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ABSTRACT

Sensory prediction (SP) is at the core of early cognitive development. Impaired SP may be a key to understanding
the emergence of neurodevelopmental disorders, however there is little data on how and when this skill emerges.
We set out to provide evidence of SP in the brain of premature neonates in the fundamental sensory modality:
touch. Using Diffuse Correlation Spectroscopy, we measured blood flow changes in the somatosensory cortex of
premature neonates presented with a vibrotactile stimulation-omission sequence. When ISI was fixed, partici-
pants presented a decrease in blood flow during stimulus omissions, starting when a stimulus should begin: the
expectation of a certain stimulus onset induced deactivation of the somatosensory cortex. When ISI was jittered,
we observed an increase in blood flow during omissions: the expectation of a likely but not certain stimulus onset
induced activation of the somatosensory cortex. Our results reveal SP in the brain as early as four weeks before
term, based on the temporal structure of a unimodal somatosensory stimulation, and show that SP produces
opposite regulation of activity in the somatosensory cortex depending on how liable is stimulus onset. Future
studies will investigate the predictive value of somatosensory prediction on neurodevelopment in this vulnerable

population.

1. Introduction

To interact with a constantly changing environment, our brain needs
to process the multiple regularities distributed in space and time which
provide the ability to anticipate a stimulus based on previous experience
(Bubic et al., 2010). Regularities would be used by the brain to form
internal models of the outside world based on previous sensory inputs
(Knill and Pouget, 2004). An internal model of the repeated stimulus
would be built by the neuronal network processing a sequence, that
encodes all the stimulation parameters and particularly the temporal
structure of the sequence, forming a representation of the most likely
input to come (Sokolov, 1963). On this basis, a currently prominent
theoretical view considering the brain as intrinsically predictive, known
as the Predictive Coding Theory (Friston, 2005), proposes that sensory
cortices compare inputs to predictions and feed prediction errors to

higher-order cortices, allowing them to improve subsequent predictions
by updating internal models. Therefore, when sensory input is expected,
a neuronal network is activated that is very similar to the network
activated by the real stimulus, like for imagination or recall (Albright,
2012; Schubotz, 2015). This view is supported by reports of cortical
responses associated with stimulus omissions in adults using auditory
evoked potentials (SanMiguel et al., 2013) and somatosensory BOLD
functional MRI (Chen et al., 2010) for example.

Prediction-based processes are considered a core feature of cognitive
development (Baek et al., 2020). The ability to process time intervals
and expect events on time is a prerequisite of attention development,
and deficits in time processing are associated with attention deficits
(Colombo and Richman, 2002). Predictive skills also have an adaptive
role because they allow us to optimize our cognitive and behavioral
resources (Schwartze and Kotz, 2013), which is critical for newborns for

Abbreviations: BFi, blood flow index; cGA, corrected gestational age; DCS, diffuse correlation spectroscopy; fNIRS, functional near-infrared spectroscopy; GA,
gestational age; ISI, interstimulus interval; ND, neurodevelopmental disorders; NICU, neonatal intensive care unit; RS, repetition suppression; SP, sensory prediction.
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whom such resources are scant. Most studies of sensory prediction (SP)
in young children were conducted in visual and auditory modalities.
Colombo and Richman (2002) showed that 4-month-old infants learn
the regular interstimulus interval (ISI) of a visual sequence and present a
heart rate acceleration when a stimulus should recur but is omitted. Otte
et al. (2013) showed that 2-months old infants learn the regular ISI of an
auditory sequence, and ISI violation induces mismatch negativity on
EEG. Similarly, newborns detect ISI lengthening, which they process as
an omission (Haden et al., 2012), and downbeat omission in a metric
structure (Winkler et al., 2009).

Studies also showed intersensory prediction in infants, still relying
on vision and audition. Using a cross-modal cueing paradigm and
evoked potentials, Kouider et al. (2015) showed that auditory afferents
can act as predictive signals of the onset of a visual event in 12-month--
old infants. Such intermodal SP abilities are available from 6 months of
age: using functional near-infrared spectroscopy (fNIRS), Emberson
et al. (2015) showed that after exposure to paired auditory-visual
stimuli, when images were unexpectedly omitted after the sound in-
fants showed a hemodynamic activation in the occipital cortex as if an
image were presented.

We are only beginning to unravel the many parameters influencing
SP during development. Using a visual paradigm in 12-month-old in-
fants, Téglds and Bonatti (2016) investigated the relationship between
expectation and surprise, depending on the probabilistic versus deter-
ministic nature of the sequence. They found that probabilistic stimuli
induce a pro-active response linked to anticipation, whereas determin-
istic stimuli induce post hoc processing linked to a surprise effect. The
higher sensitivity of infants to moderately predictable visual sequences
was also described in 7- and 8-month-old infants (Kidd et al., 2012) and
in term neonates (Bulf et al., 2011). Authors argued that this tuning
towards moderate rather than high predictability is better suited to the
demands of real-life environments.

Stimulus processing can be improved or on the contrary attenuated
by top-down mechanisms according to their adaptive relevance, which
will constrain how much attention is dedicated to the task (Summerfield
et al.,, 2008). Through learning, stimulus processing becomes more
efficient with less attentional resources, which may then be reallocated,
allowing the child to tackle increasingly complex tasks. This manifests in
repetition suppression (RS), the decrease in neuronal response to a
repeated innocuous stimulus (Grill-Spector et al., 2006). For example,
such top-down regulation leading to RS when a stimulus was expected
was shown in 6-month-old infants using fNIRS with auditory stimuli
(Emberson et al., 2019).

Given its importance for cognitive development, SP may be a key to
understanding early atypical trajectories of neurodevelopment. Authors
proposed for example that impaired prediction abilities may be at the
core of autism spectrum disorder (ASD), explaining repetitive behaviors,
atypical sensory profiles, and social impairment (Sinha et al., 2014; Van
de Cruys et al., 2014). Using their bimodal auditory-visual paradigm and
fNIRS, Emberson et al. (2017) showed that 6-months old infants who
were born preterm showed a reduced occipital response to predicted
visual stimuli, suggesting that prediction impairment may be an early
marker of high risk of neurodevelopmental disorders (ND). Indeed,
premature neonates have a 3- to 4-fold increased risk for neuro-
developmental and psychiatric disorders in childhood (Johnson and
Marlow, 2011). However, there is currently no data on SP in premature
neonates. To use SP as a neonatal marker of neurodevelopment, we
propose a new paradigm based on the predominant sensory modality at
this developmental period: somesthesis.

Touch is the first sensory modality to develop (Bremner and Spence,
2017) and is considered the foundation upon which other perceptive,
cognitive, and affective functions develop (Ardiel and Rankin, 2010). It
is believed to play a critical role in attachment (Weiss et al., 2000), early
sensory-motor development (Fearon et al., 2002) and to be the precursor
of verbal communication (Hertenstein et al., 2006). Studies show that
ND such as attention deficit disorder with or without hyperactivity

Developmental Cognitive Neuroscience 57 (2022) 101148

(ADHD), ASD, and learning disorders, are frequently associated with
atypical sensory processing, particularly tactile (Broring et al., 2017;
Cascio, 2010). In very preterm neonates, lower tolerance of handling at
birth was associated with tactile sensitivity and poorer executive func-
tioning at 4 years (Meether et al., 2021).

It is still unclear whether ND are mediated by early atypical sensory
processing, or if atypical sensory profiles and ND are independent out-
comes of premature birth, but because atypical tactile processing and
ND frequently co-occur even in term-born children, they may be aspects
of the same pathological process (Broring et al., 2017). In a previous
study, we showed that premature neonates who were born at an earlier
gestational age (GA), with a smaller birth weight, and experienced more
painful care procedures, required more repetitions of a tactile stimulus
to habituate when tested at 35 weeks of corrected gestational age (cGA),
that is two weeks before term-equivalent (Dumont et al., 2017).

In the present study, we aimed to provide evidence of somatosensory
prediction in premature neonates at 33 weeks cGA, that is four weeks
before term. As we did not know if participants so young would be more
sensitive to deterministic or probabilistic stimuli, we designed two
stimulation sequences, one with fixed ISI, the other with jittered ISI, and
participants were randomly assigned to one of the two conditions. We
used omissions to assess the activity of the somatosensory cortex when a
stimulus was expected but not presented. We measured brain activity
using Diffuse Correlation Spectroscopy (DCS). We hypothesized that
premature neonates would display a change in blood flow during
omissions, indicating they could anticipate somatosensory inputs in a
sequence. Because ISI lengthening caused by the omission could act as a
dishabituator, we also hypothesized that the response to stimuli
following an omission would be larger compared with the average
response to all stimuli.

2. Material and methods
2.1. Participants

We included preterm neonates born between 31 weeks + 0 day and
32 weeks + 6 days GA. This population is the youngest we could include
that would meet inclusion criteria warranting a healthy brain state and
function, necessary to observe sensory prediction, and a stable cardio-
respiratory state compatible with safe handling and measurement. In
particular, we excluded neonates with invasive respiratory assistance (i.
e., ventilation on an intubation probe), neurological disease (intraven-
tricular hemorrhage grade 3 or 4, periventricular leukomalacia, or any
other brain structure alteration assessed by transfontanellar ultrasound),
viral infection (respiratory syncytial virus, rotavirus), patent bacterial
infection (C-reactive protein concentration >20 mg/L), or ongoing
sedation (Fentanyl, Midazolam, Ketamine) during 48 h preceding the
day of the measurement. All participants had an APGAR score between 7
and 10 at 5 min.

Parental informed consent was obtained in accordance with the
Declaration of Helsinki. The study was approved by the ethics com-
mittee CPP Nord-Ouest III, France. Promotion and quality control were
carried out by the University Hospital of Caen, France. The protocol was
pre-registered before patient inclusions with the Agence nationale de
sécurité du médicament et des produits de santé (ANSM, France) (ID-
RCB: 2014-A01762-45), and at the US National Institute of Health (NIH)
registry of clinical trials (NCT02880696).

The initial sample was composed of 40 participants randomly
assigned to two groups: Fixed ISI or Jittered ISI. Sex, GA and weight at
birth, and presence of intrauterine growth retardation (IUGR) were
retrieved from medical records. Chronological age, cGA, and weight at
measurement were recorded at measurement.

2.2. Experimental procedure

Measurements were performed at the infants’ bedside in their own
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room, during the first sleep period following a feeding. In premature
neonates, the first sleep cycle allows sensory and cognitive processing
(Fifer et al., 2010).

2.2.1. Stimuli

A coin vibrator (VPM2 at 200 Hz, dimensions: ¢12 x3.4 mm,
Solarbotics Ltd., Calgary, Alberta, Canada) in a 3-D printed capsule was
placed on the palm of the hand, and secured using a tubular elastic net
bandage. It was connected by USB to a laptop computer outside of the
incubator or crib and controlled using an in-house Java® program. At 33
weeks c¢GA, a drip is often present on one of the upper limbs. Therefore,
the vibrator was always placed on the palm of the hand that was not
mobilized by a drip, or not sensitized by a bruise caused by its
withdrawal.

We used a unimodal stimulus omission paradigm to assess the ability
of premature newborns to form a sensory prediction based on a tactile
sequence. For participants in group Fixed, a fixed-ISI vibrotactile stim-
ulation sequence was presented, consisting of 3 s long vibrations
(Stimuli trials, N = 84), interspersed with 5 s long intervals. This made
the stimulation onset deterministic i.e. after familiarization the subject
should know when the next stimulus will start. Every 7-12 vibrations
(pseudo-randomized but identical for all participants), one stimulus was
omitted (Omission trials) to observe brain activity when a stimulus is
expected. A total of 10 omissions were presented among the 84 stimuli.
The whole sequence was 13 min long. For participants in group Jittered,
ISI varied randomly between 3 and 7 s (integers only) during the
sequence (identical for all participants). This made the stimulation onset
probabilistic i.e. after familiarization the subject should expect the next
stimulus but cannot be sure when it will recur (Fig. 1). The place of
omissions in the sequence was identical to group Fixed, as well as the
duration and number of stimuli. Intervals in the Jittered sequence and
the place of omissions were determined by a random number generator
except for the first omission that was manually set after the 12th stim-
ulus to allow for initial familiarization.

2.2.2. Neurovascular activity measurement

Neurovascular activity in the contralateral somatosensory cortex
during the tactile sequence was measured using Diffuse Correlation
Spectroscopy (DCS), a non-invasive optical imaging technique, silent
and portable. DCS quantifies blood flow changes by measuring temporal
fluctuations of light emerging from the tissues: the near-infrared light
emitted through the scalp and skull propagates into the brain where it is
scattered by moving red blood cells in tissue vasculature. This scattering
from moving cells causes the detected intensity to temporally fluctuate,
and the time scale of these fluctuations is quantified by the intensity
temporal autocorrelation function of the collected light. The correlation
diffusion equation is employed to fit the measured autocorrelation
function to physical models and extract a cerebral blood flow index
(BFi), in arbitrary units (for a review of DCS see Durduran & Yodh, 2013,
for an example of functional DCS in preterm neonates see Roche-Labarbe
et al., 2014). DCS offers a better temporal resolution than traditional

Fixed ISI sequence
3 3 om1 3 3 3
5 5 5 5
Jittered ISI sequence

3 3
4 7

. 3 3
5 6
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fNIRS because blood flow increases immediately with neuronal activity
(Hoge et al., 1999, 2005). This was confirmed in preterm neonates
(Roche-Labarbe et al., 2014). Blood flow is a more direct and less
ambiguous proxy of neuronal activity than hemoglobin concentration.
We used a commercial device, aiua-FloMo (Hemophotonics S.L., Barce-
lona, Spain, http://hemophotonics.com) instrument with one light
source at 785 nm (intensity < 30 mW) and four single-photon counting
avalanche diodes for detection, an internal hardware correlator, and
input ports for a posteriori synchronization with markers from the
stimulation computer. Stimulation markers were placed in DCS data
files by the stimulation device at each stimulus onset. DCS intensity
auto-correlation curves were acquired at 1 Hz. The light was emitted and
detected on the scalp by optical fibers bent 90° at the tips, embedded in a
soft sensor made of black PVC (all four detectors on the same spot,
emitter-detector distance = 1.5 cm). This probe was placed over the
somatosensory cortex contralateral to the stimulated hand and secured
using a tubular elastic net bandage (Fig. 2). All lights were off and shades
were closed during the measurement, alarms of the syringe pump were
silenced, and movements in the room were reduced to a minimum.
Parents, when present, were asked not to talk or touch their child during
acquisition.

2.3. Data processing

The auto-correlation curves that were saved from each detector were
first evaluated for data quality based on the initial intercept (~0.48), tail
(~1), and count-rate (>10 kHz) discarding those that did not fit these
criteria (Cortese et al., 2021; Durduran and Yodh, 2013). The remaining
curves were fitted with the appropriate solution of the correlation
diffusion equation and averaged over the four detector channels placed
at the same spot on the skin. This provided us with a time trace of BFi.
Using an in-house Java software (TiSerVA is open-source and available
for download at https://gitlab.ecole.ensicaen.fr/rclouard/TiSerVa), we
applied a zero-phase-lag Butterworth bandpass filter (order 10,
0.03-0.3 Hz) on this time series and segmented the data around markers
from — 2s to + 7 s. We then discarded segments comprising values
exceeding three standard deviations (movement artifacts). Out of 40
measurements, we discarded three datasets for insufficient quality (less
than 60 Stimuli segments out of 84 or six Omissions segments out of 10
passed artifact rejection). In MATLAB® (The Mathworks, Inc.), segments
were baseline corrected by subtracting the value at ty and standardized
by dividing them by their standard deviation, before averaging. We thus
report relative values.

2.4. Analysis

2.4.1. Brain response to stimuli

We averaged Stimuli segments for each subject to obtain the indi-
vidual response to all Stimuli trials. We also averaged the Stimuli trials
immediately preceding an Omission (Preomission trials) to compare
with an equal number of Omission trials. Response amplitudes were

— <« 5 seconds fixed intervals
[13 min]

Om . ﬁ 3 seconds vibration (palm of the hand)

1 stimulus omission
< 3 to 7 seconds jittered intervals

Ly
[13 min]

Fig. 1. Schema of the unimodal stimulus omission paradigm by condition. The stimulation sequence was composed of 84 vibrotactile stimuli (3 s long) interspersed
with 10 pseudo-random omissions. In the Fixed group, the interstimulus interval (ISI) was 5 s, in the Jittered group it varied pseudo-randomly between 3 and 7 s

(integers only).
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B DCS detector
DCS light source

INION

Fig. 2. Stimulation and measurement material. A. Placement of the stimulation vibrator in the palm of a participant. B. Placement of the DCS probe over the primary
somatosensory cortex. C. Placement of the DCS probe on a participant. D. Region of interest in the 10-20 system.

considered as the value at t3 (baseline correction implies that at to, the
value is 0).

2.4.2. Brain changes during omissions

For this analysis, we kept only participants with a stable individual
average baseline and positive individual average response to both
Stimuli and Preomission trials because there is uncertainty in the liter-
ature on the meaning of negative hemodynamic responses. Although
negative changes can reflect true deactivation in the ipsilateral so-
matosensory cortex of adults (Franceschini et al., 2003; Kastrup et al.,
2008), in infants it may also appear when the task-evoked increase in
oxygen consumption outweighs the increase in oxygenated hemoglobin
concentration resulting from the increase in blood flow (Harris et al.,
2011). However, a recent review identified that the majority of research
articles reported a positive hemodynamic response in newborns and
infants across various functional tasks (de Roever et al., 2018). There-
fore, negative changes to contralateral tactile stimuli are more likely due
to the probe being slightly off relative to the region of interest (stimuli
can deactivate neighboring areas), or because of a hemodynamic steal
effect, i.e., a redistribution of blood flow from peripheral areas towards
the center of the region of interest (Shmuel et al., 2002).

Four participants were discarded for noisy baseline (drift across the
whole segment or larger changes in the 2 s preceding to than following
to) and 13 for the lack of a typical hemodynamic response (negative
change to Stimuli or Preomission trials average). Twenty participants
remained for analysis, 11 in group Fixed and 9 in group Jittered. Table 1
presents participant details at measurement (final sample).

We averaged Omission segments for each subject to obtain the in-
dividual changes in BFi when a stimulus was expected but not presented.
The baseline t( in group Fixed was set at tg relative to Preomission onset
(3 s stimulation + 5 s ISI). In group Jittered, because ISI varied between

Table 1
Participant details (final sample) at measurement. Mean [standard deviation]
Min-max.

All subjects Group Fixed Group Jittered
N =20 N=11 N=9
Gestational age at birth 32.1 [0.5] 32.1 [0.6] 32.1 [0.4]
(weeks) 31.3-32.7 31.1-32.7 31.1-32.7
Birth weight (g) 1608 [273] 1657 [329] 1547 [185]
1010-2100 1010-2100 1300-1800
Number of intrauterine 7 5 2
growth restriction
Number of males/females 9/11 4/7 5/4
Chronological age at 8.2 [3.1] 3-15 8.5 [3.5]5-15 7.9 [2.9]3-13
measurement (days)
Corrected gestational age at ~ 33.3 [0.2] 33.3[0.2] 33.2[0.2]
measurement (weeks) 33.0-33.4 33.0-33.4 33.0-33.4
Number of painful events 25.1 [8.6] 24.5 [8.5] 25.9 [9.1]
recorded at the first 10-42 10-37 12-42

measurement

3 and 7 s, stimulation was expectable from tg relative to Preomission
onset, therefore that is when we set the Omission baseline. Response
amplitudes were considered as the value at t3 relative to the Omission
baseline.

We also averaged the Stimuli trials immediately following an omis-
sion (Postomission trials) to see how the brain reacted to a stimulus
being presented again after being unexpectedly omitted (akin to ISI
lengthening).

2.5. Statistics

We performed a repeated-measures ANOVA with one factor (Fixed/
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Jittered) using BFi as the dependent variable. The homogeneity of
variance assessed with Levene’s test was confirmed for Preomission and
Omission values, but not for Postomission (variance being much higher
in the Fixed group). Therefore, we tested two repeated measures: Pre-
omission and Omission values. Additionally, we performed Student’s t
test on values at t3 for the three measures, after testing for normality, to
report significance of changes relative to baseline.

2.6. Physiology

DCS measures blood flow changes in the tissues sampled by infrared
light, reflecting brain activity underneath the probe. However, as light
travels through the skin and skull, it is possible that part of the variance
in the signal results from systemic changes occurring in superficial
layers, that are not from a neuronal origin but the result of brain activity
on the body’s activity. Although such changes would still indicate
stimulus processing and allow similar conclusions to be drawn regarding
SP, we aimed to interpret our data as being of cortical origin. Optical
imaging studies in infants show that contamination from superficial
layers is negligible compared with adults because skin and skull are
thinner (Emberson et al., 2016). Since they are even much thinner in
premature neonates, we did not expect contamination. However,
because most participants were monitored for clinical purposes, we
recorded data from the baby’s clinical monitoring device (heart rate,
respiratory rate, and systemic blood saturation) during acquisitions.
Monitoring was available for 10 out of 11 subjects in group Fixed and 7
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out of 9 subjects in group Jittered. We synchronized these time series
with BFi (interpolating for sampling rate offset) using our TiSerVA
software and performed the same analysis on these time series as
described above for BFi data.

3. Results
3.1. Brain response to tactile stimuli

Fig. 3 presents individual averages of BFi for Stimuli trials and Pre-
omission trials in both groups for the 20 subjects, showing a similar
shape as previously described (Roche-Labarbe et al., 2014).

3.2. Brain response to omissions

Fig. 4 presents individual averages in BFi for Omissions, the grand
averages for Preomissions followed by corresponding Omissions, and
amplitudes at t3 for Preomissions and Omissions. The ANOVA revealed a
main effect of the group (F(1,18)= 8.36, p = 0.010, nz = 0.078): Jit-
tered ISI elicited greater overall brain activity than Fixed ISI. This is due
to the significant decrease in BFi during Omissions in the Fixed group (¢
(10) = —4.023, p =0.002) with a very large effect size (Cohen’s
d=-1.213). On the contrary, BFi increased significantly in the Jittered
group (t(8) =2.622, p=0.031) with a large effect size (Cohen’s
d=0.874). As a result of these opposite changes during Omissions, the
ANOVA revealed a significant repetition effect (F(1,18)=13.3,

Fixed ISI
Individual preomission stimulus response
3 -
2 -
1 -
0
-1 -
-2 1 1 I 1 1 1
- 0 1 2 3 4 5
Time(s)
Jittered ISI
Individual preomission response
3 -
2 —
1 -
0 -
-1
-2 T T T T T 1

Time(s)

Fig. 3. Individual averages of BFi for all Stimuli trials (left panels) and Preomission trials (right panels) in group Fixed (top, N = 11) and Jittered (bottom, N = 9).
The striped rectangle represents the duration of the stimuli. Time is relative to stimulus onset. The blue and pink lines represent the grand averages of the hemo-

dynamic response to Fixed and Jittered stimuli, respectively.
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p = 0.002, 12 = 0.215) and the interaction between group and repeti-
tion was highly significant (F(1,18)=15.2, p = 0.001, n? = 0.247).
There is a decrease in BFi when a tactile stimulus is expected in a
deterministic ISI sequence and an increase in BFi when a tactile stimulus
is expected in a probabilistic ISI sequence.

Fig. 5 presents individual averages and the grand average of BFi for
Postomissions, and amplitudes at t3 for Preomissions and Postomissions
for comparison. Because the variance was not homogeneous between
groups for this measure, it was not included in the ANOVA. BFi changes
during Postomissions were variable in the Fixed group with 4 subjects
out of 10 showing a negative response, and they were not significant (t
(10) = —0.829, p = 0.426). On the contrary in group Jittered, the sig-
nificant increase in BFi in response to Postomissions was similar to
Preomissions (t(8) = 3.044, p = 0.016), with a large effect (Cohen’s
d=1.015).

3.3. Physiology

Physiological variations during the stimulation sequence did not
show any pattern consistent across participants, related to either stimuli
or omissions, and the ANOVA did not show any significant effect of
group or repetition. We calculated Pearson’s correlation coefficient on
several subjects at the individual level between physiological variables
and BFi, and found no significant correlation. BFi changes reported
above are thus of brain origin, and not (or negligibly) contaminated by
superficial layers. Studies in infants do not show important contami-
nation because in infants extra cerebral layers (scalp, skull, meninges)
are thin (Emberson et al., 2016). They are even thinner, and largely so,
in premature neonates.

4. Discussion
4.1. Somatosensory prediction in the premature neonate brain

In this study, we presented premature neonates with two different
tactile stimulation sequences, one with deterministic ISI (Fixed group),
and the other with probabilistic ISI (Jittered group). Stimuli were
interspersed with omission trials to observe the brain’s activity when a
stimulus was expected but not presented, depending on how liable was
stimulus onset.

During omissions, the changes in blood flow differed according to the
group. When ISI was fixed and therefore stimulus onset was precisely
predictable, we found a decrease in blood flow in the somatosensory
cortex, starting when a stimulus should appear: the expectation of a
certain stimulus onset induced deactivation of the somatosensory cor-
tex. This phenomenon corresponds to RS, the brain analog of behavioral
habituation (Nordt et al., 2016). On the contrary, when ISI was jittered
and therefore stimulus onset was not precisely predictable, we found an
increase in blood flow during omissions, of similar amplitude to the
increase induced by presented stimuli. The expectation of a likely but
not certain stimulus onset induced activation of the somatosensory
cortex. Our results reveal SP in the brain as early as four weeks before
term, based on the temporal structure of a unimodal somatosensory
stimulation, and show that SP produces opposite regulation of activity in
the somatosensory cortex depending on how liable is stimulus onset.

Several models attempted to explain the neural bases of RS, such as
neural fatigue (neurons would respond less), neural sharpening (fewer
neurons would respond), and facilitation (neurons would respond
faster) (Grill-Spector et al., 2006). These models focus on the bottom-up
processing of perceptual information through sensory cortices. More
recent works suggest instead that RS can ensue from to-down regulation
of sensory cortices by higher-order cortices, following a learning phase
(Summerfield et al., 2008). Therefore, RS would be observed only when
a stable internal representation of the stimulus is formed (Nordt et al.,
2016). Predictive models of cognition support this view, a stable rep-
resentation allowing higher-order cortices to feed predictions back to
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sensory cortices. In adults, when a task requires attention to the repeated
stimulus, it stays salient and the response is enhanced, whereas when
attention is not required, the response is dampened (Kok et al., 2012). In
6-month-olds, Emberson et al. (2019) showed that expected changes in
visual input are associated with RS, not unexpected changes, supporting
the top-down origin of RS in infants as well. Our results also support this
top-down model in premature neonates: RS was observed only when
stimuli were certain. Uncertain stimulus onset may increase the number
of presentations required to form a stable prediction of the upcoming
stimulus, delaying RS. Jittered onsets may even increase stimulus
salience and induce attentional enhancement toward the probabilistic
stimuli. This remains to be studied because we do not have information
on attentional processes at such a young age.

In our unimodal stimulation design, we varied the predictability of
onset. This is an important difference from other works in infants,
mostly bimodal paradigms when a visual stimulus is cued by an auditory
one in a deterministic way (during familiarization the target occurs
consistently following the cue), and omission trials consist of the omis-
sion of a stimulus that was previously certain. Kouider et al. (2015)
using electroencephalography (EEG) in 12-month-old infants showed
enhancement of the early neural activity evoked by the predicted visual
event, vs. amplification of late components evoked when the event was
replaced by a different, unexpected one. Using fNIRS in 6-month-olds,
Emberson et al. (2015) reported a hemodynamic activation in the oc-
cipital cortex, as if the visual event was presented, when images were
unexpectedly omitted after the tone. In our paradigm, the stimulus was
not cued. Instead, the newborn had to rely on time processing, intervals
being highly vs. moderately reliable, inducing more or less certainty of
when the stimulus would recur. This design is closer to what Winkler
et al. (2009) presented to term neonates in the auditory modality using
EEG and a metric structure (i.e., music), but on a slower scale for touch.
It is also very similar to the visual protocol used by Colombo and
Richman (2002) in 4-month-old infants, albeit they used heart rate as
the measure of sensory processing. They described precise prediction of
a 2 s visual event during omission trials in a unimodal visual sequence
with either 3 or 5 s ISI.

Early on in this line of research, Nelson et al. (1990) using EEG in
6-month-olds found that when the visual stimulus was not presented
following the auditory cue, the brain responded differently to stimuli
presented after an omission but not to the omission itself. In our study,
we observed clear changes in brain activity during omissions, but there
were also interesting effects on Postomission trials (the equivalent of
Nelson’s “deliver-after-delete”). In the Fixed group, we had hypothe-
sized that the lengthening of a previously fixed ISI would result in dis-
habituation (the following stimulus being treated as new) yielding
strong activation. Instead, the response to Postomission stimuli was
variable, with no significant difference from baseline and four partici-
pants presenting a negative response. This suggests that the suppression
of neural activity induced by the repetition of highly predictable stimuli
interferes with activation triggered by the stimulus being actually pre-
sented, inconsistently. This may be due to the young age of our partic-
ipants, or their untimely birth, altering the fine sensory regulation.
There are currently no comparable data on the preterm population that
would give indications. As repetitions continue in between omissions,
the response becomes consistent again as shown by the consistently
positive Preomission response. There is a complex interplay between RS
and stimulus-induced activation across the sequence that we would like
to investigate further. Because of our short familiarization phase and the
presence of omission trials among the sequence, we could not evaluate
RS across familiarization in this study, but this is something we plan for
future studies, as it will help disentangle the effects of stimulus-evoked
activation vs. RS across fixed-ISI trials in neonates. Also, we would like
to perform simultaneous EEG acquisitions to assess the contributions of
early and late components of the neural response to the hemodynamic
response. In the Jittered group, the response to Postomissions was
similar to Preomissions and Omissions. ISI lengthening caused by the
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omission did not seem to induce a particular effect of stimulus pro-
cessing, at least none visible with optical imaging. The activation of the
somatosensory cortex during Omissions is evidence that a stimulus was
expected in the range of ISI frequently encountered in the sequence, but
ISI being occasionally longer did not dishabituate the participants and
the following stimulus was not treated a new.

The difference in brain response between conditions highlights the
top-down regulation of the primary somatosensory cortex depending on
the temporal structure of environmental stimuli. The preterm brain
actively processes this structure. Recent works propose that sensory
prediction is a form of active engagement of infants with their envi-
ronment, considering that active engagement does not necessarily
require a motor component (Baek et al., 2020). In this framework,
moderate predictability of stimuli enhances attention allocated to their
processing, whereas high or low predictability decreases attention
allocation. Learning would be facilitated by moderate predictability. For
example, Téglas and Bonatti (2016) explored conditions allowing
12-month-old infants to form expectations about future visual events.
They found proactive expectation (as opposed to realizing post hoc that
outcomes do not match with their previous experience, i.e. a surprise
effect) only when events were likely but not certain. Infants’ sensitivity
to moderately predictable stimuli was also reported in term neonates
(Bulf et al., 2011), and in 7- and 8-month-old infants (Kidd et al., 2012).
Authors proposed that infants implicitly seek to maintain intermediate
complexity of inputs, to avoid wasting cognitive resources on stimuli too
complex or too simple. Our results suggest this optimization is present
before the age of term in the tactile modality.

4.2. Limitations

We show that preterm neonates exhibit somatosensory prediction,
but the persistence of this ability is uncertain. Emberson et al. (2017)
showed SP impairment using the audiovisual omission paradigm in
6-month-old infants who were born preterm. Deficits were specific to
prediction and did not affect the processing of presented stimuli. We do
not know if tactile prediction could be altered after a few months in our
subjects. If it were maintained, the difference with respect to audiovisual
prediction results may be due to the developmental sensory hetero-
chrony. Touch is the earliest functional sensory modality (Bremner and
Spence, 2017; Dumont et al., 2018), whereas bimodal auditory-visual
networks emerge in the last trimester of pregnancy and may be more
vulnerable to disruption caused by preterm birth. However, tactile
processing is frequently atypical in children born preterm (Crozier et al.,
2016; Vanhatalo and Lauronen, 2006; Wickremasinghe et al., 2013),
and is commonly reported in children with ND (Cascio, 2010; Marco
et al.,, 2011; Puts et al., 2014). Therefore, a more plausible explanation
would be that subjects in Emberson and colleagues’ study were more
severely affected because they were born between 23 and 32 weeks GA,
whereas ours were born at 32 weeks. If our subjects had been born
earlier than 32 weeks and had spent more weeks in the NICU as a result,
SP may have been impaired because of earlier brain alterations, dele-
terious NICU environment, or both. In this study, we repeated the same
measurement at 35 weeks cGA, just before participants were discharged
from the hospital. We had planned to assess the effect of cGA and NICU
stay on SP. However, there was too much attrition at 35 weeks cGA for
two reasons. First, participants moved more and had a thicker skull,
leading to poorer data quality. The signal-to-noise ratio of DCS is lower
than that of NIRS, which makes DCS even more sensitive to these issues.
Despite using the channel averaging method described in Section 2.3.,
we could not keep enough data. Second, some participants were trans-
ferred to a different hospital closer to their parent’s home between the
two measurements. We chose not to report data on the remaining small
sample as conclusions would be too uncertain, and because we are
currently conducting a study that should address this better using a
protocol including neonates at all GA at birth and following them up into
toddlerhood.
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Finally, we would like to investigate further the links between sys-
temic physiology and sensory processing in premature neonates. Our
analysis of monitoring variables (heart rate, respiration rate, and blood
oxygen saturation) did not reveal any effect of our stimulation protocol
on these values, but we did not measure them directly, therefore we only
had access to the monitor’s calculations at 1 Hz, which may not be
sufficient resolution. It has been known for a long time that newborns’
heart rate increases from arousal and decreases with attentional pro-
cessing (orienting response), these systemic effects interacting dynami-
cally across sensory processing experiments (Clifton, 1974). Using
dedicated physiology data acquisition, authors have used heart rate
changes as an index of orienting attention in infants exposed to visual
stimuli (Colombo and Richman, 2002; Richards, 2010) or in fetuses
exposed to auditory changes (Weikum et al., 2012) for example. Our
subjects being preterm, physiological variables are unstable, and
induced changes may not be visible on this noisy baseline. Alternately,
our stimuli may not have a sufficient impact on arousal or attention to
yield consistent systemic changes. Recent works show that in adults, the
respiratory cycle adjusts to a tactile stimulation paradigm to enhance
detection and decision-making (Grund et al., 2022). Therefore, it would
be informative to measure directly physiological variables during tactile
processing protocols in newborns and infants to determine if such in-
teractions are already present.

4.3. Conclusion

Our study reveals somatosensory prediction in the brain of prema-
ture neonates as early as four weeks before term, based on the temporal
structure of the stimulation sequence, and shows opposite regulation of
activity in the somatosensory cortex depending on the liability of stim-
ulus onset. Future work will aim to assess if SP varies across GA at birth,
length of NICU stay, and other risk factors, to determine if it could be a
reliable early marker of neurodevelopment, and could be used as a ND
screening tool. Disentangling how top-down mechanisms are affected
across sensory modalities in at-risk populations like preterm neonates,
but also siblings of diagnosed children, will be necessary. Finally,
emphasis on longitudinal follow-up will allow us to test the relationship
between early top-down regulation and cognitive development, as well
as global adjustment in the first years of life, to understand typical and
atypical neurodevelopmental trajectories.
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