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ABSTRACT

Pain is a fundamental human experience, but how does it begin? Noxious stimuli elicit
strong behavioural and physiological responses, even in the youngest newborns,
reflecting early subcortical engagement, but the experience of pain requires higher
brain processing. This review summarizes current knowledge on how pain is
represented in the newborn brain after tissue injury. It explores the nature of
nociceptive information reaching the infant brain, how immature networks process it,
and how biological and external factors influence this process. We outline current
methods for recording infant brain activity during clinical tissue-damaging procedures,
review collected data and address common misconceptions in the field. We also
discuss how the sensory, emotional, and cognitive brain systems involved in pain
mature at different rates and propose a model of pain representation that evolves as
neural networks develop and the infant learns from their environment.
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INTRODUCTION

Pain is a fundamental part of human experience. Although the evolutionary
importance of pain in preserving life explains its unique salience, in many situations
repeated or persistent pain causes suffering that demands relief. But how do we learn
what pain feels like and what it means? And how does the newborn infant nervous
system process pain for the first time?

Throughout history, the pains of infancy and childhood have been acknowledged, if
not understood. ‘As soon as man is born into this world, then he is made subject to
endure pains’ wrote the physician Felix Wurtz in 1656 (1), but the question we address
here is how the experience of pain is established in newborn infants. The current drive
to measure infant pain and pursue a rational approach to infant pain relief emerged in
the 1980’s, triggered by advances in neonatal intensive care and associated increases
in medical interventions. An earlier, adult centric approach of defining newborn infant
pain in terms of whether infants feel more, less or the same pain as adults has been
superseded by a developmental neuroscientific approach which recognises the
functional importance of each stage of development. Now, the focus of infant pain
research is upon measuring immature sensory physiology and behaviour, mapping
developing connections within the brain and understanding the complex interaction
between the immature nervous system and the environment (2-5). We now know
that the relationship between injury and pain is not fixed from birth, but depends on
the state of maturity of the central nervous system (4). The first tissue damaging
events in an infant’s life are arguably triggers or ‘single-shot learning’ events prompting
synaptic reconfiguration in central circuits subserving pain experience (6). This is
followed by a lifetime of biological, psychological, and social factors and it is through
these broader life experiences that individuals learn the concept of pain and its
applications (7).

The subjectivity of pain makes it difficult to measure, and, when possible, is typically
evaluated through self-report both in adults and children (8). However, this is not an
option in preverbal infants, meaning pain cannot be directly measured or quantified —
only inferred through indirect means. The concept of analgesia is similarly limited to
the reduction of these proxy signs. As a result, most pain management procedures
focus on minimizing what can be observed and measured. This creates a circular
challenge, where the validity of a pain measure is judged by its responsiveness to an
intervention presumed to be analgesic, and the effectiveness of the intervention is
confirmed by a change in that same measure. Given these limitations, one of the few
viable approaches to studying pain in non-verbal populations is to examine responses
to tissue injury — a defined and clinically necessary noxious stimulus. In neonates, this
involves assessing physiological and neural responses to tissue-breaking procedures.
While this inherently does not capture the full subjective experience of pain, it provides
a standardized and ethically justifiable model for probing pain-related processes in the
absence of self-report.

This review aims to summarise our current knowledge of the representation of
nociception and pain in the newborn infant brain following tissue injury. The emphasis
is on pain in preterm and full-term human infants, but data is drawn from laboratory
animals for mechanistic insight and interpretation. We ask what tissue injury related
nociceptive information reaches the infant brain, how this nociceptive information is
accessed and processed by immature brain networks, and how it is affected by
biological and external factors. We explain the methods that are currently used to
record human infant brain activity during clinically required tissue breaking procedures
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and review the data collected with these methods while addressing some
misconceptions in the field. Finally, we propose a model of pain representation in the
developing human brain that changes rapidly as neural networks mature and as the
infant adapts and learns from the adult world.

THE MATURATION OF NOCICEPTIVE INFORMATION TRANSMITTED
TO THE INFANT CORTEX

The brain is essential for the experience of pain because it is where sensory signals
are interpreted and given meaning. When the body encounters a harmful stimulus, the
afferent signal travels through the spinal cord and the brainstem to the brain. However,
the actual feeling of pain does not occur until this signal is processed in the cortex.
Without the brain’s involvement, these signals would remain just data — only the brain
integrates them with other factors, such as expectation, mood and attention to
transforms them into the sensation we recognize as pain (9). Noxious, tissue
damaging stimulation evokes strong behavioural and physiological reactions in the
youngest infant (10—12). These are commonly used as composite measures of infant
pain in clinical settings, but they are mediated subcortically and do not necessarily
reflect representation of pain in the brain. Nevertheless this ‘pain behaviour’ provides
important information about the functional development of peripheral nociceptor
connections to the spinal cord and brainstem and their ability to recruit motor,
autonomic, and endocrine systems in the newborn (3). These signals, if they are
transmitted centrally to the thalamus and cortex, will be critical factor in shaping the
early representation of pain in infants.

Reflex behaviours evoked by tissue damage in preterm and term infants can be
measured using electromyography and video analysis. These behaviours include not
only defined limb reflexes but also body movements (e.g., startling), facial
expressions, vocalizations (e.g., screaming, crying), and disruptions in ongoing
behaviours (e.g., irritability, restlessness, sleep disturbances) (10-16). Together with
laboratory-based electrophysiological analysis of developing nociceptive pathways in
infant rodent models, they indicate that the pattern of centrally transmitted nociceptive
information is very different in neonates and adults. This difference is evident in terms
of selectivity, magnitude, spatial coding and patterns of sensitization (3, 17, 18) (Figure

1).

Selective Information

Tissue damage is signalled by unmyelinated C fibre and thinly myelinated Ad fibre
nociceptors. The activity of these two nociceptor groups in adult human subjects can
be distinguished by verbal descriptors (19) which are correlated with distinct patterns
of cortical activity (20). Importantly, the nociceptive information they provide is distinct
and different from innocuous tactile information. A sense of touch, mediated largely
by AB myelinated mechanoreceptors, does not normally overlap with a sense of pain.
Nociceptors develop as a distinct physiological group, separate from
mechanoreceptive tactile afferents, before birth. However, the central tactile and
nociceptive sensory circuits in the spinal cord dorsal horn and brainstem are much
slower to develop. Indeed, detailed behavioural and electrophysiological studies in
newborn laboratory rodents and preterm human infants reveal a clear overlap between
tactile and nociceptive spinal processing (3, 21, 22). Newborn rat pups are
exceptionally sensitive to touching the skin and neurons in the newborn dorsal horn
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are dominated by widespread termination of A-fibre tactile afferents, underpinned by
immature glycinergic inhibition, such that neurons ‘wind-up’ to repeated tactile
stimulation (3). In the very youngest preterm infants, tactile stimulation evokes limb
withdrawal electromyographic (EMG) activity that is indistinguishable from that evoked
from noxious stimulation (4, 15). Even at term age and into the first postnatal year,
tactile stimulation causes reflex withdrawal of the limb, albeit significantly smaller than
that elicited by noxious stimulation (10, 23). Facial reactions to identical noxious
stimuli vary between individuals and, as a result, do not show consistent average
changes following venipuncture (2, 4, 24). Tissue damage also changes blood
pressure, heart rate and heart rate variability, oxygen saturation, and breathing rate in
infants (25, 26) which are largely mediated by the sympathetic adrenal medullary
system (27). However, similar responses occur in response to other stimuli which are
not noxious such as background noises (28, 29), handling (30), bathing (31, 32) and
unswaddled weighing (33). Another critical part of the physiological reaction to a
tissue-breaking procedures is the hormonal response, such as cortisol changes which
represent the activation of the hypothalamic-pituitary-adrenal (HPA) axis. Cortisol
levels, measured through salivary samples, have been reported to increase after a
tissue-break (34), but the data are extremely variable. In fact, changes in cortisol levels
might not be associated with tissue-damaging events themselves especially in very
preterm infants (35), but rather reflect the level of background stress due to the
environment (36).

Thus, in newborn infants, local and centrally transmitted information is not always
tightly coupled to the intensity or modality of the stimulus.

Proportionate Information

The lack of selectivity does not detract from the fact that both preterm and term infants
can mount a robust and long-duration flexion reflex (>4 seconds) to a single noxious
skin lance (10). The younger the infant, the more exaggerated and chaotic the
response, which is not restricted to the affected limb and involves also the contralateral
limbs (10, 23). Injury-induced behaviour in humans is paralleled in newborn laboratory
rodent pups, where noxious and injury-evoked reflexes are also exaggerated and
poorly directed (37, 38).This apparently disproportionate response arises from
immature inhibitory control systems both within the spinal cord (39) and descending
from the brainstem (40, 41). In adults, the responses of dorsal horn neurons to
peripheral noxious stimuli are dependent not only upon nociceptive input to the spinal
cord and local circuit modulation but also upon powerful descending control from
supraspinal centres (42, 43). The importance of this control for spinal nociceptive
function cannot be overemphasized, being the route by which all aspects of brain
function, from attention to anticipation, emotion to expectation, can influence pain
perception. Studies in rodents have demonstrated that these descending controls,
from brain to spinal cord, mature much later than pathways ascending from spinal cord
to brain (3, 40, 41). Thus, centrally transmitted noxious information in the newborn is
exaggerated compared to adults, and this is linked to lack of descending modulatory
control from the brain.

Spatial Information

Important too is the relatively slow maturation of spatial discrimination of a stimulus on
the body surface, as a result of immature dorsal horn inhibitory circuits. Infant rodent
dorsal horn cells, have large, overlapping receptive fields and lack of noxious evoked
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contralateral inhibition, coinciding with poor spatial discrimination (21, 44, 45). This
is reflected in the widespread effect of tactile and noxious stimulation on newborn
infant, such that stimulation of the heel will frequently evoke whole body movements
(10, 15). In preterm human infants at 28 weeks, a withdrawal reflex from the whole
limb can be evoked by stimulation as far up as the top of the thigh and buttock, with
the same stimulus intensity. After 30 weeks of age, a sensitivity gradient emerges,
decreasing progressively from the sole of the foot towards the knee (23). Thus,
centrally transmitted noxious information in the newborn provides poor spatial
discrimination with respect to the location of the stimulus on the body surface.

Sensitization

Human infants display behavioural signs of sensitization for variable amounts of time
following repeated heel lancing or referred visceral conditions (46—48). Furthermore,
healthy newborns, when exposed to repeated heel lances in the first 24 to 36 hours of
life display greater behavioural reactions to venipuncture in another body area
(49). Importantly, the degree of central sensitization is related to the number of
preceding heel lances and is not prevented by commonly used soothers.
Sensitization is also observed in rodent dorsal horn cells which display clear changes
following tissue injury, depending upon the type of injury and age. In rodent pups,
local tissue inflammation rapidly increases spontaneous activity and the response to
noxious stimuli, consistent with behavioural hypersensitivity (45). Local skin incision,
known to cause behavioural nociceptive hypersensitivity in young rats, is accompanied
by increases in dorsal horn cell receptive field area, spontaneous firing, evoked spike
activity (50, 51) and alterations in synaptic connections (52). Thus, centrally
transmitted noxious information in the newborn can be sensitized, that is increased in
amplitude and duration and reduced in activation threshold, following repeated tissue
injury.

Together these data provide a picture of the information transmitted from the newborn
spinal cord to higher centres following tissue damage: stimulus specificity, localization
and intensity are not tightly coded, but repeated injury causes clear sensitization.
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Figure 1: Summary diagram showing that innocuous touch (black) or noxious stimulation
(red) stimulation of the skin evoke strong reactions in newborn rodent and human infants which
change both qualitatively and quantitatively with maturity, from preterm to term equivalent age.
These reactions, measured using observational and neurophysiological recordings of reflex
limb movements, facial expressions and other motor outputs, are generated subcortically by
circuits in the spinal cord and brainstem. Together they provide a picture of the changing nature
of the information transmitted from subcortical centres to the brain following tissue damage.
Top left: Ability to display selective responses to innocuous and noxious stimulation increases
with age. Data from References (10, 15, 37, 53). Bottom left: Ability of response amplitudes
to reflect stimulus intensity emerges with age. Data from References (15, 23, 54). Top right:
Ability to localize stimuli on the body surface increases with age, as sensory neuron receptive
field size declines. Data from References (21, 23, 44, 45). Bottom right: In contrast to the
slow maturation of stimulus coding shown in the first three plots, robust injury-induced
sensitization to both innocuous and noxious stimulation is present from early in development.
Data from References (46, 47, 50, 51).

THE MATURATION OF BRAIN INFRASTRUCTURES

While pain experience requires the brain, there is no single identifiable brain area that
is responsible for it. Imaging studies in healthy adult participants suggest that the
experience of pain arises from highly distributed activity patterns, including both serial
and parallel processes (55). Neural activity and areas of the brain associated with
painfulness and intensity/saliency are spatially distributed across the brain (56, 57)
and multiple cortical and subcortical systems are needed to decode pain intensity and
representation of pain experience (58).

Thalamocortical Projections



The thalamus acts as a central hub for sensory input from the spinal cord, relaying
information to the cortex. In humans, histological mapping and diffusion tensor imaging
(DTI)-based tractography reveals that the early projections outgrowth from the
thalamus towards the cortex is followed by a "waiting" phase in the cortical subplate
(14—-22 weeks), two weeks earlier in the somatosensory cortex than in the visual and
other cortices, and then by final ingrowth into the cortical plate (23—24 weeks) (59). In
mice, synaptic connections between thalamic afferents and early-generated, largely
transient, subplate neurons are formed during this waiting period (60). While these
synapses are unlikely to provide a basis for sensory experience as they are not yet
part of the cortex, they may play an instructional role in forming a functional template
for developing thalamocortical networks and cortical architecture (61, 62).

The Developing Cerebral Cortex

Benchmarking developing human brain morphology derived from a metanalysis of
over 100000 MR images, reveals a striking increase in grey matter and white matter
volume from mid-gestation through to early childhood (63). The formation of the cortex
is a relatively protracted process across gestation. The migration of neural progenitor
cells from the ventricular and outer- subventricular zones along a scaffolding of radial
glial cells is largely complete by 30 weeks gestation, although continues up to 2 years
of age in some areas (64, 65). It is maximal at around 23 weeks in the parietal lobes
where the primary somatosensory cortex is located (66). Lamination, a marker of
cortical organisation is present in the primary sensory and motor cortices at 25 weeks
of gestation, with the full adult complement of distinct lamina by 32 weeks (67). High-
resolution in utero diffuse tensor imaging (DTI) has mapped the increasing innervation
of the cortical plate by thalamocortical axons, increasing soma volume and dendritic
branching of neurons and synaptogenesis over 26—-31.5 weeks (68). These studies
suggest that preterm infants have formed early thalamic connections and a simple
cortical structure by 26 weeks gestation, ready to receive sensory information
transmitted from the spinal cord and brainstem.

The Developing Connectome and Resting State Networks

The Developing Human Connectome Project has provided a large sample of
neonatal functional MRI data with high temporal and spatial resolution. This enabled
the mapping of intrinsic functional connectivity between spatially distributed brain
regions in the developing human brain. At rest, the brain can be organized into
patterns of temporally coordinated activity, known as resting-state networks (RSNs).
These networks represent distributed patterns of synchronized hemodynamic activity
that occur when the brain is not engaged in a specific task, reflecting its intrinsic
functional organization. These networks are thought to support fundamental cognitive
and sensory functions and include well-characterized systems such as the default
mode network, sensorimotor network, and visual network (69). RSNs begin as
fragmented patterns in the early equivalent of the third trimester of gestation, typically
confined to regions within a single hemisphere (70, 71). Over time, long-range
interhemispheric and anterior—posterior connectivity patterns emerge. By term age,
RSNs associated with primary networks—such as medial and lateral motor,
somatosensory, auditory, and visual systems—exhibit an adult-like, bilateral spatial
distribution, the connectivity of which is particularly strong between homologous
regions. In contrast, RSNs related to association networks remain underdeveloped
(72), reflecting the brain's progression from primary to higher-order functional
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organization. More recently, it has become clear that RSNs are not static; rather, they
exhibit dynamic temporal properties that can be described in terms of six recurring
"brain states". Three of these reflect global whole-brain synchronization, while the
remaining three are more regionally localized: one in the occipital cortex, one in the
sensorimotor cortex, and one in the frontoparietal cortex (73). The fundamental
properties of the functional connectome are already present even in the foetus at 21-
40 weeks gestation, suggesting the presence of both primary motor and sensory
networks as well as the first signs of higher order networks that are pruned in later
life (74, 75).

In rodents the first activity in the somatosensory cortex evoked by tactile stimulation
appears in the first postnatal week (76) but in human infants the exact timing is less
clear. From the time of the first arrival of tactile information to the somatosensory
cortex, there is a rapid maturation until birth and beyond. Hemodynamic and
electrophysiological responses to a somatosensory stimulus can be recorded from
the beginning of the third gestational trimester. Cortical hemodynamic responses are
initially confined to the contralateral primary somatomotor cortex, which already
exhibits its characteristic somatotopic organization (77). Over the course of the third
gestational trimester, these responses show decreased latency and increased
amplitude, accompanied by progressive integration of the ipsilateral hemisphere and
sensorimotor associative areas (78). These changes are paralleled by changes in the
electrophysiological responses to mechanical stimuli from a single high amplitude
wave (delta brush), to more mature event-related potentials which increase in
complexity over the late preterm and term period, reflecting the progressive
involvement of first primary and then associative cortical areas (53, 79).

MEASURING THE CORTICAL REPRESENTATION OF NOCICEPTION
IN THE INFANT BRAIN

In the last section, we discussed the development of the brain and its readiness to
receive sensory information from the body. To understand the development of cortical
pain representation, we need direct, real-time measures of cortical activity evoked by
tissue damaging stimulation in preterm and full-term infants. These measures must be
available at the cot side during clinically required procedures, be acceptable to
caregivers and parents, and cause minimal discomfort to the infants themselves (80).
Below, we describe the most used methods for this purpose. Each method captures
different aspects of brain activity and relies on distinct analytical techniques, which we
briefly explain.

EEG: Event-Related Potentials

Event-Related Potentials (ERPs) are measured using electroencephalography (EEG)
to assess cortical activity in response to stimuli. They are small voltage deflections in
the brain's electrical activity that are time- and phase-locked to an event, such as a
sensory, cognitive, or motor stimulus. Normally ERPs are obtained by averaging
multiple EEG epochs over repeated trials to filter out background noise (which can be
environmental or physiological) and highlight stimulus-specific responses. Different
ERP deflections are meant to provide insights into the timing and nature of neural
processing in response to the stimulus (81). Traditionally, these deflections are
recorded at a single channel and named according to their direction (N for negative
and P for positive deflections), their order of occurrence (e.g. P1 is the first positive
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deflection) or their latency from stimulus onset (e.g. P100 is a positive deflection 100
ms after the stimulus). The fundamental measures of an ERP include: (i) peak
amplitude — the maximum voltage change (in microvolts, pV), which supposedly
reflects the strength of neural activation, and (ii) peak latency — the time delay (in
milliseconds, ms) between stimulus onset and the peak of an ERP component. These
measures are generally robust and reliable when multiple trials per subject are
available under the same stimulus conditions. However, in studies of pain
representation in the infant brain, data collection is often limited to a single event (e.g.
a clinically required heel lance) per subject.

To address this limitation, most research in this field has relied on Principal Component
Analysis (PCA) to characterize the nociceptive response. Rather than focusing on a
single peak, PCA considers the entire waveform shape, offering an analysis more
resilient to noise at a single time point. PCA decomposes the ERP into fundamental
waveforms, known as principal components (PCs), which capture systematic
variations in signal amplitude across time points within a cluster of electrodes or trials.
Each individual EEG trace is then assigned a weight for each PC, representing the
degree to which the trace resembles that component. The larger the weight, the more
similar the individual ERP is to the given PC. Event-related Potentials have been used
to investigate the ability of the neonatal brain to discriminate noxious from innocuous
stimulation, the dependency of nociceptive cortical representation on brain maturation
and the influence of biological and environmental factors on infant pain processing as
described in the next section.

EEG: Time-Frequency Analysis

While ERPs provide information about neural activity that is time- and phase-locked
to a stimulus, they miss non-phase-locked activity that may also be relevant to sensory
and cognitive processing (82). Averaging the signal in the time-frequency domain
addresses this limitation by decomposing it into different frequency bands, capturing
both types of activity over time. Techniques such as wavelet transforms and short-time
Fourier transforms break down the signal into power across frequencies at each time
point, revealing transient neural oscillations that might be missed in traditional ERP
analysis. This is important because different frequency bands are thought to encode
distinct types of neural processes — for example, higher frequencies (gamma) are often
associated with feedforward information routing, while lower frequencies (alpha/beta)
may reflect top-down modulation, cognitive control, or predictive coding (83). By
capturing these dynamics, time-frequency analysis provides a more complete picture
of neural responses beyond that which traditional ERP analysis can offer. Time-
frequency analysis has been used to study the dependency of nociceptive cortical
representation on brain maturation and frequency-specific differences from adult
nociceptive processing as described in the next section.

EEG: Global Topographic and Microstate Analysis

More recently, the recognition of the complex relationships between the nociceptive
ERP, other responses to the same noxious stimulus, and various biological factors —
together with an appreciation that pain processing is not merely a brief sensory event,
but a multidimensional experience shaped by contextual, intrinsic, and sensory factors
over time — has prompted a shift in ERP analysis approaches. Traditional single-
channel vertex ERP analysis can be overly reductive, failing to capture the
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temporospatial dynamics of cortical activity. Single-channel analysis is also limited by
its reliance on a single spatial sample, making it noisier, reference-dependent, and
susceptible to erroneous magnitude differences due to latency shifts or changes in
voltage field distribution (topography). In contrast global topographic and EEG
microstate analysis provide a more comprehensive and physiologically meaningful
description of brain activity by examining the spatial and temporal dynamics of neural
responses (84). Global topographic analysis assesses the distribution of EEG activity
across the scalp, identifying consistent topographic patterns associated with sensory
or cognitive processes rather than relying on isolated electrode signals. EEG
microstate analysis further extends this approach by segmenting brain activity into
short, metastable topographic states (microstates), which are thought to represent
fundamental building blocks of neural processing (85). One key advantage of this
approach is the use of global field power (GFP), a reference-independent measure
that quantifies the overall strength of EEG activity across all electrodes. This allows
for the distinction between changes in topography (i.e., shifts in the configuration of
active brain sources) and changes in signal magnitude, which single-channel ERP
analysis cannot resolve. Global topographic and microstate analysis offers a more
comprehensive view of the multifaceted relationship between nociceptive cortical
representation and behavioural and physiological responses to a noxious stimulus and
of the effect of contextual factors (such as parental contact) as described in the next
section.

Functional Near-Infrared Spectroscopy

Functional Near-Infrared Spectroscopy (fNIRS) measures changes in cerebral
oxygenation and hemodynamics by detecting variations in oxyhemoglobin and
deoxyhemoglobin concentrations. It takes advantage of the relative transparency of
biological tissue to near-infrared light and the distinct absorption properties of these
hemoglobin states. NIRS systems can be either single-channel or multichannel, with
single-channel NIRS providing measurements from a single location and multichannel
systems enabling broader mapping of hemodynamic responses across cortical
regions. Unlike EEG, which captures electrical activity with high temporal resolution
but limited spatial localization, NIRS provides better spatial localization of brain
hemodynamic activity by measuring changes within a restricted volume directly
beneath the probes. While hemodynamic changes are not a direct measure of neural
activity, they are tightly linked through neurovascular coupling, which is present in
neonates but continues to mature with age (86). Functional near-infrared
spectroscopy allows the mapping of nociceptive cortical activation in the neonatal
brain as described in the next section.

UNDERSTANDING PAIN REPRESENTATION IN THE DEVELOPING
BRAIN

The Neonatal Brain Can Discriminate Noxious and Innocuous Information at
Term Age

Noxious tissue damaging stimulation (heel lance or venipuncture) elicits significant
changes in the hemodynamic and electrophysiological activity of the neonatal brain in
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term aged infants (14, 53, 87-89). A brief tissue breaking stimulus elicits an increase
in total hemoglobin concentration in the primary somatosensory cortex contralateral to
the stimulated site, with a response significantly larger than that evoked by tactile
stimulation (88, 89). The same tissue damage elicits a nociceptive-specific ERP,
originally identified by the research group at University College London as a PC whose
weight was, on average, significantly larger following a heel lance than after a control,
innocuous stimulus (90). The weight of this component was maximal at the vertex
electrodes (Cz and CPz). This was the first evidence that the neonatal brain can
discriminate noxious from tactile information. This finding was later replicated in
independent samples at other two UK centres (91, 92). Over the years, this
component/ERP has been called the N420-P560 (according to the approximate
latency from stimulus onset (90)); the N3-P3 ('3’ because it follows other
somatosensory-related deflections (36, 79)), the nociceptive or nociceptive-specific
ERP (nERP) (36, 53), template of nociceptive brain activity (92) and, more recently,
noxious neurodynamic response function (n-NRF) (91). Principal component analysis
(PCA) is a data-driven approach; thus, initial studies redefined the nociceptive
specificity of a component for each new dataset by comparing traces from heel lances
to control traces or other non-noxious stimuli (53, 90, 92-94). The consistency of this
response across different studies and samples (always in response to a heel lance)
has led to the adoption of the nociceptive PC as a template — or 'signature' — of
neonatal pain in term infants (91, 92), in line with similar efforts in adult fMRI research
(95). The idea is that responses with larger template weights indicate more pain, while
smaller weights signify less pain, although this is likely to be overly reductive.

Indeed, topographic and microstate analysis, has identified a sequence of 56 distinct
microstates following a single heel lance (2, 96, 97), each reflecting a distinct
configuration of active cerebral sources. While the previously described P3 —
characterized by a symmetrical central topography maximal at the vertex — was
confirmed, microstate analysis revealed additional spatiotemporal patterns of activity
that would have been missed using traditional ERP analysis, as they do not
correspond to distinct peaks at Cz.

Overall, these results suggest that noxious information can reach the term neonatal
brain, can engage the primary somatosensory cortex, can be distinguished from
innocuous stimulation, and activates a multi-step sequence of cortical processes. The
ability of the brain to discriminate between noxious and innocuous stimuli is a
necessary, though not sufficient, condition for generating the experience of pain.
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Figure 2. Overview of methods used to assess cortical hemodynamic and neurophysiological
responses to acute tissue-damaging stimuli in term infants. Hemodynamic responses were
measured using near-infrared spectroscopy (NIRS), while neurophysiological responses were
assessed via electroencephalography (EEG). Single-channel event-related potentials (ERPs)
recorded from Cz (marked in red) demonstrated a nociceptive component — a principal
component (green trace) corresponding to an N3—P3 deflection — elicited more strongly by
noxious than non-noxious stimuli, indicating early cortical discrimination of noxious input.
Panel adapted with permission from Reference (90); copyright 2012 John Wiley and Sons.
Time-frequency analysis revealed post-stimulus increases in beta-gamma (20-70 Hz) activity
and a pronounced, long-latency 18-fold energy increase in the fast delta band (2—4 Hz), with
significant changes marked in white (warm colors: energy increase; cool colors: decrease).
Panel adapted from Reference (98) (CC BY 4.0). Global topographic and microstate analysis
showed that a single noxious event elicits a sequence of discrete topographic brain states.
While some correspond to the nociceptive ERP (N3-P3), others are not evident in single-
channel recordings, highlighting the complexity of neonatal nociceptive processing. Microstate
occurrences are represented by colour blocks below the global field power trace. Panel
adapted from Reference (96) (CC BY 4.0). Hemodynamic responses were measured using
single-channel recordings placed over the primary somatosensory cortex, both contralateral
and ipsilateral to the lanced leg. A clear increase in total hemoglobin concentration was
observed contralateral to the stimulated leg, but not ipsilaterally. Panel adapted from
Reference (88); copyright 2006 Society for Neuroscience. Using multichannel NIRS, a broader
mapping of hemodynamic responses across the contralateral somatosensory cortex revealed
that the response to a heel lance is not limited to the topographic regions associated with foot
input. Instead, it extends to areas typically involved in hand representation. Panel adapted
from Reference (99) (CC BY 4.0).
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Cortical Pain Representation Is Highly Dependent on Brain Maturation

Cortical activity — including hemodynamic activity, evoked potentials, and oscillatory
patterns — undergoes dramatic changes over the equivalent of the third gestational
trimester. Over this period, the hemodynamic response to a noxious stimulus
increases in magnitude and decreases in latency, suggesting ongoing maturation of
nociceptive cortical processing (88, 89). In preterm infants, EEG time-frequency
analysis has shown that a heel lance is more likely to elicit widespread delta brush
activity, a hallmark preterm EEG pattern, rather than a distinct nociceptive ERP (14,
53). Similar delta brushes are evoked by tactile stimulation (53, 100), as well as by
other sensory modalities, with visual stimulation eliciting occipital delta brushes (101)
and auditory stimulation eliciting temporal delta brushes (102). The fact that both
noxious and tactile stimuli elicit similar delta brush responses in preterm infants
suggests that, at this developmental stage, the brain has limited ability to differentiate
between innocuous and noxious somatosensory input. Instead, sensory stimulation
appears to trigger a general cortical response indicating an immature sensory
processing system. However, the incidence of delta brush responses declines over
the equivalent of the third trimester of gestation as cortical processing matures. These
responses are progressively replaced by distinct nociceptive and tactile ERPs,
reflecting the brain’s developing ability to differentiate between nociception and touch
(53, 54). Although this differentiation in EEG activity is poor in preterm infants,
including limb withdrawal, heart rate, and facial expressions in a classifier can
distinguish between responses to noxious and tactile somatosensory stimulation,
suggesting that the input from subcortical regions is a greater contributor than cortical
circuit activity at this stage (87).

Even at term age, neonatal nociceptive processing remains distinct from that of adults
(98, 99). EEG time-frequency analysis has shown that some features of adult
nociceptive activity, such as beta-gamma oscillations, are already present in infants,
but at longer latencies (98). However, the neonatal nERP is not present in adults and
neonates also exhibit a distinct, long-latency 18-fold energy increase in the fast delta
band (2—4 Hz) which is absent in adults (98). Notably, these EEG differences are
broadly distributed across the scalp, suggesting more widespread cortical involvement
than in adults. Similarly, multichannel near-infrared spectroscopy (NIRS) has
demonstrated that the hemodynamic response to tissue-damaging stimulation is more
extensive than expected, spreading into areas of the somatosensory cortex associated
with hand representation. This widespread activity indicates immature and diffuse
localization of noxious input, in contrast to the highly refined and overlapping
nociceptive and tactile maps in adults (99, 103).

Overall, these results suggest that the way the brain processes noxious information
evolves significantly throughout the equivalent of the third trimester of gestation. Even
at term age, the response remains distinct from that of adults. This indicates that pain
representation in the developing brain is not just an immature version of the adult
system, but fundamentally different. While the neonatal brain begins to show signs of
more refined nociceptive processing, it still lacks the spatial specificity of the mature
brain. These findings highlight the importance of further postnatal changes in brain
circuits that encode and represent pain

Pain Representation in the Developing Brain Cannot Be Inferred from Behaviour
and Physiology Alone
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Reflexive motor, behavioural, physiological and hormonal responses to tissue
damaging stimulation are related to cortical responses, which is not surprising,
considering that they are all elicited by the same afferent input. However, the recent
developmental, brain-led approaches reviewed here have highlighted that these
indicators, although informative, are unlikely to fully capture the representation of pain
in the immature brain. The weight/amplitude of the nERP and change in oxygenated
haemoglobin concentration are overall significantly associated with facial behavioral
or composite reactivity scores (54, 92, 104). However, high background stress
conditions, as measured by salivary cortisol and heart rate variability, disrupt this
relationship (36) and some infants who do not exhibit a facial response to tissue
damage may still display a clear nociceptive ERP (36, 92, 93, 104) suggesting that
even in subjects that cannot mount a behavioural reaction, because of underlying high
stress or other reasons, the brain still receives nociceptive input. Moreover, global
topographic analysis revealed that the relationship between noxious behavioural and
cortical responses is more complex than a simple one-to-one correspondence, where
greater behavioural responses directly reflect greater cortical activity. Rather than
simply reflecting the degree of brain activation, facial activity is linked to differences in
the nociceptive microstate sequence (2). The noxious response appears to involve
two distinct and interleaved sub-sequences of microstates, one which is independent
from behavioural scores and another one which is entirely different in those infants
with high facial reactivity from those with subclinical facial responses (2). This implies
that the relationship between behavioural reactivity and brain processes are far from
straightforward and that there is parallel engagement of different processing cortical
pathways in representing pain, only one of which is directly linked to behaviour.

Microstate Analysis
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Figure 3. Differences in microstate engagement patterns in full-term neonates with sub-clinical
vs. clinically significant behavioural responses (NFCS-P-3, Neonatal Facial Coding System)
during the first second following a heel lance. Left panel: Distribution of post-stimulus NFCS-
P-3 total scores (range: 0-30). Each dot represents an individual neonate, highlighting the
high variability in behavioural responses to the same noxious stimulus. Top right panel:
Microstates derived from the grand average across all participants (n = 37). Bottom right panel:
Temporal sequence of microstate engagement following a heel lance, shown separately for
the NFCS-subclinical and NFCS-clinical groups. Microstates C, D, and G are present in both
groups, while microstates A, B, E, and F appear uniquely in either the sub-clinical or clinical
group—indicating distinct neural processing of the noxious input. Solid lines represent the
global field power (GFP), a measure of overall cortical response strength across the scalp.
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Red lightning indicates the moment of heel lance. Figure adapted from Reference (2) (CC BY
4.0).

Biological and Environmental Factors Modulate Infant Pain Processing

Despite its immaturity, the representation of pain in the infant cortex is related to
biological factors and sensitive to interventions and environment. The nERP is more
widespread over the scalp in term female than male infants, suggesting a prepubertal
sex difference in nociceptive processing linked to broader brain connectivity in females
which could be a precursor of the higher sensitivity to noxious stimulation in adult
female (105). The nERP is also larger in the presence of underlying background stress
(36) or suspected inflammation (106), suggesting early interactions between the
stress, immune, and nociceptive systems that may lead to sensitization, even at this
early stage of life (107). Stress can influence nociceptive processing through
activation of the hypothalamic-pituitary-adrenal (HPA) axis, resulting in the release of
cortisol and other stress mediators that modulate neuronal excitability (108).
Simultaneously, immune activation — such as from inflammation — can lead to the
release of pro-inflammatory cytokines, which sensitize peripheral and central
nociceptive pathways (109). These processes can converge at subcortical and cortical
pathways, amplifying cortical responses to noxious stimuli and contributing to the
increase in NERP amplitude.

The weight/amplitude of the nociceptive ERP is reassuringly reduced by topical
anaesthetic (4% tetracaine gel) (92); it has been shown to both decrease and remain
unchanged following gentle leg stroking at 3 cm/s before a heel lance, a stimulus
thought to activate tactile C fibers involved in pleasant touch and pain modulation in
adults (110, 111); however, it is unaffected by sucrose or morphine administration (93,
112). Other external factors such as parental contact and stimulus repetition also affect
the nociceptive microstate sequence (96, 97). Parental skin-to-skin contact reduces
the energy of the microstate related to the N3 (97), but does not alter the initial
sequence of microstates engaged, suggesting that the initial arrival of the signal to the
somatosensory cortex and the basic processing of stimulus features occur
consistently, regardless of parental contact. In contrast, later microstates, which are
thought to reflect higher-order processes within the hierarchy of stimulus processing,
do change depending on the level of parental contact, suggesting a modulatory effect
on cortical responses beyond the initial sensory encoding of the stimulus.

Noxious stimulus repetition also alters the nociceptive microstate sequence in an age-
dependent manner (96). Habituation to recurrent, non-threatening, or unavoidable
noxious stimuli is a key adaptive mechanism in pain processing. In term infants,
stimulus repetition dampens the engagement of early microstates, along with
associated behavioral and autonomic responses, suggesting an ability to regulate
initial reactivity to a noxious stimulus. In contrast, late preterm infants do not show
signs of habituation, indicating that these regulatory mechanisms are not yet fully
functional. However, in both late preterm and term infants, longer-latency cortical
microstates are different following each lance, likely reflecting changes in higher-level
stimulus processing with repeated stimulation. These findings suggest that while both
age groups can encode contextual differences in pain, the preterm brain lacks the
ability to regulate its initial cortical, behavioral, and autonomic responses to repeated
noxious stimuli. This might explain why the nERP is larger in preterm born infant at
term equivalent age compared to full-term control, indicating sensitizing effect of the
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neonatal intensive care experience (94), although this finding was not replicated in
another sample (113).

4 . . )
A. Cortical maturation B. Biological factors
Dlsc?rlmlpatlon bgtween innocuous and More widespread in female vs male
noxious information
@ Postmenstrual age @ Background stress
’ @ Postmenstrual age @ Suspected inflammation
/
e \ . h
C. Clinical interventions D. Environment
@ Topical anaesthetic K / early late
@ @ Parental contact
@ Morphine
&t @ @ Repeat lance (at term)
@ Sucrose
@ @ Repeat lance (in preterm)
ERP @ Similar _ @
_ Ve Stroking
@ Different @
Microstate sequence \_ Y,
@ Reduced

Hemodynamic
response @ Increased

Figure 4. Summary diagram of the influence of cortical maturation, biological factors,
environment and clinical interventions on cortical pain representation in the neonatal
brain. A. Cortical responses to noxious and tactile stimulation become increasingly
distinct and hemodynamic and nociceptive event-relation potentials (hnERPs) become
larger with postmenstrual age. Data from References (14, 53, 54, 87, 88). B. nERPs
are more widespread in female than in male infants, are larger in the presence of
background stress - as measured by salivary cortisol - or suspected systemic
inflammation. Data from References (36, 105, 106). C. Application of topical
anaesthetic decrease the amplitude of the nERP, which instead is not altered by
morphine or sucrose. Data from References (92, 93, 112) D. Microstate analysis
reveals that the early part of the response to a noxious stimulus is dampened by
parental contact while the later engages different microstates. The early part of the
microstate sequence is also dampened with repetition in term, but not preterm infants,
while the later part engages different microstates at both ages. Data from References
(96, 97, 110, 111).

Sensory Pain Networks Develop Early, While Affective and Evaluative Circuits
Remain Immature at Birth

Although recent advances have improved our understanding of pain in the developing
brain, research has largely focused on brief, phasic responses to acute noxious
stimuli. However, pain is not simply a brief sensory response, but it is a state resulting
from a complex interplay between contextual, intrinsic and sensory factors over a
period of time. Pain perception in adults is underpinned by the activation of a
widespread network of brain regions, which together are responsible for the encoding
of the sensory-discriminative and cognitive-affective qualities of pain (95, 114, 115).
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These include the insula, thalamus, primary and secondary somatosensory cortices,
anterior and posterior cingulate cortex, dorsolateral and ventrolateral prefrontal cortex,
amygdala, orbitofrontal cortex and periaqueductal grey. To function in a coordinated
manner, these brain regions establish preferential connections, forming a network
known as the pain connectome (116). This framework must be intact for healthy pain
processing. However, we have recently shown that at the start of the equivalent of the
third gestational trimester, the pain connectome is significantly weaker than in adults,
follows an uneven developmental trajectory, and does not reach adult-like
configuration even by term age (5). The sensory subnetwork develops more rapidly
than the others and is hyperconnected compared to adults at term age, offering an
explanation for the widespread responses to noxious stimuli described above (98, 99).
The affective subnetwork develops more slowly but still becomes hyperconnected at
term, whereas the cognitive subnetwork — including the prefrontal cortex (PFC) — lags
behind and does not reach adult levels within the equivalent of the third gestational
trimester. The PFC plays a crucial role in modulating sensations and emotions,
assigning meaning to experiences (117), and is considered essential for conscious
perception and self-report (118). However, even in the absence of conscious
awareness, unconscious sensory registration can still trigger autonomic and
behavioural survival responses and may have long-term consequences through
implicit memories of aversive stimuli (119). Because the PFC remains largely
unconnected throughout the third gestational trimester, neonates may lack conscious
awareness or cognitive control of pain but could still form implicit memories through
sensory and limbic activation.

Pain connectome sub-networks

o Sensory
O Affective
O Cognitive

Preterm Term Adult

Functional connectivity

Figure 5. Developmental trajectories of pain connectome sub-networks (sensory, red;
affective, green; cognitive, blue). The sensory subnetwork involves the Thalamus (Thal),
Primary Somatosensory Cortex (Sl), Secondary Somatosensory Cortex (Sll), posterior Insula
(pD); the affective subnetwork involves the Thalamus (Thal), anterior Insula (al), Amygdala
(Amyg) and Anterior Cingulate Cortex (ACC); the cognitive subnetwork involves the anterior
Insula (al), Medial Cingulate Cortex (MCC), dorso-lateral and ventro-lateral Prefrontal Cortex
(dIPFC and vIPFC), Orbito-Frontal Cortex (OFC). The Basal Ganglia (BG) contribute to all
three sub-networks. Compared to adults, functional connectivity within the neonatal pain
connectome is initially weak, develops unevenly, and remains immature at term age. Sensory
connections mature earliest, followed by affective, both showing signs of hyperconnectivity at
term, while cognitive connectivity lags behind and remains underconnected even at term. Data
from Reference (5).

In Summary
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Recordings of brain activity in infants undergoing clinically required, tissue-damaging
procedures have informed us that nociceptive information reaches the brain and is
processed at the cortical level from at least the beginning of the last trimester of
gestation. However, both the nature of the transmitted information and the way it is
represented in the brain change significantly during this period due to structural and
functional maturation of the peripheral input, the spinal cord, the brainstem, the
thalamus and the cortex. The ability to distinguish between touch and noxious-evoked
cortical activity, a necessary but not sufficient condition for experiencing pain as
distinct from innocuous stimulation, does not become clear until 34 weeks gestation,
and even at term age tissue damage evoked cortical activation and its spatial
specificity is clearly different than in adults. Although behavioural and physiological
signs like facial expressions and heart rate often correlate with cortical pain activity,
they don't fully capture the brain's pain representation, particularly under stress or in
cases of subclinical responses. Global topographic analyses have revealed that this
relationship is more complex than a simple one-to-one correlation; rather, differences
in behavioural reactivity correspond to distinct pathways within the brain’s hierarchy of
nociceptive processing. Pain processing in neonates is also shaped by biological
factors (e.g., sex, inflammation, stress levels) and modifiable by environmental
influences such as parental contact, analgesic interventions, and stimulus repetition.
All the maturational changes and differential responses to tissue damaging stimuli in
young infants are likely underpinned by changes in the pain connectome. Since the
subcomponents of the pain connectome mature at different rates, their relative
connectivity shifts from week to week, creating a constantly changing neural
landscape. Consequently, both the processing and subjective representation of pain
in early life are dynamic and developmentally unique. At no point during this period
does the neonatal pain connectome mirror that of an adult, strongly suggesting that
pain is a qualitatively different experience for neonates, even at term age.
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