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SUMMARY
Habituation to recurrent non-threatening or unavoidable noxious stimuli is an important aspect of adaptation
to pain. Neonates, especially if preterm, are exposed to repeated noxious procedures during their clinical
care. They can mount strong behavioral, autonomic, spinal, and cortical responses to a single noxious stim-
ulus; however, it is not known whether the developing nervous system can adapt to the recurrence of these
inputs. Here, we used electroencephalography to investigate changes in cortical microstates (representing
the complex sequential processing of noxious inputs) following two consecutive clinically required heel lan-
ces in term and preterm infants. We show that stimulus repetition dampens the engagement of initial micro-
states and associated behavioral and autonomic responses in term infants, while preterm infants do not
show signs of habituation. Nevertheless, both groups engage different longer-latency cortical microstates
to each lance, which is likely to reflect changes in higher-level stimulus processing with repeated stimulation.
These data suggest that while both age groups are capable of encoding contextual differences in pain, the
preterm brain does not regulate the initial cortical, behavioral, and autonomic responses to repeated noxious
stimuli. Habituationmechanisms to pain are already in place at term age butmature over the equivalent of the
last trimester of gestation and are not fully functional in preterm neonates.
INTRODUCTION

Habituation, described as a decrease in the response to

repeated stimuli, is the simplestmanifestation of behavioral plas-

ticity and is considered a basic form of memory and learning.1

Pain is a multifaceted experience requiring extensive cortical

processing that ultimately results in the appropriate behavioral

and physiological responses ensuring physical integrity and sur-

vival. Pain habituation is therefore an important physiological

and psychological form of adaptation to recurrent or sustained

noxious stimuli and is likely to preserve physical, emotional,

and cognitive resources in favor of more pressing goals when

the threat is unavoidable or not life-threatening.2

Cortical activity habituates to consecutive sensory stimuli

with, for example, same duration or position.3 This occurs at

multiple spatial (e.g., in the individual neuronal and global

cortical responses) and temporal (e.g., can last from millisec-

onds to days) scales.3 In the healthy adult brain, pain habituation

is associated with modulation of parallel and sequential path-

ways4 including decreased activity in areas related to pain

sensation—such as the thalamus, insula, and primary (SI) and
Current Biology 33, 1–1
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secondary (SII) somatosensory cortices—and increased activity

in areas involved in descending pain modulation, such as the

anterior cingulate cortex (ACC).5 These areas encode the

sensory-discriminative, affective-motivational, and cognitive-

evaluative components of the pain experience and initiate the

relevant top-down signal processes that execute physical be-

haviors to avoid pain chronicity and resolve physical injury.

These cortical processes also engage descending opioidergic

mechanisms in the periaqueductal gray (PAG) projecting to

the rostral ventromedial medulla (RVM), resulting in the modula-

tion of spinal reflex response,6 heart rate changes,7 and skin

conductance response.6

Since the nociceptive system8 and the nociceptive brain in

particular9 are rapidly changing over the last trimester of human

development, the mechanisms underlying habituation to a

noxious stimulus are likely to mature over this period. Here, we

hypothesize that the ability of the brain to adapt to recurrent

noxious stimuli, and to drive appropriate behavioral and physio-

logical responses that balance threat avoidance and energy

wastage, also matures over the equivalent of the last trimester

of gestation.
0, April 24, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1. Infant demographics

Preterm

(<37 weeks

PMA at study)

Term

(R37 weeks

PMA at study)

Number of infants 10 10

GA at birth

(weeks+days)

31+66 (24+22–34+5) 38+0 (31+66–41+4)

PNA (complete days) 14 (5–65) 10 (1–48)

PMA at study

(weeks+days)

34+0 (32+66–36+4) 39+44 (37+44–44+2)

Number of female 5 (50%) 4 (40%)

Birth weight (g) 1,461 (708–2,240) 3,406 (1,396–4,070)

Number of cesarean

deliveries

7 (70%) 5 (50%)

Number of stimulation

on right foot

2 (20%) 6 (60%)

Note: gestational age (GA) is the number of weeks (and additional days)

elapsed from the first day of the mother’s last menstrual cycle to the

day of delivery. Post-natal age (PNA) is the number of days elapsed since

birth. Post-menstrual age (PMA) is the sum of these two ages. Values

represent median and range. See also Figure S4.
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Testing this hypothesis requires the study of cortical network

engagement and switching on a sub-second timescale. This

can be achieved by performing microstate analysis on multi-

channel electroencephalography (EEG) recordings to charac-

terize the pattern of time-varying cortical potentials measured

across the scalp, following a noxious stimulus.10 EEGmicrostate

analysis reduces the complete set of spatial EEG patterns, pro-

vided as input data, to a finite, representative set of topographic

maps that highlights semi-simultaneity of activity of large-scale

brain networks,10,11 and it can provide a measurement of

sequential and parallel cortical network engagement following

noxious stimulation.12,13

Hospitalized neonates, including those who are sick and/or

born prematurely, are exposed to several noxious procedures

every day as part of their clinical care.14–16 Heel lancing is the

most common blood-sampling test in the neonatal unit and oc-

casionally has to be repeated in quick succession to collect

the required amount of blood.17 Each single lance can elicit

strong behavioral, autonomic, spinal, and cortical responses in

neonates, even if preterm;18–23 however, whether these re-

sponses decrease upon stimulus repetition is not known. Here,

we present cortical, autonomic, behavioral, and reflex responses

from term and preterm neonates that required two consecutive

and identical clinical heel lances, and we demonstrate distinct

developmental changes in the adaptation to these repeated un-

avoidable noxious stimuli.

RESULTS

Twenty human infants (Table 1) underwent two blood tests (heel

lances) in brief succession (3–18 min separation, as clinically

required) in the same heel skin area (Figure 1). This included 10

preterm (median 34 completed post-menstrual weeks, range

32–36 weeks), and 10 term equivalent (3 preterm-born and 7

term-born neonates studied at term age, median 39 completed

post-menstrual weeks, range 37–44 weeks) neonates. The two
2 Current Biology 33, 1–10, April 24, 2023
groups were significantly different in their post-menstrual age

(preterm median [range]: 34.00 [32.86–36.57] weeks, term me-

dian [range]: 39.57 [37.57–44.29] weeks; Mann-Whitney U test:

z =�3.75, p < 0.001) but did not differ in post-natal age (preterm

median [range]: 14 [5–65] days, term median [range]: 10 [1–48]

days; Mann-Whitney U test: z = 1.44, p = 0.15) nor in interstim-

ulus interval (preterm mean [SD]: 8.91 [3.82] min, term mean

[SD]: 7.11 [2.46] min; independent sample t test: t(18) = 1.25,

p = 0.23, 95% CI = �1.22 to 4.82). Moreover, there was no sig-

nificant change in sleep-state distribution across infants be-

tween first and second lance (Figure S4, STAR Methods), and

all infants (except one) stayed in the same position (cot, skin-

to-skin, or held) for both lances (i.e., sleep and position were

not covariates across repeated lances).

Cortical, behavioral, autonomic, and reflex responses to each

lance were recorded simultaneously as follows: (1) cortical activ-

ity using scalp EEG, (2) facial expressions using video recording,

(3) heart rate using electrocardiography (ECG), and (4) flexion

withdrawal reflex of the stimulated limb using biceps femoris

electromyography (EMG) (Figure 1).

Heel lancing engages a distinct sequence of cortical
microstates in term and preterm infants
EEG responses to a heel lance were different between term and

preterm infants across the scalp (Figure 2A) and at the vertex

(Cz) (Figures 2C, top panel; Figure S2). This was statistically

confirmed by the engagement of different microstates, following

stimulation (Figures S1 and S2). Topographic consistency27

across first (second) lance was statistically significant (p % 0.05)

for 44 (22)% and 63 (61)% of the post-lance period for term and

preterm infants, respectively (Figure S1A). These consistent

periods were clustered into a set of nine microstates (Figure 2B),

as this offered the best trade-off between data reduction and

data fitting (Figure S1B).28 Microstates were then assigned to a

time point if the global field power (GFP) they explained was

significantly higher than that explained by a random topographic

basis obtained from the baseline (p% 0.05, Figure S1C). At least

one microstate was assigned to 55 (55)% and 83 (94)% of the

post-lance period following first (second) lance in term and

preterm neonates, respectively, and overall microstate fitting

explained 88% of the GFP where there was topographic

consistency.

Term and preterm responses to the first lance consisted of two

different sequences of 5 microstates: MS1 / 5 / 4 / 7 / 8

for term and MS1 / 2 / 3 / 4 / 6 for preterm infants (Fig-

ure S2). Only two microstates were common to the term and

preterm response (MS1 and 4), while all the others were age spe-

cific. Moreover, those microstates in common had significantly

lower power in term compared with preterm infants (MS1: p =

0.001, term 396 mV 3 ms vs. preterm 866 mV 3 ms; MS4:

p < 0.001, term 421 mV3ms vs. preterm 1,407 mV3ms), started

significantly earlier, and lasted significantly less (MS4 onset:

p =0.002, term 470 ms vs. preterm 537 ms; MS1 duration: p =

0.007, term 195 ms vs. preterm 479 ms; MS4 duration:

p < 0.001, term 176ms vs. preterm 354ms). Figure 2C highlights

both periods of dominant microstate activity, together with tran-

sitory periods where multiple states can coexist, and how these

microstate activities align with the activity recorded at the vertex

channel (Cz).



Figure 1. Study protocol

(A) Recording setup.

(B) Timeline of events. All recordings began before the first heel lance and continued for the entire duration of the study. In the 30 s preceding each lance attempt

(i.e., between �30 and 0 s), the lancet was held against the heel. The lance was released at time 0 s, and squeezing started only 30 s after to obtain a post-lance

period free from other stimuli. As not enough blood was collected after the first sampling attempt, the same procedure was repeated after 3–18 min.
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The initial component of the cortical response to a heel
lance is suppressed following repeated stimulation in
term but not preterm neonates
Wefirst investigated the effect of heel lance repetition upon single-

channel vertex (Cz) event-related potentials (ERPs) (Figure 2C, top

panel). While the ERP sequence was virtually identical following

first and second lance in preterm infants, it was significantly

altered in the older age group. The initial component of the ERP

was significantly modulated (Figure 2C, top panel). This consisted

of a reduction in negative voltage up to 84ms following the second

lance compared with the first (p value range: 0.001–0.024).

Changes in single-channel ERPs however may be ambiguous

because they can arise from genuine changes in activity magni-

tude or overall voltage field configuration.29 In this instance,

ERP findings were confirmed by the complete obliteration of

MS1 following the second lance in term neonates, while there

was no change in MS1 engagement (total power and duration)

in preterm infants (change in onset latency of 223 ms, p =

0.013). The engagement of the succeeding 2–3 microstates

(MS5 and 4 in term and MS2, 3, and 4 in preterm) was indepen-

dent from stimulus repetition (no difference in total power and

duration, only change in MS5 onset latency of 78 ms, p = 0.004).

Late components of the cortical response to a heel lance
are altered in both preterm and term neonates following
repeated stimulation
At longer latencies, heel lance repetition in term infants led to a

reverse in Cz ERP polarity between 591 and 744 ms from positive

to negative (p value range: <0.001–0.023). Microstate analysis re-

vealed that this reverse in polarity corresponded to the engage-

ment of a newmicrostate (MS6) following the second lance, which

was not engaged following the first.Moreover,microstate analysis

showed a complete change in the later microstates engaged from

MS7 and 8 to MS9. In preterm neonates, microstate analysis also

revealed a change in the later microstates engaged from MS6 to

MS1 and 6, which partly corresponded to a significant reduction

of the negative voltage between 1,357 and 1,445 ms following

the second lance (p value range: 0.001–0.025) at Cz.

Behavioral and autonomic responses to a heel lance
habituate following repeated stimulation in term but not
preterm neonates
We next investigated the effect of heel lance repetition upon

behavioral and autonomic responses. To do this, we compared
the changes in facial expression, heart rate, and flexion with-

drawal EMG of the stimulated limb in response to first and sec-

ond lance. These changes occurred in response to the same

stimulus-related peripheral input that elicited the cortical

response but have different timescales30,31 and therefore are

presented on different temporal axes in Figure 3.

The first lance evoked significant changes in facial expression

scores, heart rate, and biceps femoris muscle activity in both

term and preterm infants (p < 0.001) (Figure S3). Median facial

expression scores (represented as a percentage change be-

tween 0% and 100%) increased between 14.3% and 57.1% in

term and between 14.3% and 71.4% in preterm infants from

average baseline scores of 0% (Figures S3A and S3B); median

heart rate increases were between 5.5–13.3 beats per minute

(BPM) from an average resting activity of 126.1 BPM in term

and 6.4–9.6 BPM from an average resting activity of 157.1

BPM in preterm infants (Figures S3C andS3D); and reflexmuscle

activity increases were between 2.1–3.8 standard deviations of

the mean baseline activity in term and 1.1–1.7 in preterm infants

(Figures S3E and S3F)

The facial expression scores and heart rate were significantly

modulated by noxious stimulus repetition in term but not preterm

infants. In term neonates, facial expression scores (0–4 s post-

stimulus, p = 0.009) and heart rate changes (0–10 s post-stim-

ulus, p = 0.016, and 20–30 s post-stimulus, p = 0.011) elicited

by the second lance were significantly reduced compared with

the first (Figures 3A and 3C). In preterm neonates, these two re-

sponses did not change significantly with stimulus repetition

(Figures 3B and 3D). Flexion withdrawal reflex changes between

first and second lance were not significantly different for both

term and preterm neonates (Figures 3E and 3F).

DISCUSSION

The results presented here support the hypothesis that the ability

of the nervous system to adapt to recurrent noxious stimuli ma-

tures over the equivalent of the last trimester of gestation.

To study the development of nociceptive habituation, we

measured changes in cortical network engagement (micro-

states) following repeated clinically required noxious heel lances

in term and preterm infants. Controlling for stimulus site, sleep

state, and post-natal age, the results show that the initial micro-

state (and corresponding ERP N2) was modulated by stimulus

repetition in term infants only. Importantly, autonomic (heart
Current Biology 33, 1–10, April 24, 2023 3



Figure 2. Initial cortical microstate engagement in response to a heel lance is modulated by stimulus repetition in term but not preterm in-

fants, while late components of the response are altered in both age groups

Global event-related field topography (microstate) analysis of EEG responses to repeated lances in term (n = 10) and preterm (n=10) neonates. The 0 ms stimulus

marker represents the occurrence of the lance.

(A) Group average ERPs from each of the 19 channels on the infants’ scalps—the left and right side of the map respectively represents electrodes contralateral

and ipsilateral to the stimulus side.

(B) Microstates topographic maps. Each microstate is represented by a different color, which is used in (C).

(C) Top panel: group average ERPs at the vertex (Cz) with previously identified peaks marked.23–26 Black squares indicate periods of significant difference

between ERP following first and second lance. Middle and bottom panels: global field power (GFP) andmicrostate projection on group average responses to first

(middle panel) and second (bottom) lance (see STARMethods for further details). The height of the colored blocks represents the amount of GFP explained by the

corresponding microstate. We tested whether this was significantly above chance with non-parametric testing (see STAR Methods for further details). The color

transparency for each microstate’s projection represents the p value of this test and is summarized by the gray-scale color bar. See also Figures S1 and S2.
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Figure 3. Noxious-evoked behavioral and autonomic responses are significantly modulated by stimulus repetition in term but not preterm

infants

Comparison between responses in term (left) and preterm (right) infants to first and second lance. The 0 ms stimulus marker represents the occurrence of the

lance.

(A and B) Differences in facial expression scores (recorded using video and evaluated using Neonatal Facial Coding System [NFCS]) (term n = 10, preterm n = 9)

(term: 0–4 s post-stimulus, p = 0.009).

(C and D) Differences in heart rate (derived from ECG) (term n = 10, preterm n = 9) (term: 0–10 s post-stimulus, p = 0.016; 20–30 s post-stimulus, p = 0.011).

(E and F) Differences in the flexion withdrawal reflex of the biceps femoris (EMG) (term n = 5, preterm n = 4). Top panel: traces represent the median response

across subjects. Shaded areas represent the interquartile range at each time point. Middle panel: solid lines represent the median response across subjects/

temporal window for each lance. Violin plots represent data distribution within the interquartile range. Bottom panel: solid black lines represent the log ratio of the

median (ROM) responses to the two lances within each temporal window. These ratios were tested against a non-parametric distribution of surrogate ratios

(shaded gray) (see STAR Methods for further details on surrogate data generation). Dark gray regions represent values below the 2.5th and above the 97.5th

percentiles (solid gray lines). The null hypothesis was rejected if the ratios calculated from the original data were outside these percentiles. Yellow areas represent

time windows with significant differences between first and second lance. See also Figure S3.
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rate) and behavioral (facial expression) responses also habitu-

ated in term but not preterm infants. Nevertheless, both age

groups showed changes in the late part of their cortical re-

sponses, beyond simple activity modulation, revealing potential

differences in higher cortical processing with repeated identical

noxious stimulation. These results suggest that the modulatory
mechanisms responsible for habituation and altered cortical pro-

cessing to repeated noxious procedures undergo a develop-

mental shift between preterm and term age.

Traditional single-channel vertex ERP analysis has been used

extensively to explore responses to noxious stimuli in neo-

nates.32 This analysis has led to the identification of a specific
Current Biology 33, 1–10, April 24, 2023 5
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voltage deflection (the P3 potential at Cz), which is associated

with the tissue-breaking aspect of the stimulus.23 However,

considering the complexity of the pain experience and of the

brain networks engaged in the processing of noxious input,4

this approach could be reductive and fail to capture the multifac-

eted temporospatial dynamics of nociceptive cortical process-

ing. Unlike entire scalp topographies, single-channel analysis is

(1) noisier, as it relies on a single spatial sample when multiple

channel recordings are available; (2) reference dependent; and

(3) can present erroneous magnitude differences when there

are latency shifts or changes in voltage field distribution.33 On

the other hand, topographic information as used here has direct

neurophysiologic interpretability, in that pattern differences in

time and space (microstates) reflect changes in the configuration

of active cerebral sources.33 Previously described N2-related

and nociceptive complex (N3-P3)-related topographies26,34–36

were identified here as MS1(N2) and MS4 (P3) in both term

and preterm neonates and as MS2 (N3) in preterm neonates

only. However, microstate analysis identified another six micro-

states, which would have otherwise been missed with traditional

ERP analysis as they were not associatedwith peaks at the scalp

vertex (Cz). Considering EEG microstates as a continuous phe-

nomenon37 has also allowed us to identify periods of dominant

single microstate activation, together with others of overlapping

multi-microstates coexistence and smooth transitory intervals

between dominant microstates. The median duration for the mi-

crostates obtained here was approximately 200 ms. Typically,

canonical microstates in adults have a duration of between 60

and 150 ms;10 however, other studies in neonates report longer

durations of 150–300 ms.12,38,39 It is therefore possible that mi-

crostates last longer in neonates, comparedwith adults, perhaps

due to a simpler network that only allows for relatively slower

switching between processes.

While the functional significance of ERP and microstates have

not been conclusively defined, increases in latency and topo-

graphic complexity are thought to reflect increasing integration

of information and higher-order function in adults40 as well as ne-

onates.41 Initial microstates engaged in response to a heel lance

are related to nociceptive facial expression in preterm and term

neonates.12 In animal models, autonomic responses and reflex-

ive escape behaviors aremediated by the activation of the spino-

parabrachial pathway (in the dorsolateral pons).42–45 The initial

microstate and behavioral, and autonomic responses could

therefore be linked to the activation of this pathway, which con-

veys information to the ACC and limbic regions.46–49 Indeed,

neonatal facial actions are driven by motor neurons in the pons

of the brainstem and are considered reflexive behaviors to bring

about caregiver proximity.9 Therefore, the reduction in the first

EEG microstate (and corresponding ERP N2) and behavioral

and autonomic responses to stimulus repetition may reflect

fast-actingmodulatory mechanisms of pathways that are related

to these reflexive survival behaviors.

The mechanisms underlying these diminished responses are

not known but may be a consequence of neuronal fatigue

whereby neurons initially responsive show a reduction in firing

rate to repeated presentations of the same stimulus (passive

habituation).3 Alternatively, the reduction in activity may be a

consequence of a sharpening model whereby the activity of net-

works encoding features irrelevant to the identification of a
6 Current Biology 33, 1–10, April 24, 2023
stimulus is suppressed (active suppression).50,51 Top-down

models, on the other hand, propose that cortical activity changes

arise from the integration of sensory input with predictions about

the expected stimulus, based on a continuously updated internal

model of the world.52 Only differences between the expected

and received input would therefore lead to a prediction error re-

flected in the activation of pain-related brain areas.53,54 In this

framework, habituation would represent the ability of the brain

to compare and successfully predict the arrival of successive

stimuli.55 In adults, stimulus expectancy is reflected in ERP

amplitude changes.56 Specifically, the earliest ERPs are modu-

lated by the prediction of the incoming stimulus,57,58 whereas

later responses correlate with the prediction error.59 In this

model, cortical predictions in neonates undergoing repeated

blood tests may develop through associative learning processes

that are already possible by term age (classical conditioning),60

with holding and preparation of the heel before the lance func-

tioning as the conditioning stimulus. Generally, animals act to

terminate or avoid pain by responding appropriately to

noxious-related cues,61 which in the absence of other conflicting

goals (e.g., need for feeding) would result in the amplification of

nociceptive transmission to guide such behaviors. However, this

is only useful when avoidance is possible, which is not the case

for human neonates undergoing a heel lance. In this case, it is

likely that the cue signaling imminent pain drives the engage-

ment of modulatory mechanisms that reduce the nociceptive

input. The shift from non-habituation in preterm to habituation

in term infants could therefore be related to maturational

changes in these processes, a change in the mechanisms

through which they are engaged, or both.

Top-down control of pain involves multiple forebrain regions

connecting with the PAG region and RVM in the brainstem,

which regulates nociceptive transmission at the dorsal horn

level.62 In term neonates, stronger spontaneous pre-stimulus

functional connectivity across this descending pain modulatory

system predicts a weaker response to a mechanical pin-prick.63

However, this control network is immature in animal models at

the equivalent age to human preterm neonates: the descending

projections from the brainstem to the dorsal horn are anatomi-

cally present, but their inhibitory function is not fully devel-

oped.64–66 These maturational changes potentially explain the

modulation of the responses in heart rate change, facial behav-

iors, and initial cortical events that was present in term but not

preterm neonates. However, given these potential develop-

mental changes in physiology, it is surprising that no significant

changes were observed in their spinally mediated withdrawal re-

flex. This may be attributed to the low number of trials with EMG

recordings from which the observed effects were estimated.

Unlike the initial microstate, long-latency microstates were

unique, following each lance procedure in both preterm and

term neonates. These late microstates could represent the acti-

vation of the anti-nociceptive5 or cognitive-evaluative67 net-

works that modulate subsequent incoming noxious-related sig-

nals and/or assess contextual/environmental factors68 or could

encode the prediction errors in the predictive coding frame-

work.59 These networks involve high-level brain regions (e.g.,

ACC and prefrontal cortex) and together are involved in the pre-

diction or avoidance of noxious stimuli.69,70 Both preterm and

term neonates demonstrate the potential for high-level
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processing of contextual differences pertaining to each noxious

event. However, preterm neonates seem unable to use this infor-

mation to regulate brainstem and thalamocortical control over

reflexive behavior, autonomic responses, and initial cortical

activation.

This is the first study to demonstrate the neural and physiolog-

ical implications of closely repeated noxious clinical procedures

in human neonates. Unlike term infants, preterm infants fail to

habituate to repeated pain yet engage neuronal activity patterns

suggestive of distinct high-level cortical processing of each

noxious event. Given that the preterm architecture is generally

geared toward activity-dependent sensory development with

low inhibition and high facilitation of inputs, noxious clinical pro-

cedures may possibly introduce undesirable and untimely

changes, negatively impacting the neonate’s developmental tra-

jectory. Indeed, these injury-induced changes to the developing

brain are known to result in maladaptive cortical-pain processing

and pain-related behaviors, associated with negative outcomes

later in life, or in long-lasting disabilities.71 Moreover, preterm-

born neonates at term equivalent age, who spent an average

of 87 days in neonatal care, have similar but stronger cortical re-

sponses as term-born neonates to a noxious stimulus.24 The

same could be true for the three preterm-born neonates studied

at term in this study; however, most importantly, the median time

spent in neonatal care was less than 2 weeks and not signifi-

cantly different between the preterm and term group. In future

studies it will be important to assess the effect of extrauterine

experience on the adaptation processes described in this study.

In conclusion, this work increases our neurophysiological un-

derstanding of infant brain responses and behaviors to repeated

noxious stimulation. The data suggest that the preterm brain is

capable of encoding high-level contextual differences in pain

but cannot adapt to repeated unavoidable noxious stimuli poten-

tially because of developmental inability/delay in their learning

ability or in engaging the necessary control systems. The failure

of the preterm brain to adapt to repeated noxious stimulation

emphasizes the vulnerability of preterm infants to repeated pain-

ful procedures during their stay in a neonatal intensive care unit.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twenty human infants (32–44 completed postmenstrual weeks, 9 female; Table 1) who required a clinical blood test and were

exposed to two consecutive sampling attempts (with heel lancing) were included in this study. This was an opportunistic sample

from a larger database of 283 infants who were recruited from the Maternity and Neonatal Units at University College London Hos-

pitals (UCLH) over 12 years between December 2007 and November 2019. The twenty infants included in this study underwent a

second heel lance following an unsuccessful first attempt to collect the necessary amount of blood for a clinically-required test

and no heel lance was performed solely for the purposes of research. Repeated heel lancing is not common in our units, but is re-

ported elsewhere to occur in 49% of test occasions because of inexperience in conducting the procedure, unsuccessfully reaching

the superficial dermal blood vessels, reduced blood flow from the cut, sample haemolysis or an insufficient blood sample for the

desired screening test.17

No infants in this cohort were diagnosed with periventricular leukomalacia (PVL), germinal matrix-intraventricular haemorrhage

(GM-IVH) greater than grade 2, intrauterine growth restriction (IUGR), trisomy 21, or presented any clinical signs of hypoxic ischaemic

encephalopathy (HIE). Ethical approval for this study was given by the NHSHealth Research Authority (London – Surrey Borders) and

conformed to the standards set by the Declaration of Helsinki. Informed written parental consent was obtained before each study.

METHOD DETAILS

Repeated noxious stimuli
The repeated noxious stimuli were consecutive clinically required heel lances. All heel lances were performed by a trained neonatal

nurse using disposable lancets and standard hospital practice. Infants were soothed as and when required. Parents could hold and

feed their baby at will. The heel was cleaned with sterile water using sterile gauze and the lancet placed against the heel for at least 30

seconds prior to the release of the blade. This was to obtain a period of recording prior to the stimulus free from other stimulation that

could be used as baseline. The heel was squeezed for blood collection only 30 seconds after the release of the blade, again to ensure

a post-stimulus period free from other stimuli. The second lance was performed on the same heel due to clinical reasons
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(i.e., extensive bruising or damage from previous lances still visible on the other heel) 3-18 minutes (median of 7.5 minutes) after the

first (Figure 1B). Infants remained in the same position (in skin-to-skin contact with one of their parents, heldwith clothing or in cot with

individualized care) throughout the recording session except for one. Some infants transitioned from one sleep state to another be-

tween first and second lance, however there was not a predominant sleep state transition or significant difference in the overall dis-

tribution across sleep states for the whole sample (preterm: p=0.975, term: p=1.000) (Figure S4).

Data collection
Brain electrical activity at the scalp (electroencephalography, EEG), flexion withdrawal reflex of the lanced leg (surface electromyog-

raphy, EMG), heart rate changes (electrocardiography, ECG) and facial expressions (video) time-locked to the clinically-required heel

lances were recorded (Figure 1A). EEG recordings were successful for both lances in all subjects (n=20; 40 recordings). EMG, ECG

and video recordings were successful in 24 (n=12), 38 (n=19) and 36 (n=19) recordings respectively.

EEG recording and preprocessing
The electroencephalogram (EEG) was recorded from a subset of 19 recording electrodes (disposable Ag/AgCl cup electrodes) from

the international 10/20 electrode placement system.73 Those included electrodes overlying primary visual (O1, O2), primary auditory

(T7, T8), association (F7, F3, Fz, F4, F8, P7, P8, T9, TP10), and somatosensory (C3, Cz, C4, CP3, CPz, CP4) cortices (Figure 1A). This

set of electrodes balanced electrode-scalp coverage with cortical site representation. The reference electrode was placed at FCz or

Fz and the ground electrode at FC1 or FC2 (depending on the position of the infant). Electrode/skin contact impedances were main-

tained below 10 kOhms when possible, by gently rubbing the skin with a prepping gel (NuPrep, Weaever& Co.) and then applying the

electrodes with a conductive paste (10/20 Weaver & Co.). The Neuroscan SynAmps2 EEG/EP (Compumedics, USA) recording sys-

temwas used to record EEG activity fromDC to 500 Hz. Signals were digitizedwith a sampling rate of 2 kHz and a resolution of 24-bit.

All EEG data was examined by a trained neurophysiologist and no EEG abnormalities were observed.

EEG data was pre-processed using MATLAB (2016, MathWorks, Inc.) and EEGLAB.74 Raw data were filtered with a second-order

bidirectional Butterworth bandpass (1–25 Hz) and a notch (48–52 Hz) filter, and epoched between 0.6 s prior to 1.5 s following the

noxious stimulus. Raw data were subsequently de-noised using independent component analysis (between 0-3 discrete indepen-

dent components per trial were removed corresponding to ECG breakthrough or muscle, movement or equipment artifacts, median:

0). Artifactual independent components were selected manually using the spatial maps and frequency content of the components.

Spherical interpolation was then used to estimate data from channels that were not recorded (including the reference channel) or

could not be denoised (maximum of four channels per trial, range: 0-4, median: 0). Independent components that required discarding

and channels that required interpolating were identified by the same experienced researcher. We then applied DC correction, down-

sampled the data to 512 Hz and re-referenced to the common average. In the group analysis, electrode positions were considered as

contralateral or ipsilateral to the stimulus side, not according to their physical positions on the scalp (right vs left). For example,

recording contralateral to the stimulus were averaged independently of whether they were recorded from the left or right side of

the scalp (e.g., recording at C3 and C4 following right and left heel stimulation respectively were averaged).

EMG recording and preprocessing
The electromyogram (EMG) of the lanced leg was recorded from two self-adhesive surface silver/silver-chloride electrodes (Cardinal

Health, USA) positioned over the biceps femoris (same ground as that used for EEG recording). The EMG was recorded as a bipolar

signal with the same Neuroscan SynAmps2 system used for EEG, amplified (x10,000), and sampled at 2 kHz with a 24-bit resolution.

EMG data was pre-processed using custom-written scripts in MATLAB (2016, MathWorks, Inc.). EMGdata from 9 out of the 12

subjects was of a quality suitable for analysis. Raw data were filtered with a second-order bidirectional Butterworth bandpass

(10-500 Hz) and a notch (48–52 Hz) filter, and epoched between 1 s prior to 3 s following the stimulus. The EMG signal was then

converted to z-scores to account for differences in signal amplitude across subjects possibly due to differences in electrode location

relative to the biceps femoris and/or contact. The mean and standard deviation for z-scoring were computed from the baseline

segments (1 s period prior to the stimulus) for each subject. The z-scored signal was then rectified, and low-pass filtered at 25 Hz

(fourth-order bidirectional Butterworth). Artifactual segments were then identified using the median absolute deviation method (Mat-

lab function ‘mad.m’) within a 1 s sliding window (50% overlap) as data points exceeding three standard deviations from the median

signal.75 Corrupted segments shorter than 0.05 s were replaced by spline interpolation using 0.05 s worth of data on either side of the

corrupted segment, while segments longer than 0.05 s were discarded.

ECG recording and preprocessing
A lead I electrocardiogram (ECG) was recorded from two self-adhesive surface silver/silver-chloride electrodes (Cardinal Health,

USA) positioned over both shoulders (same ground as that used for EEG recording). The ECG was recorded as a bipolar signal

with the same Neuroscan SynAmps2 system used for EEG and EMG and sampled at 2 kHz with a 24-bit resolution.

ECG data was pre-processed using MATLAB (2016, MathWorks, Inc.) and LabChart (version 8, ADInstruments). Raw data were

filtered with a second-order bidirectional Butterworth bandpass (0.5 - 45 Hz) filter. Beat-to-beat intervals (R-R intervals) were then

automatically detected using the heart rate variability (HRV) module in LabChart and manually confirmed. The resulting signal (heart

rate in beats per minute, BPM) was epoched between 30 s prior to and 30 s following the stimulus and baseline corrected using the

30 s period prior to the stimulus.
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Facial expression recording and preprocessing
Facial expression were recorded on video and synchronized with the EEG recording with a light emitting diode placed within the

frame that was activated by the blade release of the lancet.30

Videos were reviewed offline by a trained behavioural coder. Videos were epoched between 10 s prior to and 10 s following the

stimulus and infant facial expression were scored second-by-second according to the 7-item version of the Neonatal Facial Coding

System (NFCS) (brow bulge, eye squeeze, nasolabial furrow, open lips, vertical stretch mouth, horizontal stretch mouth, and taut

tongue).72,76,77 The facial actions were scored as either present (1) or not present (0) resulting in a percentage total score at each

second (where a score of 100% indicates that all 7 facial actions were observed). Where the view of infants facial actions were

partially/fully obstructed, data were estimated with conservative judgements based on either the assumption of facial symmetry,

cry and body movements, and behaviours either side of the missing period.76,78 Partial estimates of facial expression score was

made in 5 out of the 36 recordings.

EEG microstate analysis
Microstate EEG analysis was performed using Ragu28,79 and custom-written MATLAB scripts. Microstates are scalp potential fields

which maintain a semi-stable topography over transient periods of 60-120 ms in adults10,80 and 150-300 ms in neonates.12,38,39

Microstate activation and switching across time represent changes in brain network engagement and information transfer.81 In

this study, we considered microstates as a continuous phenomenon and took a geometric approach similar to that described in Mis-

hra et al.,37 where each microstate forms the vector basis of a reduced subspace of the original channel space. With this approach

individual time points can be labelled as multiple microstates and microstate transitions are gradual rather than discrete.

We first determined our microstate basis on the entire dataset (i.e., using responses from first and second lance (repetition) in term

and preterm (age) infants). To do that, we calculated the average response for each lance repetition and age group (four groups: first

lance-term; second lance-term; first lance-preterm; second lance-preterm). For each of the four group averages, we calculated the

global field power (GFP, standard deviation of the cortical activity across all electrodes at every timepoint; this is a single value which

represents the strength of the signal as captured by the full electrode array). Next, we used a topographic consistency test (TCT) to

identify spatially consistent event-related activity maps following the heel lance (Figure S1A).28 The TCT assesses the similarity of the

topography of scalp potentials within groups. Data at timepoints that have a significantly consistent topography across subjects

reflect event-related activation, whereas random fluctuations in cortical activity, unrelated to the stimulus or not specific to the group,

are unlikely to be consistent across participants at a given latency.28 Significantly consistent timepoints were determined with boot-

strapping. A non-parametric null distribution was obtained by shuffling data across electrodes for each subject (altering the consis-

tency at each channel across subjects) and recalculating the GFP of the average (5000 iterations). If the true GFP of the average, at a

given latency, was larger than the 95th percentile (right-tailed, p<0.05) of the non-parametric null distribution, the topography was

considered consistent.

Data from the four groups whichwere topographically consistent across subjects were then pooled in the same channel space and

clustered to define our microstate basis. Clustering was performed with the aim to identify distinct topographies representing

different cortical source configurations (in both location and/or orientation) that account for most of the variance in the data (Fig-

ure S1B). Clustering was performed using a modified hierarchical algorithm to that provided in the Ragu toolbox28:

1. As part of a cross-validation process, the full dataset was randomly split into a training set (50%) and a test set (50%).

2. In the training set each sample was initially considered as the centre of its own distinct cluster.

3. Pair-wise spatial correlation between cluster centres was calculated leading to a covariance matrix.

4. Pairs of clusters whose centres were maximally correlated were merged and a new cluster centre was calculated as the

average of the two original cluster centres. These formed the current template maps.

5. The explained variance in the test set was calculated for the template maps.

6. Steps 3 to 6 were repeated until we were left with two clusters. This led to an explained variance versus number of clusters

relationship for a single cross-validation iteration.

7. 50 cross-validation iterations were repeated.

8. The 50 explained variance versus number of cluster relationships were averaged and the percentage change in the average

variance explained between neighbouring cluster sets was calculated.

9. The optimal number of microstates to use was selected as the size of the last cluster set before the average variance ex-

plained dropped by more than 2% with another aggregation step. This choice represents a parsimonious use of microstates

that still explain a considerable fraction of signal energy (in this case R80% of the GFP).82

10. The final microstate basis was determined on the full dataset.

Once the microstate basis was defined, we calculated the projection of eachmicrostate on all data points of each lance repetition-

age group.37 The time period examined commenced at 200 msprior to the stimulus trigger (-200 – 1500 ms) due to a period of un-

certainty as to the exact release of the lance.30

Finally, to understand whether the proximity of a data point to amicrostate was above chance (i.e., whether a givenmicrostate was

indeed engaged at that time), we compared the projection value of the data point on each microstate against a non-parametric null

distribution (Figure S1C). This was obtained by calculating the projection of that data point on a random topographic basis which
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consisted of the baseline topographies (-600— -200ms) of all trials (subjects3 lance trials3 age) in the dataset. In order to consider

the microstate significantly engaged, the projection value had to be above the 95th percentile of this null distribution, and the duration

of significant engagement had to continue for longer than 5% of the post-lance period.83 The periods in which microstates were

significantly engaged were calledmicrostate occurrences. Distinct occurrences of the samemicrostate were considered to be sepa-

rated if the period in betweenwas longer than 197ms(this was themedian duration across all microstate occurrences after projecting

each data point of the first and second lance group average signals from term and preterm neonates on all microstates). Microstate

occurrences that were separated by a duration shorter than this value were considered to be part of the same event.

The resulting projection pattern of microstates was then smoothed to eliminate states that, whilst significantly engaged, were sub-

dominant with respect to the extent of the GFP they explained. This was performed by firstly identifying temporal regions where mul-

tiple states entirely co-existed (i.e., both the start and end time points of the co-existing microstates were the same, or the start and

end times of one microstate fell completely within those of others). For these temporal regions, one or more co-existing microstates

were identified as sub-dominant and discarded only if the extent of GFP they explained was less than the other microstate for more

than 50% of the overlap duration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cortical response quantification and statistical comparison across ages and stimulus repetition
We firstly set out to statistically test differences in multichannel EEG responses following the first lance between term and preterm

infants and then between first and second lance in the two age groups separately.

EEG microstates

From each smoothed projection pattern of microstates, we firstly calculated the onset, duration and total power for each microstate

occurrence. Onset was the first time-point in which the projection value exceeded the significance threshold, duration was the dif-

ference between onset-offset (where offset is the last time-point in which the projection value exceeded the significance threshold)

and total power was the overall amount of variance explained by the microstate across the whole occurrence duration.

Global event-related field topography differences between term and preterm responses (to the first lance) and first and second

lance responses (in the two age groups separately) were tested by comparing thesemetrics for eachmicrostate occurrence common

to the two groups being tested. This was accomplished by comparing the observed difference in these metrics against a non-para-

metric null distribution. This was the distribution of the differences in thesemetrics calculated from an array of 5000 surrogate pairs of

group averages obtained by phase randomising and resampling the collected dataset (see ‘surrogate data generation’ for further

details). Metric differences outside the 95% confidence interval (CI) of this null distribution were considered statistically significant.

ERP

We additionally tested for differences between term and preterm responses (to the first lance) and first and second lance responses

(in the two age groups separately) on single channel recordings at Cz. The group ERP waveform was first estimated by averaging

individual recordings at Cz across subjects for each stimulus trial. Significant differences between groups were determined at

each sample by comparing differences against a non-parametric null distribution. This was the distribution of the same difference

between an array of 5000 surrogate pairs of group averages obtained by phase randomising and resampling the collected datasets

(see ‘surrogate data generation’ for further details). To account for multiple testing, only continuous periods of samples outside the

95% CI that lasted for longer than 5% of the post-lance period were considered statistically significant.83

Behavioural, spinal reflex, and autonomic response to a noxious stimulus quantification and analysis
We next assessed whether a lance stimulus elicited significant changes in EMG, ECG and facial expression in preterm and term in-

fants separately. This analysis was conducted by comparing the signal following the first lance stimulus against baseline. Due to the

high variability in neonate EMG, ECG and facial expression responses to the noxious stimuli, the median summary statistic was an-

alysed for these measures as a method of more robustly capturing the central tendency for each dataset.

EMG

The median signal across subjects/temporal window was determined for three 1-second-long segments post-stimulus and

compared against a non-parametric null distribution obtained from baselinedata. This was the distribution of themedian value across

subjects/temporal window of 1-second-long baseline segments from 5000 phase-randomised versions of the collected dataset (see

‘surrogate data generation’ for further details). Phase randomisation was performed on the bandpass filtered baselineEMG signal

before signal rectification. Post-stimulus changes were considered statistically significant if the median response was outside the

95% CI of this null distribution.

ECG

The median signal across subjects/temporal window was determined for three 10-second-long segments post-stimulus and

compared against a null distribution obtained from baselinedata. This was the distribution of the median value across subjects/tem-

poral window of 10-second-long baseline segments from 5000 phase-randomised versions of the collected dataset (see ‘surrogate

data generation’ for further details). Phase randomisation was performed on the processed heart rate signal. Post-stimulus changes

were considered statistically significant if the median response was outside the 95% CI of this null distribution.
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Facial expression

Themedian signal across subjects/temporal windowwas determined for two 3-second-long and one 4-second-long segments post-

stimulus and compared against a null distribution obtained from baselinedata. This was the distribution of the median value across

subjects/temporal window of two 3-second-long and one 4-second-long baseline segments from 5000 datasets obtained by boot-

strapping 78 lance video-recordings (68 of which were not part of this study and a total of 41 video-recordings were those of preterm

neonates). Post-stimulus changes were considered statistically significant if the median response was outside the 95%CI of this null

distribution.

Behavioural, spinal reflex, and autonomic response statistical comparison across stimulus repetition
We lastly assessed differences in EMG, ECG and facial expression responses following first and second lance in term and preterm

infants separately.

EMG

Significant differences between first and second lance were determined for three 1-second-long segments post-stimulus with non-

parametric testing. The log ratio between the median signal across subjects/temporal window for all 1-second-long segments

following first and second lance (baseline and post-stimulus periods) were calculated and compared against a null distribution.

This was the distribution of the same ratio between an array of 5000 pairs of surrogate groups obtained by phase randomising

and resampling the collected dataset (see ‘surrogate data generation’ for further details). Phase randomisation was performed on

the bandpass filtered EMG signal before signal rectification. Differences in post-stimulus temporal windows were considered statis-

tically significant if the observed log ratio of the median responses was outside the 95% CI of this null distribution.

ECG

Significant differences between first and second lance were determined for three 10-second-long segments post-stimulus with non-

parametric testing. The log ratio between the median signal across subjects/temporal window for all 10-second-long segments

following first and second lance (baseline and post-stimulus periods) were calculated and compared against a null distribution.

This was the distribution of the same ratio between an array of 5000 pairs of surrogate groups obtained by phase randomising

and resampling the collected dataset (see ‘surrogate data generation’ for further details). Phase randomisation was performed

directly on the processed heart rate signals. Differences in post-stimulus temporal windows were considered statistically significant

if the observed log ratio of the median responses was outside the 95% CI of this null distribution.

Facial expression

Significant differences between first and second lance were determined for two 3-second-long segments and one 4-second-long

segment post-stimulus with non-parametric testing. The log ratio between the median signal across subjects/temporal window

for these three segments following first and second lance were calculated and compared against a null distribution. This was the dis-

tribution of the same ratio between an array of 5000 pairs of groups obtained by resampling 78 lance video-recordings (68 of which

were not included in this study). Differences in post-stimulus temporal windows were considered statistically significant if the

observed log ratio of the median responses was outside the 95% CI of this null distribution.

Surrogate data generation
Phase randomisation is a method that enables surrogate data to be generated for statistical hypothesis testing.84 Surrogate data can

be used to form a null distribution for significance testing of original data as they can be considered as random copies of non-linear

time series that preserve physiological correlations through the preservation of the signals power spectrum.85

Each recording time-locked to a stimulus can be considered the linear sum of a signal of interest (i.e., the response to a stimulus)

and a stationary random noise component. Based on the assumption that the signal is the same in each recording while the noise

changes, conducting another recording should result in the data being a linear sum of the same signal but with different random

noise. Creating surrogate data therefore consists of generating new random noise to add to the signal estimated from the recorded

data. Surrogate data generation begins by isolating the noise from the signal by removing the group average (i.e., the non-stationary

model component) from each subject’s recording. This is not necessary when generating surrogate baseline segments as the re-

corded baseline is assumed to just represent stationary random noise with no signal. Each noise time-series is then converted

into the frequency domain and the phase at each frequency is rotated by an independent random value between 0 and 2p.84 Applying

an inverse Fourier transformation leads to a new time series which has the same spectral characteristics of the original noise, but a

different temporal realisation.86Finally, adding back the estimated signal (i.e., the group average or 0 for baseline) results in a new

surrogate dataset, which can be used to generate a sample of the null non-parametric distribution of interest.

When comparing parameters between first and second lance the signal subtracted from the data to isolate the noise is estimated

for first and second lance separately. However, to prevent the introduction of systematic differences between surrogate data when

establishing the non-parametric null distribution, the signal added back at the end of the surrogate data generation process is the

grand average across both lances. The surrogate time-series are then pooled together, and two new groups are formed with resam-

pling. Differences between these two groups are a sample of the null distribution of interest.
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