scientific un-

erstanding of consciousness is incomplete without an account of when

nd how consciousness emerges in early human development. Indeed,

s the science of consciousness expands, it encounters a number of new

rontiers. A recent review ( Seth and Bayne, 2022 ) recognized new di-

ections for consciousness research, including inferring consciousness in

on-human animals, cerebral organoids, and, most importantly for this
rch 2023 
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Table 1 

Comparisons of cerebral organoids, fetuses, newborns, and adults. Cerebral organoids or “minibrains ” have as many as 6 million neurons using current organoid 

techniques, more than that of insects such as honey bees or fruit flies ( Greely, 2021 ). At present, they are generally thought to lack consciousness ( Lavazza, 2021 ; 

Muotri, 2021 ), though this could change with increasing sophistication in the near future. Massive brain growth occurs during fetal development , with the total 

number of neurons peaking around 30 weeks gestation and then declining by approximately 70% before birth due to apoptosis ( Rabinowicz et al., 1996 ). Neonates 

are born with slightly more neurons than an adult. Both fetuses and infants exhibit an abundance of active or rapid eye movement (REM) sleep and spend the 

majority of their day sleeping. By contrast, adults sleep eight hours a day, the majority of which is non-rapid eye movement (NREM) sleep. As adults, we can 

produce evidence of our own consciousness through verbal reports. How can neural mechanisms responsible for consciousness —if indeed present —be inferred 

or manipulated in fetuses, infants, and adults? Anesthesia can generally be used safely in adults to reversibly switch consciousness off, but its use is discouraged 

during pregnancy and early in postnatal development, except for when absolutely necessary for surgery. For safety reasons, brain stimulation in fetuses and infants 

is limited to sensory stimulation that perturbs neural circuits using discrete stimuli such as light flashes or auditory tones. Tools for measuring neural activity in 

fetuses are limited to fetal magnetoencephalography (MEG) and functional magnetic resonance imaging (fMRI), with electroencephalography (EEG) also available 

for recording neural activity in infants. Some techniques used in adults, such as electrocorticogram (ECoG) and local field potentials (LFP) in neurosurgery patients, 

as well as positron emission tomography (PET), are not used to study fetuses or infants for ethical and safety reasons. 

Cerebral organoids Fetuses Newborns Adults 

Number of neurons 1 - 6 million 65 billion (18 weeks) 

280 billion (30 weeks) 

> 86 billion (40 weeks) 

> 86 billion 86 billion 

Modalities LFP, single unit 

recordings 

fMRI, MEG fMRI, fNIRS, EEG, MEG fMRI, fNIRS, PET, EEG, 

ECoG, LFP, MEG 

Sleep/wake cycle None using current 

techniques 

Mostly active sleep, 

analogous to adult REM 

sleep ( Nijhuis et al., 

1982 ) 

15 h per day 

( Parmelee Jr et al., 1964 ) 

8 h per day 

Anesthesia Used for research 

( Logan et al., 2020 ) 

Discouraged for 

health/safety reasons 

(see Van de Velde and 

De Buck, 2012 ) 

Discouraged for 

health/safety reasons 

(see Davidson, 2011 ) 

Used for painful 

procedures in patients, 

research in volunteers 

Stimulation Optogenetic, 

pharmacological 

Sensory 

(visual/auditory) 

Sensory 

(visual/auditory) 

Electromagnetic, 

pharmacological, 

focused ultrasound, 

sensory 
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anuscript, early human development. In light of this last goal, basic

nd translational research into perinatal consciousness is a promising

irection for scientific inquiry and may ultimately catalyze the devel-

pment of new techniques for detecting consciousness in early human

evelopment. Results stemming from such work may also be applied to

he measurement of consciousness in adults, e.g., by introducing new

pproaches for perturbing the thalamocortical system and/or introduc-

ng new data prompting updates to existing theories of consciousness

see Box 1 ). 

Which developmental stage is most valuable for understanding the

mergence of consciousness ( Table 1 )? Initially, infancy is the natural

arget for most investigations, as it is the developmental stage at which

vert behavior emerges and, furthermore, common approaches for mea-

uring brain activity, such as electroencephalography (EEG) or func-

ional magnetic resonance imaging (fMRI), are generally easier when

ata are recorded ex utero. Specifically, one may wish to record early

n postnatal development, e.g., from newborns or preterm infants, as a

eans of starting close to “square one ” ( Ciaunica et al., 2021 ). Can we

o earlier —even closer to square one? 

Despite the technical challenges of in utero recordings, there are sci-

ntific reasons to also pursue functional brain data from human fetuses.

ne such reason is that the womb is, in some respects, a more controlled

nvironment than the cradle. The former environment isolates the fetal

ervous system from many environmental stimuli and controls arousal

evels using sedating chemicals such as adenosine, allopregnanolone,

regnanolone, and prostaglandin D2 ( Mellor et al., 2005 ). By contrast,

he cradle is a less controlled environment that often requires parental

ntervention when the infant becomes agitated, as occurs often. The con-

equences of the less controlled ex utero environment can be seen when

omparing auditory habituation in fetuses with full-term newborns. De-

pite the fact that full-term newborns are more developed than fetuses,

etuses more reliably show evidence of habituation to auditory tones,

ikely because they are isolated in the womb from most other environ-

ental stimuli, including outside sounds ( Muenssinger et al., 2013 ).

iven the above considerations, fetal data are promising for testing
2 
ypotheses concerning perinatal cognition and/or consciousness, espe-

ially when recording magnetoencephalography (MEG) signals, which

llow cortical activity to be studied with high temporal resolution. How-

ver, we emphasize that spatial resolution is limited in standard fetal

EG recordings, in which only a few channels record cortical signals

 Fig. 1 A). To look for rich spatiotemporal patterns of perinatal cor-

ical activity suggestive of consciousness, next-generation brain imag-

ng technologies may offer new possibilities. One such solution is MEG

ecorded with optically pumped magnetometers (OPMs), which can be

eployed flexibly in an ad hoc manner ( Brookes et al., 2022 ; Escalona-

argas et al., 2020 ), e.g., with sensor placement optimized for a given

estational period and fetal orientation in the womb ( Fig. 1 B). How-

ver, it is unclear whether OPM-based MEG alone is sufficient to cap-

ure rich spatiotemporal patterns of cortical activity without advanced

eamformer approaches combined with anatomical information from

tructural magnetic resonance imaging (MRI). Another possible solution

s fetal fMRI, which offers vastly superior spatial resolution and is con-

idered safe for both the fetus and the mother-to-be ( Ray et al., 2016 ;

an den Heuvel and Thomason, 2016 ). Given that fetal MEG studies are

urrently limited to only a few cortical channels and currently only two

edicated data collection sites (Little Rock, Arkansas, USA and Tuebin-

en, Germany, Fig. 2 ), other approaches such as fetal fMRI and infant

EG/MEG/fMRI are also needed to fully understand the perinatal pe-

iod. 

In this article, we will give our perspective on a new frontier of

oth cognitive neuroscience and consciousness research —the perina-

al period —and advocate for a new approach to quantifying perina-

al consciousness using sensory perturbational complexity. Such a neu-

al measure would be especially valuable for inferring perinatal con-

ciousness given recent claims that infant behavior is subcortically me-

iated —and thus unreliable for inferring consciousness ( Tononi and

och, 2008 ) —until three to six months after birth ( Blumberg and

dolph, 2023 ). This approach builds on recent findings obtained with

etal MEG and fMRI and can be realized in the near term. First, in

ection 2 “SARA and her SQUIDs: an overview of fetal MEG ”, we re-
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Fig. 1. Fetal MEG techniques. Optically pumped magnetometers (OPMs) are 

a recent innovation in MEG technology. Whereas conventional MEG devices 

(A) detect weak magnetic brain signals using SQUIDs (Superconducting Quan- 

tum Interference Devices) that must be cooled by liquid helium to ∼4 Kelvin 

( − 269 Celsius), OPMs (B) use room temperature sensors utilizing lasers inside 

vapor cells filled with rubidium or cesium gas to detect weak magnetic fields 

( Brookes et al., 2022 ); the vapor atoms are “pumped ” by the laser, meaning that 

they become magnetized. This allows them to interact with and thus trigger the 

detection of very weak external fields. Unlike SQUIDs, OPMs do not require a 

fixed helmet or dewar containing cryogenic coolant but can instead be applied 

flexibly in an ad hoc manner. For example, one may use 3D-printed caps that 

accommodate different head sizes, e.g., as seen in a video directed by Brady 

Haran for the University of Nottingham: https://youtu.be/9FrsYjkKhBI?t = 247 

( Haran, 2022 ). Given their flexible deployment, the application of OPMs to MEG 

hardware is motivated in part by the need for improved MEG recordings in in- 

fants and young children ( Brookes et al., 2022 ). Furthermore, an OPM sensor 

array may also be applied to the abdomen of a pregnant woman to record fetal 

cortical signals (B). OPMs have already been applied in this way to record fetal 

heart signals (MCG) ( Escalona-Vargas et al., 2020 ), as fetal MEG devices detect 

a mixture of fetal brain signals (cyan), fetal heart (magenta), and maternal heart 

(purple) signals (Fig. A 2 , B 2 ). We anticipate that OPMs will increase the accessi- 

bility of fetal brain activity to researchers in the near future. In their application 

to infant data, OPM-based MEG will yield far better head-coverage than SQUID 

based MEG, yielding higher spatial resolution (see Fig. 4 A 1 , cf. Fig. 3 E). Artwork 

by Katrin Sippel. 
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iew insights on perinatal consciousness and cognition obtained with

etal MEG (sometimes referred to as fMEG). Next, in Section 3 “Weak

elds and strong fields: what MRI adds to the picture ”, we review the

nsights into perinatal cognition and consciousness obtained from neu-

oimaging. Having considered the above evidence, we then give our

iew of what an objective, validated measure of felt experience in the

arliest stage of human life might look like in Section 4 “Sensory per-

urbational complexity: an index of perinatal consciousness? ” Follow-

ng this section, we consider how such a measure could be validated for

se as an EEG/MEG measure of perinatal consciousness in Section 5 “A

oadmap toward the development of sPCI ”. In Section 6 “An alterna-

ive perturbational complexity approach using fMRI ”, we consider how

 perturbational complexity measure of perinatal consciousness could

lso be implemented using neuroimaging. Finally, in Section 7 “Con-

lusions ”, we end with reflections on the epistemological limitations of

easuring perinatal consciousness. 
3 
ox 1 . Perinatal consciousness and theories of consciousness 

One way to approach the question of perinatal consciousness is 
to consider predictions made by leading theories of conscious- 
ness. Although theories of consciousness can be grouped in var- 
ious ways, for present purposes, the most illuminating divide is 
between what we call ‘low-bar’ views and ‘high-bar’ views. Low- 
bar views hold that perceptual and sensory consciousness requires 
little in the way of cognitive machinery, whereas high-bar views 
hold that consciousness presupposes significant amounts of cogni- 
tive machinery. 

One of the most influential low-bar views is the integrated infor- 
mation theory (IIT) ( Tononi, 2004 ; Tononi et al., 2016 ). The cen- 
tral idea behind IIT is that consciousness should be understood in 
terms of ‘cause-effect power’ that reflects the amount of maximally 
irreducible integrated information generated by a physical system. 
Integrated information, in turn, is associated with the information 
theoretic quantity Φ (Phi), which measures the amount of infor- 
mation that is generated by a system as a whole (as compared to 
its parts considered in isolation). Given that the requirements for 
having some level of Φ are relatively easy to satisfy, it seems likely 
that IIT would point to an early origin for fetal consciousness. An- 
other influential ‘low-bar’ theory of consciousness is the recurrent 
processing theory or RPT ( Lamme, 2018 , 2006 ). RPT has mostly 
been discussed in relation to visual consciousness, and holds that 
visual consciousness requires only localized recurrent processing 
within the visual system, and that although parietal and frontal 
regions might be required for reporting and using the contents 
of visual experience, they are not required for visual experience 
itself. RPT also points towards an early onset for visual conscious- 
ness. 

Perhaps the most influential high-bar approach is the global 
workspace theory (GWT), first proposed by Baars (1997) and 
since developed in neurobiological detail by Dehaene and oth- 
ers ( Dehaene et al., 1998 ; Dehaene and Changeux, 2011 ; 
Mashour et al., 2020 ). According to GWT, sensory information 
becomes conscious when it is ‘broadcast’ within an anatomi- 
cally widespread neuronal workspace that is implemented across 
higher-order cortical association areas, with a particular (though 
not exclusive) emphasis on prefrontal cortex. Activation of the 
global workspace is achieved through nonlinear network ‘ignition’ 
in which recurrent processing amplifies and sustains neuronal rep- 
resentations. Given the emphasis that GWT places on long-range 
amplification and integration, it would point towards a late date 
for the emergence of consciousness. 

Another influential high-bar approach to consciousness is 
the higher-order approach, according to which representations 
are conscious when they are the targets of a certain meta- 
representational process ( Brown et al., 2019 ). The higher-order 
view is more of an approach than a particular theory, and there 
are a variety of views within its ranks as to what kinds of 
metarepresentational processes are required for consciousness. 
Some higher-order theorists focus on meta-representational states 
that are conceptualized and involve an explicit theory of mind 
( Rosenthal, 2005 ); others focus on the abstract states within 
a generative model of perceptual processing ( Fleming, 2020 ; 
Lau, 2019 ). Higher-order approaches that focus on conceptualized 
meta-representations are committed to a late-onset view of human 
consciousness, whereas those that are couched in neurocomputa- 
tional terms can allow that consciousness emerges relatively early 
in development. 

Just as low-bar and high-bar approaches make different pre- 
dictions for when consciousness first emerges, they also tend to 
make different predictions for where in the brain the critical mech- 
anisms for consciousness are located (posterior and anterior re- 
gions, respectively; see Boly et al., 2017 ; Odegaard et al., 2017 ). 
Thus, from the perspective of IIT or RPT, an experiment showing 
maturation of posterior cortical regions might increase the plau- 
sibility of the developmental stage being studied supporting con- 
sciousness. On the other hand, from the perspective of GWT of 
higher-order theories, an experiment would likely need to show 

https://youtu.be/9FrsYjkKhBI?t=247


J. Frohlich, T. Bayne, J.S. Crone et al. NeuroImage 273 (2023) 120057 

2

2

 

a  

fi  

s  

i  

M  

d  

t  

u  

s  

p  

A  

M  

e  

o  

v  

t  

u  

(

 

c  

t  

o  

m  

B  

t  

d  

c  

s  

M  

b  

(

 

n  

t  

r  

e  

n  

A  

i  

g  

r  

d  

C  

v  

H  

n  

1 In the past, several sites used non-dedicated systems to record fetal MEG 

signals, but it seems that they are not operational anymore. 
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maturation of pre-frontal or frontoparietal areas to give plausi- 
bility to consciousness occurring at the developmental stage un- 
der investigation. Note, however, that all of the above theories at- 
tribute consciousness to a distributed network process ( Seth and 
Bayne, 2022 ), in which other cortical areas beyond those empha- 
sized by the theory may also play a role, even if they are not 
strictly necessary for consciousness within a framework. Finally, 
despite their differences, all of the above theories emphasize cor- 
tical mechanisms of consciousness ( Seth and Bayne, 2022 ) and 
view neural correlates of consciousness located in the midbrain 
or hindbrain ( Parvizi and Damasio, 2001 ) as enabling factors or 
background conditions which are, at best, necessary, but never 
sufficient, for consciousness ( Tononi and Koch, 2008 ). 

. SARA and her SQUIDs: an overview of fetal MEG 

.1. Introduction to perinatal MEG and EEG 

MEG is a noninvasive technology for measuring magnetic neural

ctivity ( Barnes et al., 2010 ). Because magnetic fields, unlike electric

elds, are never blocked but only redirected, skull, scalp, and other tis-

ues minimally attenuate magnetic fields, giving MEG an advantage over

ts less expensive and much older sister technology, EEG. Like EEG, the

EG signal is generated by synchronous currents in millions of pyrami-

al cell apical dendrites, the parallel architecture of which is conducive

o signal summation. Yet the unique physics of magnetic fields, which,

nlike electric fields, pass nearly unimpeded through tissues as empha-

ized above, allows for noninvasive fetal imaging via magnetic sensors

ositioned around a pregnant woman’s abdomen or an infant’s head.

s with most other MEG systems, the magnetic sensors of current fetal

EG devices are extremely sensitive superconducting quantum interfer-

nce device (SQUID) coils capable of detecting biomagnetic fields on the

rder of femtoteslas ( Keune et al., 2019 ). However, next-generation de-

ices will likely use OPMs ( Escalona-Vargas et al., 2020 ; Wakai, 2014 )
ig. 2. Map of global MEG systems. MEG systems from Biomag Central ( Biomag Ce

uilt to study. This map is not exhaustive but provides a general overview of how m

any systems can record MEG signals from adults or children (cyan), only nine MEG

ewer systems (four) are capable of recording from fetuses. Of these, two are SARA sy

ncluding magnetocardiogram (MCG, magenta). The global scarcity of MEG systems

tudying this developmental period. However, next generation MEG systems based on

nd infant MEG ( Wakai, 2014 ) by allowing for ad hoc recordings that do not require

4 
o record fetal MEG signals in a flexible manner, with sensor placement

nconstrained by the cryogenic dewar used in SQUID-based systems

 Fig. 1 ). 

The first fetal MEG signal was recorded in 1985 using a single SQUID

hannel which detected auditory event-related responses from the fe-

al cortex in a study by Blum et al. (1985) . Since then, the application

f MEG to detect fetal and neonatal cortical signals has grown, albeit

odestly. Of the > 100 MEG centers worldwide that are registered on

iomag Central ( Biomag Central, 2017 ), only four are capable of de-

ecting biomagnetic fetal signals ( Fig. 2 ), and of these, only two are

edicated to fetal MEG ( Keune et al., 2019 ). As mentioned above, re-

ent advances in room-temperature OPMs which do not require a fixed-

ize helmet may expand the currently small number of sites with fetal

EG capabilities, as the OPM equipment does not need to be custom-

uilt for fetal applications but can instead be adapted for new purposes

 Brookes et al., 2022 ). 

When dedicated to fetal brain signals using current-generation tech-

ology, the MEG system is referred to as a SQUID array for reproduc-

ive assessment (SARA), and its general application to fetal imaging is

eferred to as fetal MEG ( Fig. 1 A, Fig. 3 ). Of the two SARA systems in op-

ration today, one was installed in the Department of Obstetrics and Gy-

ecology at University of Arkansas for Medical Sciences in Little Rock,

rkansas, USA in 2000, followed by the more advanced SARA II system

nstalled at the fMEG Center at the University of Tübingen, in Tübin-

en, Germany in 2008 ( Keune et al., 2019 ). Another system capable of

ecording fetal MEG is an 83-channel fetal biomagnetometer primarily

edicated to magnetocardiography at the University of Kansas Medical

enter, in Kansas City, Kansas, USA ( Memar, 2019 ), and a similar de-

ice has also been used at the Biomagnetic Center of Jena University

ospital in Germany ( Schneider et al., 2001 ) to record from fetuses, but

either of these are SARA systems. 1 A larger number of MEG systems ex-
ntral, 2017 ) were categorized according to the developmental period they are 

any systems are dedicated to each developmental period worldwide. Whereas 

 systems that we know of are capable of recording from infants (yellow). Even 

stems (red) and two are general system for recording fetal biomagnetic signals, 

 capable of recording from fetuses and/or infants underscores the difficulty of 

 optically pumped magnetometers (OPMs) may improve the availability of fetal 

 custom-built cryogenically cooled devices (see Fig. 1 ). 
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Fig. 3. Measurement of fetal brain signals using a SQUID array for reproductive assessment (SARA) system. A mother-to-be kneels in front of the SARA device with 

her abdomen positioned within the concavity containing the sensor array (A). A sound balloon is placed between the maternal abdomen and the sensors to deliver 

auditory stimuli. Only a subset of fetal MEG channels receive detectable signals from the fetal brain (pink), whereas other channels generally receive signals from 

other physiological activity and noise sources (B). The fetus is situated near the SQUID coils (C), which are positioned to detect biomagnetic fields from the fetus 

on the order of femtoteslas (D). Besides fetal cortical signals, the SARA device can also detect cortical signals from infants, e.g., when an infant is placed in a cradle 

head-first toward the sensor array and wearing infant-friendly headphones to delivery auditory stimuli (E). Cortical signals recorded from infants are similar to 

fetal cortical signals but with a higher SNR and large amplitude (F). In both (E) and (F), examples of trial-averaged auditory-evoked MEG signals from a fetus and 

newborn, respectively, are shown, with pink highlights denoting auditory tones. Note that (A) and (E) depict examples of participants and not the actual subjects 

who volunteered the data in (D) and (F). 

i  

w

 

a  

s  

l  

a  

b  

h  

a  

b  

(  

c  

a  

(  

u  

t  

t  

S  

c  

w  

s  

e  

2

 

n  

f  

w  

t  

i  
st for studying later periods of development, e.g., at least nine systems

orldwide are used to record MEG signals from infants ( Fig. 2 ). 

Each SARA system can detect both spontaneous fetal signals as well

s fetal visual and auditory event-related fields (ERFs), with stimuli pre-

ented to the fetal nervous system via a sound balloon (auditory) or

ight-emitting diodes (visual) placed between the maternal abdomen

nd the SQUID array ( Keune et al., 2019 ). In the case of the sound

alloon, speakers are placed outside of the magnetically shielded room

ousing the SARA system to avoid magnetic artifacts, and auditory tones

re transmitted through an air-filled plastic tube to the inflated plastic

alloon placed between the maternal abdomen and the SQUID array

 Niepel et al., 2020 ). Sound attenuation by the maternal abdomen is ac-

ounted for in the stimulus delivery, and the volume is thus calibrated

t 20 – 30 dB higher than the target volume that will reach the fetus

 Gerhardt et al., 1990 ; Querleu et al., 1988 ). In the case of visual stim-
5 
lation, red LED lights are placed between the maternal abdomen and

he SQUID array, as lower frequencies of light pass more easily through

issue than higher frequencies toward the blue end of the spectrum. The

ARA system can also be used to detect neural signals from infants, in-

luding neonates, with the infant lying in a crib positioned head-first to-

ard the SQUID array ( Niepel et al., 2020 ; Preissl et al., 2004 ); sensory

timuli can then be delivered as necessary, e.g., using infant-friendly

armuffs to deliver auditory tones ( Keune et al., 2019 ; Preissl et al.,

004 ). 

Given the biophysical advantages of MEG discussed at the begin-

ing of this section, its sister technology, EEG, has rarely been used

or recording prenatal cortical activity in humans, the acquisition of

hich requires recordings from the fetal scalp during labor after rup-

ure of the amniotic membranes ( Thaler et al., 2000 ). Given this lim-

tation, EEG is not particularly useful for studying fetal brain activ-
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ty, but similar electrophysiology methods, e.g., local field potentials

LFPs), may be applied to cerebral organoids to study the early de-

elopment of neural oscillations ( Trujillo et al., 2019 ). In addition to

erebral organoids, electrophysiology can be applied to preterm infants

 Wallois et al., 2021 ) as a means of studying early development before

ull term gestational age. These EEG studies are boosted by a higher

NR than infant MEG recordings using a SARA device. For instance,

ahmoudzadeh et al. (2017) used EEG to study the spatial scalp to-

ography of event-related responses in preterm infants with a mean

estational age of 30 weeks. The authors discovered reproducible to-

ographies occurring at each of several event-related potential (ERP)

eaks in response to phonetic stimuli, as well as a mismatch response

see Glossary in Box 2 ) to deviant stimuli that differed from standard

timuli according to syllable or the speaker’s gender. Thus, EEG can

e used to show phonetic processing and discrimination prior to full

erm maturation. Importantly, however, preterm infants should not be

onceptualized as ex utero fetuses, as the chemical environment of the

omb sedates the fetus and may thus constrain its capacity for cognition

nd awareness ( Lagercrantz, 2009 ; Lagercrantz and Changeux, 2009 ;

ellor et al., 2005 ). For a discussion of other EEG studies in infants, see

ection 4.3 “Sensory perturbational complexity: an index of perinatal

onsciousness? ”. 

ox 2 . Glossary 

Conceptual age: fetal age referenced to the time of fertilization 
(also known as post-conceptual age), cf. gestational age (defined 
below). 

Consciousness: subjective experience, which may occur in 
the absence of self-awareness or meta-cognition. An organism is 
conscious if there is “something it is like ” to be that organism 

( Nagel, 1974 ). 
Default mode network (DMN): a spontaneous fMRI connec- 

tivity network active during higher cognitive functions and com- 
monly reduced during focused attention. Its principal nodes in- 
clude the posteromedial cortex, middle temporal cortex, medial 
prefrontal cortex, and angular gyrus ( Smallwood et al., 2021 ). The 
DMN is altered during unconscious states, but it is neither neces- 
sary nor sufficient for consciousness. 

Entropy: the number of ways in which a system or signal can 
be arranged. Signal entropy is often referred to as “complexity ”, 
and increased EEG/MEG signal entropy is generally associated 
with consciousness ( Sarasso et al., 2021 ). 

Gestational age: fetal age referenced to the time of last men- 
struation, cf. conceptual age (defined above). In infants, the ges- 
tational age is added to the chronological age (age after birth) to 
give the postmenstrual age. 

Local-global: a stimulation paradigm with two levels of de- 
viant or oddball stimuli, within trials (local oddballs) and between 
trials (global oddballs), in which detection of a global oddball may 
require consciousness ( Bekinschtein et al., 2009 ) 

Mismatch response: the early cortical response to a low prob- 
ability or “oddball ” stimulus (defined below) which is generally 
preconscious ( Näätänen et al., 2001 ). In EEG, it is referred to as 
the mismatch negativity (MMN) and in MEG, it is referred to as 
the mismatch field (MMF). 

Oddball: a deviant, low probability stimulus or irregularity in 
a sequence of stimuli. 

P300: a late cortical response, as recorded with EEG or MEG, 
to a stimulus, generally associated with a reorienting of attention 
( Polich, 2007 ). In the context of an oddball paradigm, it occurs af- 
ter the mismatch response. Its late component (P3b) is often asso- 
ciated with consciousness (but see criticism noted in Section 2.3 of 
the text). Although it is named for its 300 ms latency in adults, 
a later yet analogous response has also been observed in infants 
( McIsaac and Polich, 1992 ) and fetuses ( Moser et al., 2021 ). 

PCI algorithms: algorithms for quantifying the complexity of 
the EEG/MEG response to a cortical perturbation, as a means of 
t  

6 
computing the PCI or sPCI (defined below). In principle, the same 
algorithms may be used for PCI and sPCI, though in practice, dif- 
ferent algorithms may be better suited for each. 

Perturbational complexity index (PCI) : the complexity of 
the EEG response to a TMS pulse or “perturbation ” as first intro- 
duced by Casali et al. (2013) as an objective and robust measure 
of consciousness. 

Sensory PCI (sPCI) : A variation of the original PCI that uses 
the complexity of EEG or MEG responses to sensory, rather than 
electromagnetic, perturbations. 

SQUID array for reproductive assessment (SARA): An MEG 

device built for recording fetal MEG signals, but which may also 
be used to record infant MEG signals (SQUID = superconduct- 
ing quantum interference device). Note that some sources (e.g., 
Moser et al., 2019 ) refer to data recorded with a SARA device as 
fMEG regardless of whether the subject is a fetus or an infant. 

Topographic information analyzed in the above study by Mah-

oudzadeh and colleagues would not be obtainable with a SARA sys-

em, which generally only records cortical MEG signals from a few chan-

els ( Moser et al., 2020 ). Alternatively, systems dedicated exclusively

o infant MEG ( Fig. 2 ) may record high resolution topographic data,

.g., the 375-channel “BabyMEG ” installed at Boston Children’s Hospi-

al in Massachusetts, USA ( Okada et al., 2016 ). In addition to dedicated

ystems for infant MEG, EEG is also a valuable tool for studying the

patial dimension of infant cortical activity that would not be other-

ise obtainable with a SARA system. For studies requiring even higher

patial resolution ( < 1 cm), either advanced MEG source localization

echniques or fMRI is required. The latter can be used to study both fe-

uses and newborns ( Anderson and Thomason, 2013 ; Yates et al., 2021 )

see Section 3 “Weak fields and strong fields: what MRI adds to the

icture ”). Unlike EEG and MEG, fMRI records hemodynamic activity as

 proxy for neural activity. A related technology, functional near in-

rared spectroscopy (fNIRS), also records hemodynamic brain activity

n infants ( Emberson et al., 2015 ), but is deployed using a cap of wired

ensors in a manner more similar to EEG than fMRI; it is thus portable

nd appropriate for experiments that cannot be conducted in the MRI

canner. However, fNIRS lacks the high spatial resolution of fMRI. For

n overview of imaging modalities available at different developmental

tages, see Table 1 . 

.2. Fetal cognition 

In the past two decades, MEG has been successfully deployed to

tudy cognition in fetuses. In an early fetal MEG study, an “oddball ”

aradigm was used to study sound frequency change detection in a small

ample of fetuses and infants. Nearly half of fetal recordings showed a

ismatch field response to oddball or deviant stimuli, which was ob-

erved as early as 33 weeks gestational age, i.e., nearly the earliest ges-

ational age studied ( Draganova et al., 2005 ). The proportion of “re-

ponders ” increased in the neonatal data, with 80% of recordings show-

ng the mismatch response. Several fetal and neonatal recordings also

howed a late discriminative negativity response occurring roughly 100

200 ms following the earlier mismatch response. A subsequent study

etected the mismatch response as early as 28 weeks and demonstrated

 non-significant decrease in response latency with gestational age using

egular sampling of longitudinal data ( Draganova et al., 2007 ). Besides

ound frequency discrimination, fetal MEG has also been used to demon-

trate numerosity discrimination in fetuses and newborns using auditory

ones. All newborns and roughly three quarters of fetuses in such a study

 Schleger et al., 2014 ) showed a mismatch response between sequences

f two versus four tones, and fetuses showed a significant decrease in

esponse latency of 8.1 ms per week. 

While the above studies all used MEG to demonstrate discrimina-

ive abilities in fetuses and newborns, MEG has also been used to ele-
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antly demonstrate perinatal learning. In a study of auditory habitua-

ion, Muenssinger et al. (2013) used MEG to demonstrate dishabituation

o a deviant auditory tone following five identical tones in fetuses and

ewborns. Three criteria were used for habituation: 1) a decrement in

esponse amplitude between the second and fifth tone, 2) a response

ncrement between the fifth and sixth tone due to the new stimulus

stimulus specificity), and 3) a response increment between the fifth and

eventh tone due to dishabituation. Statistically significant effects were

ound in fetuses for criteria 1 and 2, and in newborns for only criterion

. Although this might be partially explained by the larger fetal sample

i.e., the neonatal group might have been underpowered), somewhat

urprisingly, the proportion of fetuses that showed evidence of criterion

 was larger (27 out of 36, or 75%) than the proportion of newborns

hat showed the same decrement (10 out of 15, or 66.7%). Why was

abituation learning easier to demonstrate in a less mature population

fetuses) compared to a more mature population (newborns)? This coun-

erintuitive finding appears to support a point made in the introduction:

etal arousal is regulated by maternal hormones and the isolation of the

omb, whereas neonatal arousal is far more varied and influenced by

 greater number and intensity of environmental stimuli. The authors

 Muenssinger et al., 2013 ) note that, while recording from newborns,

[parental] intervention was necessary during almost all measurements

t a certain point ” and that “[ t ]hese distractions from the environment

ight have served as ‘natural dishabituators’ which interfered with the

abituation process ” in the neonatal condition. Put simply, newborns in

he cradle frequently move and cry for their caregiver, whereas fetuses

re largely sedated and isolated from confounding environmental stim-

li. The above study supports the stance that fetuses are often valuable

ubjects for studies of perinatal cognition. 

.3. Possible evidence of fetal consciousness 

Although the preceding studies provide evidence of learning and per-

eptual discrimination in infants and fetuses, their results are perhaps

onsistent with a lack of perceptual awareness. However, recent stud-

es using a hierarchical learning “local-global ” paradigm ( Moser et al.,

021 , 2020) do appear to provide specific evidence of perceptual con-

ciousness in both newborn infants and fetuses from 35 weeks gestation.

his paradigm, based on (auditory) prediction errors or “oddballs ”, has

lready been used as a marker of consciousness in adult neurological pa-

ients ( Bekinschtein et al., 2009 ; Jean-Rémi King et al., 2013 ; Sitt et al.,

014 ), and it can also distinguish general anesthesia from consciousness

n neurosurgery patients ( Nourski et al., 2018 ) and macaque monkeys

 Uhrig et al., 2016 ). For definitions of terms relevant to this approach

e.g., oddball, P300), please see the Glossary ( Box 2 ). 

As presently implemented, the local-global paradigm is a non-

ehavioral task that trains the subject to anticipate the final tone in a

equence of auditory stimuli to be either the same or different from the

ubsequent three or four tones within the same sequence. For instance, a

one that is identical to the preceding tones despite an expectation that it

hould be different is a local standard/global deviant. A tone that is dif-

erent from the preceding tones, as expected given earlier training stim-

li, is a local deviant/global standard. Detecting global rule violations

equires integration of information over a longer temporal duration than

hat of first-order rule violations and may depend on perceptual con-

ciousness and working memory ( Marchi and Hohwy, 2020 ). According

o some theoretical frameworks (e.g., Seth, 2018 ) which hypothesize

hat consciousness depends on predictive coding, an error signal in re-

ponse to global deviants is highly suggestive of perceptual conscious-

ess. 

This prediction error signal appears as the P3b component of the

300 response seen in the ERP or ERF recorded during an odd-

all paradigm. However, the P300 response as conventionally imple-

ented as a signature of perceptual consciousness has been criticized

oth for low sensitivity ( Dembski et al., 2021 ; Faugeras et al., 2012 )

nd low specificity ( Cavinato et al., 2012 ; Doradzi ń ska et al., 2020 ;
7 
chubert et al., 2020 ; Silverstein et al., 2015 ; Tzovara et al., 2015 ).

hile we acknowledge these concerns, the presence of a P300-like re-

ponse at least raises the possibility of perceptual consciousness in fe-

uses. 

Considering the foregoing, successful detection of second-order or

global ” rule violations, evidenced by large signal deflections in the

rial-averaged ERF, is suggestive of consciousness, as was recently re-

orted in studies of fetuses and neonates conducted at the SARA site in

übingen ( Moser et al., 2021 , 2020 ). These responses were only reli-

bly detected in fetuses starting from 35 weeks gestational age, and the

mplitude of the response was modulated by heart rate variability, i.e.,

rousal, suggesting that fetuses who were in a quiet sleep state during

he experiment were unconscious and thus unable to be “surprised ” (in a

ayesian sense) by the deviant tones. To the best of our knowledge, the

bove study is the first ever to explicitly claim evidence of consciousness

n utero based on recorded brain activity. 

. Weak fields and strong fields: what MRI adds to the picture 

While fetal MEG records extremely weak magnetic fields on the or-

er of femtoteslas, MRI uses very powerful magnetic fields on the or-

er of teslas to noninvasively image the brain. In particular, fMRI in-

ers changes in blood oxygenation and can be applied to fetuses to map

ntrinsic brain network development in utero ( Anderson and Thoma-

on, 2013 ). Although pregnancy is sometimes listed as a contraindi-

ation for certain MRI protocols, safe protocols have been developed

pecifically for fetal imaging, which incorporate parameters such as a

ow number of slices and high repetition time to decrease the rate of

eat absorption by fetal tissue ( van den Heuvel and Thomason, 2016 ).

ollow-up studies of children who were scanned as fetuses during the

hird trimester of pregnancy did not find any harmful effects of fetal MRI

 Baker et al., 1994 ; Kok et al., 2004 ). Although the loud volume of MRI

canning noise is another potential safety concern for fetuses, the mater-

al abdomen attenuates acoustic energy by 20 - 30 dB, i.e., a factor of

00 - 1000, nearly comparable to the level of sound protection afforded

y earplugs ( Abel and Lam, 2004 ), and no hearing problems have been

eported in children who were scanned as fetuses ( Baker et al., 1994 ). 

One of the greatest contributions of fMRI to our understanding

f fetal brain development is the discovery of early functional con-

ectivity within the default mode network (DMN) in late gestation

 Thomason et al., 2015 ). The DMN is a network of spontaneous and

trongly correlated hemodynamic fluctuations across cortical regions

sometimes referred to as an intrinsic connectivity network) which, in

dults, is implicated in many different cognitive functions due to its in-

egrative role and unique topographic characteristics ( Smallwood et al.,

021 ) (see the Glossary in Box 2 for further definition). Properties of

he DMN are altered during unconscious states, including diminished

esting-state connectivity and entropy within the DMN, anticorrela-

ions between DMN nodes and other regions of the brain, and task-

ased DMN deactivations ( Crone et al., 2015 , 2011 ; Deshpande et al.,

010 ; Luppi et al., 2019 ; Norton et al., 2012 ; Threlkeld et al., 2018 ).

n the other hand, however, DMN connectivity has been detected, al-

eit disrupted ( Norton et al., 2012 ), in subjects that show no signs of

onsciousness ( Bodien et al., 2017 ; Boly et al., 2008 ; Vincent et al.,

007 ), and, conversely, consciousness may persist even when the DMN

s not detected ( Bodien et al., 2019 ). Furthermore, non-ordinary states

f consciousness are often associated with weakened DMN connectiv-

ty, e.g., in a stimulus-free environment ( Al Zoubi et al., 2021 ) or in the

sychedelic state ( Carhart-Harris et al., 2016 ). Thus, identifying DMN

onnectivity does not necessarily mean the subject is conscious and

n unconscious subject does not necessarily have no detectable DMN.

ather than serving as a direct indicator of consciousness, the DMN

ay indicate the level of information integration, which is a key com-

onent of consciousness within some theoretical and pragmatic frame-

orks ( Mediano et al., 2022 ). 
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a  
With the foregoing in mind, the study cited above by

homason et al. (2015) demonstrated evidence of fMRI connectiv-

ty between two important nodes of the DMN–the prefrontal cortex

nd the posterior cingulate cortex–in fetuses older than 35 weeks

onceptual age (37 weeks gestational age, see Glossary in Box 2 ), thus

stablishing the possibility that this network is already active before

irth. Similarly, two recent, large sampled fMRI studies of newborns

ound evidence of DMN connectivity mere weeks after birth ( Hu et al.,

022 ; Sylvester et al., 2022 ). Furthermore, increasing functional con-

ectivity within the DMN is supported by increases in regional cerebral

lood flow in the first two years of life ( Yu et al., 2023 ). The DMN

resent during the perinatal period might be interpreted as a weaker,

mmature version of the adult DMN, as Hu et al. (2022) found that

he neonatal DMN and other fMRI networks had less within-network

onnectivity compared to adults. Indeed, the DMN may not mature

o adult-like connectivity patterns until two years of age ( Gao et al.,

009 ). Thomason et al. (2015) also found that, beyond the DMN,

ong-range fMRI connectivity increased with gestational age in the

ohort of 39 fetuses they studied cross-sectionally between 24 and 38

eeks gestational age, and early evidence of other intrinsic connectivity

etworks, such as the motor, visual, auditory, and thalamic networks,

as also reported in older fetuses. 

Indeed, the DMN is not the only fMRI connectivity network present

uring the perinatal period. In the Hu et al. study cited above (2022),

ithin the first year of life, not only the DMN, but also the dorsal atten-

ion network (DAN) and executive control network (ECN) were already

ctive in both full-term infants and term-equivalent infants born pre-

aturely, with the reciprocal relationships seen in adults between DMN

ctivity and activity in the other two networks already present. Before

erm-equivalent age, only the DAN was online as a distinct network,

eading the authors to speculate that processes sometimes associated

ith consciousness ( Mediano et al., 2022 ), such as “integration of in-

ormation across diverse sensory and high-order functional modules ”,

re absent prior to term-equivalent age. In another study ( Huang et al.,

020 ), resting state fMRI networks were examined in newborns no more

han several weeks old and compared to adults. The authors reported

hat sensorimotor areas were the most active and well-connected of the

eonatal brain and, in fact, the only region examined that the authors

id not describe as having much lower dynamic connectivity with other

egions as compared to adults. Given this finding and the role of global

nformation propagation ( Baars, 1997 ; Dehaene et al., 1998 ) and in-

egration ( Tononi et al., 2016 ) in prominent theories of consciousness

see Box 1 ), it is possible that bodily perception —dependent on sen-

orimotor connectivity, which matures early in infants —is one of the

rst dimensions of consciousness to arise human development (see also

iaunica et al., 2021 ). Finally, besides functional connectivity, fMRI can

lso be used to map brain activation during the perinatal period. In an-

ther fMRI study ( Goksan et al., 2015 ), newborns less than seven days

ld were exposed to mild noxious stimuli (a pinprick on the foot), and

heir fMRI responses were compared to those of adults in a similar ex-

eriment. In 90% of the anatomical brain regions that yielded pain re-

ponses in adult participants (18 out of 20), infants also demonstrated

imilar responses. This substantial overlap suggests similar pain percep-

ion in infants and adults. 

. Sensory perturbational complexity: an index of perinatal 

onsciousness? 

.1. Complexity and consciousness 

Convergent evidence from many studies has pointed toward the en-

ropy or complexity of EEG and MEG signals as an accurate, experi-

entally useful readout of consciousness ( Frohlich et al., 2021 , 2022a ;

arasso et al., 2021 ). Complexity can be conceptualized as informa-

ional content ( Gell ‐Mann and Lloyd, 1996 ), and is generally quanti-

ed as either the entropy of the signal (i.e., the number of ways in
8 
hich states of the signal can be arranged), or as the compressibility

f the signal, usually measured as the number of unique "patterns ” in

he signal, which is, in fact, bounded by the signal’s ground truth en-

ropy ( Cover and Thomas, 2012 ). Entropy is commonly quantified in

nesthesiology using approaches such as state entropy and response en-

ropy ( Viertiö‐Oja et al., 2004 ), and more commonly in research using

pproaches such as permutation entropy ( Li et al., 2008 ; Olofsen et al.,

008 ) and sample entropy ( Wei et al., 2013 ). EEG compressibility is

enerally quantified using the Lempel-Ziv complexity (LZc) algorithm

 Hudetz et al., 2016 ; Lempel and Ziv, 1976 ; Zhang et al., 2001 ). In a

iverse range of contexts, including NREM sleep ( Abásolo et al., 2015 ;

rohlich et al., 2022a ; Schartner et al., 2017b ; Tosun et al., 2017 ), gen-

ral anesthesia ( Bai et al., 2015b ; Hudetz et al., 2016 ; Schartner et al.,

015 ; Zhang et al., 2001 ), drowsiness ( Mediano et al., 2021 ), and ab-

ence seizures ( Bai et al., 2015a ; Mateos et al., 2018 ), numerous stud-

es have demonstrated that EEG/MEG complexity decreases with a re-

uction in or loss of consciousness. Conversely, EEG/MEG complexity

ncreases with changes and intensifications of phenomenology, such as

hose during hallucinatory or psychedelic states ( Schartner et al., 2017a ;

immermann et al., 2019 ), lucid dreaming (relative to non-lucid dream-

ng; Baird et al., 2022 ), or musical improvisation ( Dolan et al., 2018 ). 

Although the above studies focused on adults and children, entropy

s also known to correlate with conscious states in infancy. For exam-

le, Wielek et al. (2019) achieved above-chance classification of sleep

tages in newborns with machine learning using multiscale permutation

ntropy features, and the performance accuracy using these entropy fea-

ures was significantly greater than that achieved using spectral EEG

eatures. Using dimensionality measures of neural complexity, two ear-

ier studies also reported differences in signal complexity between infant

leep stages ( Janjarasjitt et al., 2008 ; Scher et al., 2005 ). Taken together,

he above cited literature supports a strong experimental link between

onsciousness and signal complexity in adults and infants. 

.2. The perturbational complexity index (PCI) 

The studies described above quantify consciousness based on the

omplexity of spontaneous brain signals. In addition to those studies,

vidence has accumulated for a specific measure of complexity dubbed

he perturbational complexity index, or PCI ( Casali et al., 2013 ). 

Experimentally, PCI is calculated as the complexity or, more specifi-

ally, the compressibility (LZc in the original PCI algorithm) of the EEG

esponse to a cortical perturbation using transcranial magnetic stim-

lation (TMS) —hence the nickname “zap-and-zip ” ( Koch, 2019 ). PCI

as been demonstrated to have near-perfect accuracy for inferring the

resence/absence of consciousness in adults ( Casarotto et al., 2016 ).

CI values are specific to awareness, rather than arousal or wakeful-

ess; this is evidenced by the fact that, in adults, the PCI can distin-

uish states of behavioral unresponsiveness which do not yield subjec-

ive reports upon awakening (e.g., NREM sleep, propofol anesthesia)

rom those which do yield such reports (e.g., REM sleep, ketamine anes-

hesia) ( Casarotto et al., 2016 ). Furthermore, subanesthetic doses of ke-

amine with psychedelic effects suggest that PCI tracks the general ca-

acity for consciousness rather than the richness of conscious content

 Farnes et al., 2020 ). There is some evidence that PCI may even be ca-

able of detecting consciousness when it is otherwise dissociated from

EG oscillations, as occurs following pharmacological challenge with

he antiepileptic drug tiagabine ( Darmani et al., 2021 ). The possibility

hat complexity metrics are even more effective in discriminating states

f consciousness after a perturbation (as in PCI) than they are in spon-

aneous activity would indicate a crucial role for perturbations in the

xperimental assessment of one’s conscious state. Two main algorithms

or PCI exist, the original algorithm based on LZc ( Casali et al., 2013 ),

nd a newer algorithm based on state transitions (PCIst) that can be

eployed in real time ( Comolatti et al., 2019 ). 

Beyond its empirical effectiveness, at a theoretical level PCI is

lso well supported. PCI fits well with a “weak ” or pragmatic version
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 Mediano et al., 2022 ) of integrated information theory (IIT) that high-

ights the interplay between integration and differentiation in neural dy-

amics for consciousness ( Box 1 ). Experimental studies using variations

f IIT’s flagship measure, Φ, have found decreased Φ in humans under

nesthesia and disorders of consciousness ( Luppi et al., 2020 ), as well as

n macaques under anesthesia ( Afrasiabi et al., 2021 ). In perinatal de-

elopment, a recent study ( Isler et al., 2018 ) analyzed EEG recordings

rom a large sample of preterm infants and found that Φ was lowest

n quiet sleep (analogous to adult NREM sleep), intermediate in active

leep (analogous to adult REM sleep), and greatest in wakefulness, and,

urthermore, increased with postmenstrual age in infants. 2 

.3. Sensory perturbational complexity 

Given the empirical power of PCI, it is natural to ask whether a mea-

ure similar to PCI could be deployed in infancy or even in fetuses to

nfer consciousness in a very young developing brain. Although both

nfant and fetal development are of major interest to us, a large part

f the discussion here will focus on applications in infancy, as a PCI-

ike measure will be substantially easier to apply to infants as com-

ared with fetuses. Unfortunately, since PCI computes the LZc of TMS-

voked potentials, such stimulation would likely be unethical to apply

o the perinatal brain, given that the long-term consequences of electro-

agnetic stimulation in infants are unknown, and many investigators

nd research participants are hesitant even to apply TMS to the mater-

al brain during pregnancy, despite an absence of evidence regarding

arm ( Pridmore et al., 2021 ). Thus, a solution to this problem might

e to develop an index analogous to the PCI for inferring perinatal con-

ciousness that uses sensory stimulation rather than magnetic stimula-

ion to perturb the cortex ( Fig. 4 ), i.e., a sensory PCI, or sPCI. The logic

f PCI, aligned with weak IIT (see Box 1 ), should also allow for non-

agnetic perturbations from which the balance between cortical differ-

ntiation and integration can be judged. For instance, one might cal-

ulate signal complexity after perturbing the infant cortex using visual

timuli ( “flash-and-zip ”) or auditory stimuli ( “beep-and-zip ”), resulting

n a proxy measure that approximates the well-established PCI. Indeed,

ur group has taken a similar approach in a recent study ( Frohlich et al.,

022b ) that found significant changes in the entropy of auditory-evoked

EG signals with maturation using fetal and neonatal recordings (see

ection 5.3.2 “Current work ” below). 

Despite using sensory, rather than magnetic, perturbations, sPCI

hould be highly similar to PCI both in terms of how it is measured

nd what it is measuring. Like PCI, sPCI should be computed using the

emporospatial activity pattern spanning all cortical recording sites in

rder to capture neural integration. Thus, while different theories of

onsciousness place different emphases on posterior or anterior cor-

ical regions ( Box 1 ), both sPCI and PCI take all cortical areas into

ccount. Indeed, while both sPCI and PCI are inspired by IIT —which

redicts greater involvement of posterior cortex in the neural sub-

trate of consciousness ( Tononi et al., 2016 ) —they are also compatible

ith other theories of consciousness, such as global workspace theory

 Mashour et al., 2020 ) —which predicts greater involvement of ante-

ior cortex in the neural substrate of consciousness ( Baars, 2005 ). In

his sense, our proposal for sPCI can still be considered “theory neu-

al ”, even while drawing inspiration from weak IIT. Furthermore, just

s PCI and sPCI are measured similarly, they also measure the same con-
2 Note, however, that this finding appears to be at odds with that of 

ielek et al. (2019) , who found that another measure of EEG complexity, mul- 

iscale permutation entropy, actually decreases in infants (born full term) from 

eek 2 to week 5. Thus, while the relationship between complexity/entropy 

nd the level of consciousness appears to be positive under nearly all circum- 

tances, the relationship between the former quantity and maturation is more 

mbiguous in early development (see also Frohlich et al., 2022b ). Further work 

s necessary to disentangle the influences of maturation and conscious level on 

EG/MEG entropy. 
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9 
truct: both approaches should track the presence of awareness rather

han other factors such as arousal or wakefulness. As in the original

CI, cortical responses to sensory stimulation can be recorded with EEG

o capture the fast dynamics of evoked responses; unlike the original

CI, however, MEG (which shares the high temporal resolution of EEG)

s also compatible with sPCI. Furthermore, while magnetic perturba-

ions are already compatible with fMRI ( Bestmann et al., 2008 ), sen-

ory (in particular, olfactory) perturbations may be more practical to

ombine with neuroimaging, e.g., if one wishes to maximize spatial

esolution (see Section 6 “An alternative perturbational complexity ap-

roach using fMRI ”). For use with low-density EEG/MEG recordings in

hich source localization is infeasible, sPCI should use an algorithm

hat can be applied in sensor-space, such as PCIst ( Comolatti et al.,

019 ) or variations of the LZc-based approach ( Dallavecchia et al.,

021 ; see Section 5.2 “Computing complexity from low SNR MEG

ecordings ”). 

The application of sPCI to infants is expected to offer information

bove and beyond conventional approaches to analyzing sensory event-

elated responses. Conventional approaches based on component laten-

ies and topographies are often unreliable for the purpose of inferring

onsciousness at the level of an individual subject (see criticism cited

bove in Section 2.3 “Possible evidence of fetal consciousness ”). How-

ver, PCI evaluates the signal’s complexity holistically and does not de-

end on components having specific latencies or topographies, helping

n part to overcome the limitations of a conventional sensory ERP/ERF

pproach. For this reason, we are optimistic that a perturbational com-

lexity approach may improve the ability to detect consciousness based

n sensory irregularities. Nonetheless, we should not expect sPCI or any

ther individual metric of consciousness to yield 100% accuracy. In-

eed, the strongest approach is likely one in which multiple indices of

onsciousness converge on the same classification. The sPCI approach

s thus only a beginning toward the development of indices for perina-

al consciousness, and we expect it to be part of an eventual toolkit for

nferring consciousness in early development. 

.4. Development of the thalamocortical system and the possible onset of 

onsciousness 

The sPCI can also allow us to hypothesize about what stage of devel-

pment consciousness might begin in. For example, computational evi-

ence from in silico brain models suggests that thalamocortical coupling

s crucial to reproduce the characteristic complex dynamics that follow

MS in conscious (adult) brains ( Bensaid et al., 2019 ). Experimentally,

lectrophysiological studies have shown that inclusion of the thalamus is

rucial to obtain Φ estimates (see Box 1 ) that align with the predictions

f IIT ( Afrasiabi et al., 2021 ). These PCI- and IIT-specific studies join a

rowing body of experimental and theoretical research pinpointing the

halamocortical system as a key brain structure that allows conscious-

ess to emerge ( Alkire et al., 2008 ; Bachmann et al., 2020 ; Mashour and

lkire, 2013 ). 

What are the implications of this research for perinatal conscious-

ess? Most importantly, it suggests that consciousness is very unlikely

o develop before the establishment of thalamocortical connectivity at

oughly 26 weeks gestation ( Kostovi ć and Juda š , 2010 ) ( Fig. 5 ). The

halamus itself is likely to be an enabling factor for consciousness; it

rovides information that contributes to conscious content, but the tha-

amus alone is not sufficient for consciousness, despite its important role

herein ( Fuller et al., 2011 ; Koch et al., 2016 ). Furthermore, it is cur-

ently unknown precisely when after the establishment of thalamocor-

ical connectivity at 26 weeks gestation consciousness emerges and, on

his front, different theories offer different predictions ( Ciaunica et al.,

021 ). The experimental application of sPCI might shed new light on

his debate, by tracing the developmental trajectory of neural complex-

ty. However, near future application of sPCI will most likely focus on

nfancy given both practical and conceptual challenges in fetuses (see

elow). 
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Fig. 4. How can consciousness be measured in infants? The above diagram illustrates two plausible approaches for estimating the presence of consciousness in 

infants using sensory stimulation. In one approach, infant-friendly earphones are used to deliver auditory stimulation while either EEG or, in the illustrated example 

above, OPM-based MEG signals are recorded. (A 1 ) In another example, olfactory stimuli are delivered in an MRI scanner while fMRI is recorded. (A 2 ) Because both 

approaches use sensory stimulation, the infant is not exposed to any electromagnetic stimulation (e.g., no TMS), the effects of which in very early development are 

unknown. (B) Sensory perturbations and, in particular, Bayesian prediction errors, lead to corticocortical interactions, causing the original perturbation to propagate 

across cortex. (C) In the first approach, the cortical responses to sensory stimulation are recorded using EEG or MEG, with good temporal resolution and adequate 

spatial resolution. (D 1 ) In the second approach, the cortical responses to chemosensory stimulation are recorded using fMRI, with good spatial resolution and adequate 

temporal resolution. (D 2 ) The complexity of the spatiotemporal pattern in response to the perturbation is estimated using a compression algorithm, e.g., Lempel-Ziv. 

(E) The resulting value is the sensory perturbational complexity index (sPCI), which can be used to infer consciousness in the infant subject (F). This may help inform 

decisions about whether analgesics or anesthetics are needed in the neonatal intensive care unit. Note: the neonatal structural MR images in (C) and (D 2 ) are from 

a publicly available pediatric brain atlas ( Jelacic et al., 2006 ); the MEG responses in (D 1 ) are semi-simulated, i.e., real channel-averaged signals from different fetal 

subjects were combined to simulate a multichannel response from a single fetal subject; the activation map in (D 2 ) is arbitrarily simulated. Artwork (A 1 , A 2 , F) by 

Katrin Sippel. 
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. A roadmap toward the development of sPCI 

Given that infants cannot self-report their conscious state, how might

PCI be validated as an index of consciousness? In this section we sketch

n outline of experimental challenges and questions that need to be met

or sPCI to be established as a valid index of perinatal consciousness. 

.1. Stimuli and external perturbations 

Before sPCI is tested and validated, we must choose an appropriate

ensory modality for perturbations. The two most natural choices for

timulus modalities are auditory and visual, which in both cases can

e easily and safely delivered. Auditory stimulation can be delivered to

nfants via appropriate headphones ( Fig. 3 E) or to fetuses via a sound

alloon, and visual stimulation can be delivered to both infants and

etuses using light-emitting diodes. However, in both cases, the repeated

timulation needed to acquire a number of trials large enough for data

nalysis risks inducing habituation, thus reducing the amplitude of the

voked response and compromising the efficacy of the perturbation. 

A more promising option is to rely on different types of signals given

y Bayesian prediction errors ( Friston, 2019 ). Prediction errors repre-
10 
ent a difference between the brain’s expectations (or predictions) of in-

oming information and the actual incoming information. For example,

ddballs elicit a stronger response than standard stimuli both in terms

f the early mismatch response ( Garrido et al., 2009 ) and the later P300

esponse ( Rosenfeld et al., 2005 ). As such, sensory irregularities may

e suitable candidates for perturbations used to implement sPCI. Imple-

entation of standard and deviant stimuli in both auditory and visual

odalities can be easily achieved, for example, by including stimuli that

iffer along a particular dimension (e.g., auditory frequency or visual

attern) from standard stimuli presented in the majority of trials. 

.2. Computing complexity from low SNR MEG recordings 

Calculation of LZc for PCI conventionally relies on source-

econstructed data obtained from high-density EEG ( Casali et al., 2013 ).

n infants, high-density EEG can be acquired using a geodesic sensor net

 Johnson et al., 2001 ). However, experimental setup time is faster in

nfants using MEG, and MEG is still the only option for noninvasive, di-

ect measurements of neural activity from fetuses. Although some MEG

evices allow for high-density recordings from infants ( Okada et al.,

016 ), SARA devices do not, and fetal MEG cannot be recorded at high
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Fig. 5. Developmental timeline. Milestones in fetal development include formation of the corpus callosum at 16 weeks gestation ( Richards et al., 2004 ), eye opening 

at 24 weeks gestation ( Kurjak et al., 2007 ), establishment of thalamocortical pathways at 26 weeks gestation ( Kostovi ć and Juda š , 2010 ), cortical gyrification at 

20 – 28 weeks gestation ( Rajagopalan et al., 2011 ), and default mode network (DMN) synchronization at 37 weeks gestation ( Thomason et al., 2015 ). Note that 

ages here are given as gestational age, which differs from conceptual age (commonly used in other sources) by two weeks; the former is referenced to the time of 

last menstruation, while the latter is referenced to the time of fertilization. The timing of other events (neurulation, proliferation, cortical neurogenesis, migration, 

apoptosis, synaptogenesis, gyrification, and myelination) is from Tau and Peterson (2010) and Keeney et al. (2015) . Material for this figure was adapted from public 

domain and Creative Commons licensed images. Timeline of fetal development was adapted from Häggström (2014) . Timeline of sleep development was adapted 

from Hobson and Friston (2012) . Images of the developing embryonic/fetal head/body were adapted from Padilla and Lagercrantz (2020) . 
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ensity with current technology ( Fig. 3 B). Thus, the first obstacle to-

ard computing sPCI from perinatal subjects will often be that of spa-

ial resolution. Given that PCI relies on estimating both the temporal

nd spatial complexity of the cortical response to a perturbation after

ource reconstruction, how much can neural complexity tell us about

onsciousness if the spatial dimension is excluded? At least in the case

f spontaneous (i.e., unperturbed) activity, LZc in adults can be use-

ul for inferring consciousness when only single EEG/MEG channels are

onsidered ( Toker et al., 2022 ; Zhang et al., 2001 ) or when complexity

s averaged across channels ( Frohlich et al., 2022a ), and so the temporal

imension alone may be useful. However, if one wishes to use sponta-

eous complexity to infer consciousness, MEG recordings acquired with

ARA systems will likely still require further SNR improvements (see

oser et al., 2019 ) . Additionally, it is dubious whether single chan-

el LZc is appropriate or otherwise sufficient in the context of pertur-

ational complexity, which is conventionally defined as spatiotemporal

omplexity spanning all cortical recording sites. Thus, developing a suit-

ble complexity metric for sPCI will require an investigation of alterna-

ives to LZc that are applicable to low-density, sensor-space data – some

f which are available (e.g., PCIst, see Comolatti et al., 2019 ). 

Additionally, again due to the SNR concerns given above, computing

PCI from such data may require a very large number of ERP/ERF trials

o increase the SNR of the recorded brain signals by averaging over many

rials, thereby decreasing the presence of non-time-locked, environmen-

al noise. Even without trial-averaging, signals recorded during sensory

timulation may be more informative for inferring consciousness than

he entropy of spontaneous signals, at least using current fetal MEG ap-

roaches. For example, Moser et al. (2019) showed that, in fetuses, two

eparate measures of cortical complexity varied from control channels

hen applied to MEG signals recorded during auditory stimulation with-

ut trial averaging, while this difference was not seen for spontaneous

ignals. Overall, future research will need to explore both experimen-

al and computational methods to extract event-related responses from

ow-SNR signals. 
i  

11 
.3. Future and ongoing studies 

Even if a common algorithm such as PCIst can be used, there are

any differences in the experimental methods of PCI and sPCI, includ-

ng sensory versus magnetic stimulation and adult versus perinatal sub-

ects (infants or fetuses). Additionally, sPCI allows cortical responses to

erturbations to be recorded using MEG, whereas the conventional PCI

pproach is limited to EEG. A successful validation strategy will involve

rogressively changing each element (perturbation method, data acqui-

ition method, and target population) that differs between PCI and sPCI.

.3.1. Validating sPCI 

The first stage of validation should involve studies in adults, contrast-

ng data from conscious wakefulness to states of low or no consciousness

e.g., NREM sleep or general anesthesia). These initial studies should

lso compare sPCI values derived from auditory and visual perturbations

o determine which modality of stimulation yields the best performance

 Table 2 ). Although it is unclear, at present, whether sensory pertur-

ations will meet the extremely high accuracy ( Casarotto et al., 2016 )

f TMS-based PCI for differentiating consciousness from unconscious-

ess, sPCI must show sufficient specificity to consciousness in order to

ass this stage of validation. In this regard, a reasonable goal would be

o compare sPCI head-to-head with conventional sensory ERP measures

sed to estimate consciousness, e.g., a P3b global ( Bekinschtein et al.,

009 ). If the LZc of sensory evoked potentials is more specific to con-

ciousness than other neural measures, then sPCI should proceed to the

ext stage of validation. As stated earlier, the goal of this initial val-

dation study is not to meet or exceed the performance of TMS-based

CI, yet it may nonetheless be useful to also compare sensory pertur-

ations to TMS perturbations as a reference in the same subjects. For

his reason, cortical signals should first be recorded using EEG rather

han MEG for compatibility with TMS. However, follow up experiments

ay then be necessary to confirm that sensory perturbations yield sim-

lar results in adults when cortical responses are recorded with MEG as
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Table 2 

Stages of development for validating the sPCI as a measure of consciousness. NREM = non-rapid eye movement; 

sPCI = sensory perturbational complexity index. TMS = transcranial magnetic stimulation. 

Stage Stage 1: Adults Stage 2: Children Stage 3: Infants 

Perturbation modality Visual (light flashes) 

Auditory (simple tones) 

Auditory (prediction 

errors) 

Magnetic (TMS) 

Visual (light flashes) 

Auditory (simple tones) 

Auditory (prediction 

errors) 

Visual or auditory 

(auditory prediction 

errors preferred) 

Cortical signals EEG (for compatibility 

with TMS) 

EEG or MEG EEG or MEG 

State comparisons Wakefulness vs. NREM 

sleep 

Wakefulness vs general 

anesthesia 

Wakefulness vs. NREM 

sleep 

Wakefulness vs. quiet 

sleep 
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pposed to EEG, as the former is sensitive to tangential sources in sulcal

alls, whereas the latter is sensitive to radial sources atop cortical gyri

 Fuchs et al., 2017 ). 

Should such an experiment successfully validate one or both sen-

ory modalities in adults, the next step would be to also validate sPCI

n young children who are old enough to self-report their conscious

xperience. At this stage, data may be acquired using either EEG or

EG. If both visual and auditory modalities perform equally well in

dults, auditory stimulation is likely preferable, as it can be easily de-

ivered using earphones, whereas bright light flashes must be delivered

hrough closed eyelids and may thus cause flinching, leading to dis-

omfort and muscle artifacts. TMS perturbations are likely unnecessary

nd possibly unethical at this stage of validation, given that we do not

xpect that sensory perturbations can or should fully match the perfor-

ance of TMS perturbations. A number of prior studies have already

easured EEG responses to TMS in children ( Kallioniemi et al., 2022 ),

ut in contexts unconcerned with PCI or consciousness. Although two

uch studies did report on the “complexity ” of TMS evoked potentials

n children ( Määttä et al., 2019 , 2017 ), the authors apparently defined

omplexity informally, e.g., based on the number of peaks in the TMS

voked potential, rather than using formal measures such as entropy or

Zc. Furthermore, while one large sample, single site study concluded

hat MRI-guided TMS is safe overall in clinical pediatric populations

 Braden et al., 2022 ), administering TMS to children who do not di-

ectly benefit from such stimulation may still be ethically ill-advised, as

dverse events do occasionally occur during TMS sessions with children

 Braden et al., 2022 ), a risk which is unlikely to be acceptable when TMS

as no direct benefit for the child. Furthermore, while the above study

as conducted as a retrospective chart review, a longitudinal study is

ikely needed to rule out long-term developmental effects of TMS in

oung children. As such, validation efforts in children should only use

PCI without a TMS-based comparison. Consequently, cortical signals

ould be recorded using either EEG or MEG at this stage of validation.

urthermore, unlike validation studies in adults, unconsciousness —or

t least, diminished consciousness (see Nilsen et al., 2022 ) —in children

ill only be induced by natural means (i.e., NREM sleep) for obvious

thical reasons, unless pediatric patients undergoing general anesthesia

or medically necessary surgery could also be recruited. 

Ultimately, once sPCI has been shown to accurately discriminate

onsciousness from unconsciousness in children, a threshold sPCI value

eparating consciousness from unconsciousness may be determined. By

xtrapolation, this threshold could then be applied to perinatal popula-

ions to infer consciousness in infants. Indeed, the ultimate goal of sPCI

s application to infant subjects ( Table 2 ). Here, as in the last stage of

alidation, data may be acquired using either EEG or MEG. Although the

tate of consciousness during infant wakefulness is uncertain, one might

nticipate that sPCI would stratify infants according to whether signals

ere recorded during wakefulness (presumably high sPCI), quiet sleep

analogous to NREM sleep, with presumably low sPCI), or active sleep

analogous to REM sleep, with presumably intermediate sPCI). A nega-

t  

12 
ive finding at this stage of development would be difficult to interpret,

ither indicating that sPCI lacks sensitivity to conscious state in infants

r that consciousness does not meaningfully vary in infancy between

hese states. In this event, and as a last resort, studies could also recruit

nfants undergoing general anesthesia for medically necessary surgery,

s in the childhood stage of validation. Once sPCI has been validated

n infants, it could then also be applied to fetuses using MEG, though

nterpreting PCI values in fetuses would likely be even more difficult

han doing so in infants because fetuses depart even more from the pop-

lation used in the prior stage of validation (children) and, moreover,

ue to the difficulty of ground-truthing in fetuses (see Section 7 . “Con-

lusions ” below). As such, this is beyond the scope of the current dis-

ussion. Finally, a significant challenge for progressing from one stage

f validation to the next is the fact that PCI may be influenced by fac-

ors unrelated to consciousness which change with development. This

recludes the use of a fixed threshold boundary value of PCI that would

eparate consciousness from unconsciousness across all developmental

tages. 

.3.2. Current work 

Our research group recently conducted an analysis of auditory

voked fields in fetuses and newborns inspired by PCI ( Frohlich et al.,

022b ). As we have advocated for here, our study examined cortical

ntropy in response to auditory irregularities in a large sample of more

han 40 unique fetal subjects —many with multiple recordings —and 20

ewborn subjects, with all data recorded using the SARA system at the

uebingen fMEG Center. We used these data to test the hypothesis that

ortical entropy would increase as the capacity for consciousness in-

reases in early development. Although this analysis came very close to

omputing the sPCI measure we have outlined in this manuscript, two

ubtle differences should be noted: 1) we performed spatial averaging of

EG signals acquired with SARA systems to overcome SNR limitations

nd, as such, we do not regard our entropy computations as true mea-

urements of sPCI since there was no spatial dimension to these data

nd 2) although we examined LZc (the compression algorithm used in

he original PCI, Casali et al., 2013 ), our strongest finding was obtained

sing the permutation entropy of 4 – 10 Hz signals. 

Indeed, a crucial issue revealed by the above study is whether cor-

ical responses to sensory irregularities will behave the same as corti-

al responses to TMS —will their complexity increase during conscious-

ess, or might they instead decrease? In the above study ( Frohlich et al.,

022b ), we attempted to resolve this issue using an entropy decompo-

ition which disentangles the effects of signal amplitude, phase, and

heir interaction ( Mediano et al., 2020 ). Elsewhere, we have shown

hat changes in EEG entropy between wakefulness and NREM sleep

re driven by non-amplitude factors (signal phase and its interaction

ith amplitude) in children with Angelman syndrome ( Frohlich et al.,

022a ). Similarly, in our MEG study of fetuses and infants, we indeed

ound that changes in non-amplitude factors drove increases in permu-

ation entropy with maturation, suggesting that the emergence of con-
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ciousness with maturation is the ultimate driver of this particular en-

ropy increase. However, changes in signal amplitude with maturation

rove decreases in permutation entropy, suggesting that the matura-

ion of ERFs may mask the possible influence of consciousness which is

ediated by non-amplitude factors. Indeed, the classic P300 response

n adults is longer and relatively homogeneous across the scalp ( Jean-

emi King et al., 2013 ; Ragazzoni et al., 2019 ) compared with TMS-

voked potentials ( Sulcova et al., 2022 ), which might mean that sPCI

ill behave quite differently from TMS-based PCI, e.g., requiring an al-

orithm that disentangles phasic effects from those of amplitude. 

Finally, there has been only one pilot study of sPCI in adults to date

hat we are aware of ( DallaVecchia et al., 2021 ), which investigated

hree different PCI algorithms in 21 healthy young participants during

 low arousal state (eye closed) versus a high arousal state (eyes open)

sing two types of stimulation (somatosensory and auditory; although

he former used median nerve stimulation that would not be suitable

or infants or fetuses). Auditory perturbations (1000 Hz tones) could

uccessfully distinguish between states using one of the algorithms, and

omatosensory perturbations appeared to be slightly more useful than

uditory perturbations, as they could distinguish between states using

wo different algorithms. A shortcoming of this pilot study is that it did

ot examine large changes in conscious state, but rather compared two

onscious states that varied in the level of visual content and arousal, so

t remains possible that auditory perturbations are equally or perhaps

ven more useful than somatosensory perturbations when distinguishing

akefulness from states of low ( Nilsen et al., 2022 ) or no consciousness

e.g., NREM sleep). 

While it remains unknown whether sensory stimulation produces a

ufficiently large cortical perturbation to reliably approximate pertur-

ational complexity measures of consciousness in infants, we believe

he sPCI approach is a promising option for developing a measure of

nfant consciousness ( Fig. 4 F). Experimentally, to ensure a sufficiently

arge cortical perturbation with a high SNR, the sPCI could use a large

umber of deviant trials that generate Bayesian prediction errors. 

. An alternative perturbational complexity approach using fMRI 

Any measure of perturbational complexity should account for both

emporal and spatial entropy, yet, as discussed in Section 5.2 , estima-

ion of spatial complexity from MEG recorded using a SARA device is

ighly challenging. Recordings with EEG ( Johnson et al., 2001 ) or dedi-

ated infant MEG systems ( Okada et al., 2016 ) may offer some improve-

ent. However, to obtain optimal spatial resolution, fMRI is required.

lthough the most common protocols for fMRI in infants require the

nfant to sleep in the scanner to minimize movement ( Ellis and Turk-

rowne, 2018 ), thus presenting the infant subject when consciousness

ight vanish during quiet/NREM sleep, protocols for awake infant fMRI

ave also been successfully implemented ( Yates et al., 2021 ), and one

MRI study to date has investigated awake newborns at 7 weeks of age

 Biagi et al., 2015 ). Thus, states of infant wakefulness, active/REM sleep

abundant in infants, see Fig. 5 ), and quiet/NREM sleep can all be stud-

ed using fMRI. Furthermore, as mentioned in Section 3 , fetal fMRI is

lso feasible and offers useful clues regarding perinatal consciousness. 

Whereas MEG and EEG are challenged by their low spatial reso-

ution, fMRI is limited by its low temporal resolution. Both scanning

peed and the hemodynamic response function (HRF) generally limit

he temporal resolution of fMRI to > 0.5 s. Furthermore, given the

oud environment in the MRI scanner, paradigms that rely on auditory

timulation (e.g., the auditory oddball paradigm) are not an optimal

hoice. Both of these limitations (temporal resolution and loud environ-

ent) might be addressed by using olfactory perturbations in place of

uditory perturbations, as the cortical response to olfactory stimuli is

uch slower, starting only after a few seconds and lasting around 10 s

 Georgiopoulos et al., 2018 ). 

Perhaps as much or even more so than other sensory modalities,

lfaction is of crucial importance to the survival of a neonate, who
13 
ust use to smell to recognize kin and breastfeed immediately after

irth ( Schaal et al., 2020 ). As such, olfaction is likely to be a strong

odality for perturbing the infant nervous system. Human olfaction is

nique compared to the other major senses. The majority of olfactory

nformation never passes through the thalamus. In fact, the primary (di-

ect) pathway sends afferents directly from the olfactory bulb to the

rbitofrontal cortex via the olfactory piriform cortex bypassing the tha-

amus ( Tham et al., 2009 ). A minor indirect pathway first passes from

he olfactory piriform cortex to the thalamus before reaching the cor-

ex ( Nevelle and Haberly, 2004 ). Thus, sensory information is first pro-

essed in the paleocortex and then in the neocortex. Despite these dif-

erences with other sensory modalities, for olfactory content to become

onscious, it requires a large-scale network that facilitates information

ntegration ( Merrick et al., 2014 ) which makes it a viable candidate for

PCI. Additionally, studies in the context of recovery from unresponsive

akefulness syndrome (also known as the vegetative state) after severe

rain injury have shown that olfactory stimulation can be used to detect

onsciousness ( Arzi et al., 2020 ). Finally, a recent study demonstrated

hat chemosensory stimuli delivered to pregnant women influence fe-

al arousal and behaviors and might, in principle, also serve as useful

erturbations to study the fetal brain. Chemosensory stimuli were deliv-

red to pregnant women and influenced subsequent facial movements

n fetuses as measured with 4D ultrasonography ( Ustun et al., 2022 ).

lthough pregnant women in this study were given flavor capsules with

hells that took time to first dissolve in the small intestine before a fetal

esponse could be observed, odorant stimuli should reach the placenta

aster for a much more immediate effect. 

For the above reasons, we suggest that olfactory stimulation would

e well suited for the unique challenges of fMRI in the context of per-

urbational complexity. Although the onset of an olfactory stimulus is

ifficult to time precisely as it is influenced by factors such as inhala-

ion, air diffusion, and, in the case of fetuses, placental transfer, that

re difficult or impossible to fully control, the margin of uncertainty in

timulus onset timing is much more compatible with the low tempo-

al resolution of fMRI than with the high temporal resolution of MEG or

EG. In fact, olfactory stimulation has successfully been implemented in

umerous fMRI studies ( Van Regemorter et al., 2022 ). Thus, with fMRI,

ne might deliver odors using a block design, e.g., one odor stimulus per

–10 s block with a TR below 1 s which has been shown to result in the

trongest responses across the brain and avoid issues with habituation

 Georgiopoulos et al., 2018 ). One would then compute the spatiotem-

oral entropy of the block-averaged global cortical response from the

nfant or fetus as an approximation of perturbational complexity. It is

ncertain, however, how many blocks are needed to compute this ap-

roximation and whether such a design would benefit from interleaved

deviant ” blocks (as in a local-global paradigm) containing new odors

hat might generate Bayesian prediction errors. 

We believe this “sniff and zip ” approach is feasible with the mod-

st temporal resolution afforded by fMRI. As an encouraging precedent,

nalyses of spontaneous resting-state fMRI activity in adults consistently

how decreased BOLD signal complexity during unconsciousness, both

hen measured as LZc, as in the original PCI algorithm ( Mediano et al.,

021 ; Varley et al., 2020 ), and when measured using the sample en-

ropy algorithm ( Luppi et al., 2019 ), suggesting that the complexity of

ensory-evoked fMRI BOLD responses will also be valuable for inferring

he presence or absence of consciousness. Furthermore, standard fMRI

equences that increase the temporal resolution to around 0.5 s have

lready been validated (e.g., the Human Connectome Project sequence

ith a TR of 547 ms using multiband acquisition in which the signal

f 8 slices are acquired simultaneously; Risk et al., 2021 ). Recent de-

elopments have further pushed these limits to a temporal resolution

ithin the range of milliseconds, as demonstrated by the novel scan-

ing technique known as direct imaging of neuronal activity (DIANA)

hich features millisecond temporal resolution and sub-millimeter spa-

ial resolution ( Toi et al., 2022 ). Although it has been developed for a

mall animal scanner, DIANA could potentially revolutionize perinatal
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maging. However, because high field strengths are required for DIANA,

afety considerations would most likely make this approach infeasible

or perinatal imaging in the near future due to the risk of tissue heating

n newborns and fetuses ( van den Heuvel and Thomason, 2016 ). 

. Conclusions 

Combined with sensory stimulation, MEG, EEG, and fMRI offer paths

orward toward “quantifying the unquantifiable ” in early development,

s the original PCI technique using TMS-EEG has been described in

dults ( Casali et al., 2013 ). Nevertheless, inferences of consciousness in

arly human development face the difficult challenge that investigators

o not have access to the ground truth. This is a crucial distinction be-

ween inferences of perinatal consciousness, which cannot be confirmed

y verbal or behavioral reports, and inferences of consciousness in unre-

ponsive adult patients with severe brain injuries, who might later recall

aving visited the laboratory after regaining communication, thus con-

rming the inference made by researchers ( Frohlich, 2020 ). 

Accepting this challenge, we believe that data from MEG, EEG, and

MRI recordings can be used to test theories of consciousness in the

ame way that cosmologists use data from the cosmic microwave back-

round to test theories about the origin of the universe ( Dicke et al.,

965 ), which also cannot be viewed or accessed directly. Furthermore,

nowledge of developmental neurobiology can be used to constrain

stimates of when consciousness first arises —for example, given that

ost neurobiologists accept the thalamocortical system as critical to

onscious awareness ( Tononi and Koch, 2008 ), one cannot reasonably

xpect consciousness to emerge prior to the establishment of thalamo-

ortical connections at approximately 26 weeks gestation ( Kostovi ć and

uda š , 2010 ). Going forward, we expect that perturbational approaches

ased on PCI that deploy sensory stimulation instead of electromagnetic

timulation will provide the most promising tools for reliably indexing

erinatal consciousness. However, we by no means exclude other ap-

roaches, but rather expect sPCI to be only one of several tools that will

oon be used for inferring consciousness in infants and perhaps even

etuses. 
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