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A B S T R A C T

Preterm birth is a significant risk factor for a range of long-term health problems and developmental disabilities.
Though touch plays a central role in many perinatal care strategies, the neurobiological basis of these ap-
proaches is seldom considered. C-Tactile afferents (CTs) are a class of unmyelinated nerve fibre activated by low
force, dynamic touch. Consistent with an interoceptive function, touch specifically targeted to activate CTs
activates posterior insular cortex and has been reported to reduce autonomic arousal. The present study com-
pared the effect of 5min of CT optimal velocity stroking touch to 5min of static touch on the heart-rate and
oxygen saturation levels of preterm infants between 28- & 37-weeks gestational age. CT touch produced a sig-
nificant decrease in infants’ heart-rates and increase in their blood oxygenation levels, which sustained
throughout a 5-min post-touch period. In contrast, there was no significant change in heart-rate or blood oxy-
genation levels of infants receiving static touch. These findings provide support for the hypothesis that CTs signal
the affective quality of nurturing touch, providing a neurobiological substrate for the apparent beneficial effects
of neonatal tactile interventions and offering insight for their optimisation.

1. Introduction

The World Health Organisation estimates that globally 15 million
infants are born premature each year. While in high-income countries,
as a result of advances in neonatal care, survival rates are increasing,
long term physical and mental health problems as well as develop-
mental disabilities are common (Wong et al., 2016; World Health
Organization, 2016). The mechanisms underlying neurodevelopmental
delay, reduced neural growth and abnormal neurofunctional organisa-
tion associated with preterm birth are currently poorly understood (e.g.
Maitre et al., 2017; Malik et al., 2013; Nagy et al., 2003). Thus, a
greater understanding of the effects of being in the Neonatal Intensive

Care Unit (NICU) during a critical period of rapid neurodevelopment is
required to optimise long-term outcomes (Als and McAnulty, 2011;
McGlone et al., 2017; Pineda et al., 2014; Silbereis et al., 2016).

In utero, an infant receives continual multisensory input (Montagu,
1978). Indeed, stimulation of the maturing sensory systems is thought
to contribute to the structural and functional development of the ner-
vous system (Lecanuet and Schaal, 1996). The somatosensory system is
the first to develop, from 8 weeks gestational age (GA) (Humphrey,
1964), with fetuses responding strongly to touch to the mother’s ab-
domen in the third trimester (Marx and Nagy, 2015). It has been hy-
pothesised that activation of sensory nerves in the skin of the foetus by
the amniotic fluid during movements is a mechanism underlying
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growth regulation (Bystrova, 2009). While in the incubator this cuta-
neous stimulation is absent, touch plays a central role in a range of
perinatal care strategies including massage therapy, kangaroo care and
osteopathic manipulative treatment (Als and McAnulty, 2011; Boundy
et al., 2016; Cerritelli et al., 2013; Field, 2016; Gallace and Spence,
2010; Lanaro et al., 2017). Although the neurobiological basis of these
interventions is not widely considered, and concerns around the
methodological quality of studies used to assess them have been raised
(e.g. Vickers et al., 2004), they do appear to have some positive effects
on survival and growth (Boundy et al., 2016; Field, 2016). For example,
kangaroo care, where the infant is held in skin-to-skin contact with the
parent, consistently reduces neonatal morbidity and mortality (Boundy
et al., 2016; Conde-Agudelo et al., 2014; Conde-Aguedelo and Díaz-
rossello, 2016). Massage therapy too has reliably been reported to in-
crease weight gain and reduce length of hospital stay in pre-term in-
fants (Field, 2016). Furthermore, though follow up studies are rare,
several have reported beneficial effects of massage on preterm infants’
cognitive development at both 12 and 24 months corrected age
(Abdallah et al., 2013; Procianoy et al., 2010). Considering the specific
type of touch that is beneficial, it is noteworthy that a review of the
efficacy of massage interventions in preterm infants concluded babies
who received dynamic but not static touch showed improvements in
weight gain and reductions in length of hospital stay compared to those
who were not touched (Vickers et al., 2004).

Whereas the discriminative properties of touch are signaled by
thickly myelinated fast conducting Aβ afferents which project to pri-
mary somatosensory cortex, the affective components of touch are
conveyed by a subclass of unmyelinated, slowly conducting C-type fi-
bres named C-Tactile afferents (CTs) which project to limbic structures
such as the insular cortex (McGlone et al., 2014; Vallbo et al., 1999). CT
afferents are force, velocity & temperature tuned, responding pre-
ferentially to a gentle, stroking, skin temperature touch of between
1–10 cm/sec (Ackerley et al., 2014; Löken et al., 2009). This type of
touch resembles a typical human caress (Morrison et al., 2010). Evi-
dence for the biological relevance of this mechanosensory input comes
from an observational study where, when asked to caress their infant,
parents spontaneously delivered touch within the CT optimal range
(Croy et al., 2016). Furthermore, a recent study reported that in 2-
month-old infants, as in adults, greater activation was elicited in the
insular cortex in response to CT optimal than to faster non-CT optimal
touch, (Jönsson et al., 2018). Indeed, in term-infants just a few days
old, gentle stroking has been found to lead to activation in the posterior
insular cortex, consistent with the CT system being active in early in-
fancy and thus able to influence early brain development (Tuulari et al.,
2017).

Low intensity stimulation of cutaneous somatosensory nerves,
through stroking touch, warmth and light pressure, has been reported
to induce the release of endogenous peptides, such as oxytocin and
opioids, and reduce arousal (Nummenmaa et al., 2016; Uvnäs-Moberg
et al., 2014, 1996). Given their response characteristics, it seems likely
activation of CTs plays a direct and significant role in these physiolo-
gical effects (McGlone et al., 2017; Walker et al., 2017; Walker and
McGlone, 2013). In support for this assertion, a number of recent be-
havioural studies reported that a brief touch, delivered at CT optimal
velocity, to both adults and 9-month old infants, produced a significant
reduction in heart-rate in comparison to slower and faster, non-CT
optimal touch (Fairhurst et al., 2014; Pawling et al., 2017b, 2017a).
However, these studies all used event-based designs where changes in
heart-rate were measured over seconds, the velocity dependent effects
of more sustained periods of touch are yet to be examined. While in a
clinical setting brief tactile interventions in premature infants have
been reported to produce immediate positive physiological effects,
overall study methods, including timing and nature of touch, are in-
consistent and findings mixed (Harrison, 2001; Vickers et al., 2004).

Thus, the aim of the present study was to test the hypothesis that
preterm infants receiving 5min of CT targeted stroking touch would

show a greater reduction in physiological arousal than preterm-infants
receiving static, non-CT optimal touch. To do this we used pulse oxi-
metry to measure infants’ heart-rate and blood oxygen saturation levels,
two frequently used physiological indicators of clinical outcome in
newborn infants. Stressors, such as pain, cause an increase in heart-rate
and blood pressure, a decrease in oxygen saturation, and more rapid,
shallow, or irregular breathing (Sweet and McGrath, 1998). In contrast,
a persistent or deep reduction in heart rate which positively influences
cardiac output will have a beneficial effect on tissue oxygenation, as
measured by peripheral capillary oxygen saturation (SpO2). Indeed, the
two measures have previously been reported to show cross-correlation
in premature infants with diverse clinical conditions (Fairchild and
Lake, 2018; Fairchild et al., 2017).

2. Materials & methods

2.1. Participants

Ninety-two preterm infants (44 male), mean (± S.D.) gestational
age 33.4 weeks (± 4.0) and mean weight at birth 2100 g (± 874) were
recruited from the Neonatal Intensive Care Unit (NICU) of the Buzzi
Hospital in Milan, Italy, from 6th January 2018 to 15th June 2018.

To be included in the study infants must be born in the Buzzi
Hospital, with a gestational age (GA) between 28.0 and 36.6 weeks and
without clinical (i.e. respiratory and cardiac distress) and/or congenital
complications or suspected infections. All infants were enrolled within
1 week of birth.

Written informed consent was obtained from parents or guardians
prior to an infant’s enrolment in the study. The study was approved by
the Research Ethics Committee of Fatebenefratelli Hospital Group in
Milan, Italy. All infants continued receiving routine neonatal clinical
care for the duration of their enrolment in the study.

2.2. Design

Enrolled preterm infants were randomly allocated to two groups: (1)
Dynamic Touch (2) Static Touch. The randomization sequence was
computer-generated in blocks of ten, without stratification.

2.3. Physiological monitoring

Oxygenation and heart-rate were monitored with a pulse oximeter
(Masimo corporation, Irvine, CA, USA). The paediatric pulse oximetry
probe was attached around the dorsal aspect of the infant’s right foot.
The physiological signals were digitized and recorded at 200 Hz using
the New Life Box physiological recording system (Advanced Life
Diagnostics, Weener, Germany) with Polybench software (Advanced
Life Diagnostics, Weener, Germany).

2.4. Tactile stimulation procedure

All preterm infants underwent a single 15-min protocol, including
delivery of either Dynamic or Static Touch. The interventions were
delivered by researchers with experience in the field of neonatology.

Prior to data collection, the researchers underwent purposely de-
signed training which focused on practicing the delivery of the dynamic
stroking touch with consistent force and velocity (Pawling et al.,
2017a). During training the researchers were guided in the delivering a
consistent stroking velocity of 3 cm/sec by a visual metronome that
moves across the same length of a computer screen as the area of skin to
be stroked (10 cm) at the correct speed (3 cm/sec) (Etzi et al., 2018; Etzi
and Gallace, 2016; Pawling et al., 2017a). The metronome also guided
the researcher in the appropriate duration of the tactile stimulation.
Open source software Psychopy (Pierce, 2009) was used to programme
the visual metronome.

Each test session was composed of: a) 5-min Pre-Touch Baseline
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recording, b) 5-min Touch Procedure, c) 5-min Post-Touch recording
(see Fig. 1). Touch was delivered using the researcher’s dominant hand.
In order to match the skin temperature of the infant, the researcher
placed their hand inside the incubator for the duration of the baseline
period.

During the intervention, the area of stimulation was the dorsum of
the infant, from the first thoracic to the last lumbar vertebra, covering
approximately 10 cm. The contact was always bare hand to bare skin.
During the full duration of the intervention, all infants were laid on
their right side in the incubator. This position was chosen for clinical
reasons as it was considered the optimal position to avoid possible
obstruction from attached tubes and probes. Infants were placed in this
position approximately 2min before the recording started, with the
pulse oximetry probe already attached to the right foot.

For infants in the Dynamic Touch Group, light stroking touch was
applied at a velocity of approximately 3 cm/sec and an approximate
force of 0.3 N. Dynamic stroking was delivered from the first thoracic to
the last lumbar vertebra and in a reverse direction continuously, for
5min.

For infants in the Static Touch Group, the researcher lightly placed
their hand on the dorsum of the infant covering the area from the first
thoracic to the last lumbar vertebra. The hand was kept in that position
for the duration of the 5-min block, maintaining the same approximate
force as in the Dynamic Touch condition (approx. 0.3 N).

All maneuvers were performed with constant fraction of inspired
oxygen (FiO2) during the whole session. If any pharmacological ad-
ministration was needed, i.e. caffeine, as per routine clinical care, it was
performed at least 3 h before the session.

2.5. Data analysis

Physiology data was output as a CSV file with a data point for every
5 s of recording (200 Hz sampling frequency). On an individual parti-
cipant basis, oxygenation and heart-rate data were averaged into 30-s-
long time bins and divided into Baseline, Touch and Post-Touch Periods
i.e. 10 data points per time block. Pulse oximeters can be sensitive to
movement artifacts therefore, to account for non-experimental move-
ments that might produce extreme values, individual participant’s
Baselines containing datapoints that were more than three S.D.s above
or below the whole sample mean were identified. Such datapoints were
determined to be artefacts and replaced by the mean of that partici-
pant’s non-artifactual epochs from the Baseline period.

Considering the peripheral capillary oxygen saturation (SpO2), 5
participants were identified as having artifactual epochs in the Baseline
period, across participants this represented 2.39% of Baseline period
datapoints. For HR, 3 participants had artifactual epochs, across par-
ticipants this represented 0.87% of datapoints from the Baseline period.

Subsequently, for both oxygenation and heart-rate data, each data
point from the Touch and Post-touch periods were converted to a
change from Baseline, by subtracting that participant’s mean Baseline

from each of the 20 epochs in the Touch and Post-Touch periods. Again,
on a participant by participant basis, data points were identified which
lay more than 3 SDs outside the grand mean for the sample on each of
the 2 measures and artifactual epochs were replaced with the mean of
that participant’s non-artifactual epochs within a given time period.

Considering SpO2, 5 participants in the Touch period and 5 in the
Post-Touch period were identified as having artifactual epochs, across
participants this reflected 1.85% of datapoints in each of the Touch and
Post-Touch periods. For the HR, 4 subjects in the Touch period and 3 in
the Post-Touch period were identified as having artifactual epochs,
reflecting 0.76% and 0.54% of datapoints in the Touch and Post-Touch
periods respectively.

There were no significant differences in the percentage of artifactual
epochs identified in either the HR or SpO2 data between the two groups
(Dynamic Touch, Static Touch) or across the three time periods
(Baseline, Touch, Post-Touch), all F’s< 1.

Two participants, one from each group, were excluded from the
SpO2 analysis as they had no non-artifactual data points in one of the 3
time periods. However, they were both included in the heart-rate
analysis.

Data were analysed in SPSS (Version 23, IBM Corp, USA, NY). To
explore differences between groups over time, change scores for heart-
rate and oxygenation were entered into separate Repeated Measures
ANOVAs with the following factors: Group (Dynamic Touch vs Static
Touch) and Epoch (20 * 30 s time bins).

Subsequently data were collapsed into two datapoints, by calcu-
lating the mean heart-rate and oxygenation for the Touch and Post-
Touch periods. Then the data from the HR and SpO2 were analysed
using separate repeated measures ANOVAs with the factors of Group
(Dynamic Touch vs Static Touch) and Time (Touch and Post-Touch).
Single sample T-tests were used to determine whether changes were
significantly different from Baseline.

General characteristics of the Dynamic and Static Touch groups, GA,
Weight at Birth and Baseline heart-rate and oxygenation were com-
pared with independent samples t-tests. Gender Distribution between
groups was compared using a Chi Square test.

3. Results

3.1. Sample characteristics & baseline measures

As shown in Table 1, the two groups were homogenous at Baseline
in terms of GA, weight at birth, gender distribution, heart-rate and
oxygenation levels.

3.2. Heart-rate

There was a significant effect of Epoch F(19,1710)= 3.831,
p < 0.001 partial η2= 0.041, as well as of Group F(1,90)= 12.86,
p=0.001 η2= 0.125 and a Group x Epoch interaction F

Fig. 1. Timeline of the experiment, showing the position of all infants throughout the intervention and representative positioning of the experimenter’s hand during
the static touch condition.
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(19,1710)= 1.612, p=0.046, partial η2= 0.18. As can be seen in
Fig. 2A, the Dynamic Group showed a reduction in heart-rate early in
the Touch Period, which was maintained throughout the Post-Touch
period. However, the Static Touch group did not show this effect.

To explore the observed group difference further, data were col-
lapsed into two data points, by calculating means for the Touch and
Post-Touch period. As illustrated in Fig. 2B, there was a significant ef-
fect of Time F(1,90)= 7.73, p=0.007, partial η2= 0.79, reflecting a
lower heart-rate, on average in the Post-Touch than the Touch period.
In addition, there was significant effect of Group F(1,90)= 12.86,
p=0.001, partial η2= 0.125 but no Group x Time interaction (F < 1).

Post-hoc single sample T-tests revealed that the group receiving
Dynamic Touch showed a significant reduction in heart-rate from
Baseline during both the Touch and Post-Touch periods, t(45)= 3.531,
p=0.001; t(45)= 4.03, p=0.0001. Whereas, the group receiving
Static Touch showed no significant change in heart-rate in comparison
to Baseline in either period, t(45)= 1.066, p=0.29; t(45)= 0.02,
p=0.98

3.3. Oxygen saturation

For SpO2, there was a significant effect of Group F(1,88)= 6.88,
p=0.01 η2= 0.073 but not of Epoch, nor was there a significant Group
x Epoch interaction (Fs< 1). See Fig. 3A.

The second analysis, using the mean change in oxygen saturation
from Baseline in both the Touch and Post-Touch periods, revealed a
significant main effect of Group F(1,88)= 6.89, p=0.01, patial
η2= 0.73 but again no significant effect of Time nor a Group x Time
interaction (Fs< 1), see Fig. 3B. Post hoc single sample T-tests de-
monstrated that the Dynamic Group showed a significant increase in
oxygenation compared to Baseline in both the Touch and Post-Touch
periods: t(44)= 3.06, p=0.004; t(44)= 2.88, p=0.006, whereas the
Static Group showed no significant change from baseline oxygenation

levels at either time point, t(44)= 0.2, p=0.85; t(44)= 0.46,
p=0.65.

4. Discussion

The results of the present study show that a short period of dynamic
stroking touch, delivered at a force and velocity to optimally activate
CTs, produces a reduction in the heart-rate of preterm infants that was
sustained into a 5-min post-touch period. In contrast, static touch,
which would not activate CTs as strongly, produced no significant
change in the heart-rate of preterm infants matched for weight and
gestational age. Dynamic touch was also associated with an increase in
levels of oxygen saturation, which was not seen in those infants re-
ceiving static touch. These findings are consistent with our previous
studies in adults, and another in 9-month-old infants, which report that
brief periods of CT optimal velocity stroking touch reduce heart rate to
a significantly greater extent than faster or slower velocity touch
(Fairhurst et al., 2014; Pawling et al., 2017a, 2017b). The present study
extends this previous work by examining effects over an extended time
period. That is, while previous studies have used event-based designs
with changes in heart-rate being observed over seconds, here we report
that not only are heart-rate changes observed in response to a more
sustained period of dynamic touch (5min) but that the effects are
maintained beyond the period of touch stimulation. We interpret the
accompanying increase in blood oxygen saturation as reflecting the
positive influence of this heart rate change on infants’ physiological
state (Sweet and McGrath, 1998). Our findings are also consistent with
several recent studies that indicate the CT system is functionally mature
in early infancy (Jönsson et al., 2018; Tuulari et al., 2017). Here we
show these differential responses to CT optimal and non-optimal touch
are also present in preterm infants younger than 40 weeks GA.

These findings are consistent with previous reports that cutaneous
stimulation, through dynamic stroking or massage, results in changes in
autonomic and endocrine function. For example, reducing heart-rate
and blood pressure, and increasing high frequency heart rate variability
(Diego et al., 2014, 2004, 2005; Field et al., 2006; Lund et al., 1999).
Indeed, increases in vagal activity leading to greater gastric motility are
hypothesized to underpin the increased weight gain observed in pre-
term infants receiving repeated massage interventions (Diego et al.,
2014, 2007, 2005).

Further support for our hypothesis that CTs are the cutaneous
nerves underpinning these effects comes from comparison of the phy-
siological and behavioral effects of CT targeted skin stimulation with
those of oxytocin, release of which can be induced by low intensity
cutaneous stimulation (Uvnäs-Moberg et al., 2014; Walker et al., 2017).

Table 1
General characteristics of the study population at baseline. Values shown are
mean ± S.D. All P values are from t tests except Gender* N(%), p values from
X2.

Dynamic Touch
(n= 46)

Static Touch (n= 46) p> |t|

Gestational age (wk) 32.8 ± 4.0 33.9 ± 4.1 0.18
Weight at birth (g) 2027 ± 799 2173 ± 948 0.43
Gender* 23 (50) 21 (46) 0.8
Heart-rate 145.9 ± 17.5 145.6 ± 11.3 0.84
SpO2 96.1 ± 3.6 96.1 ± 4.4 0.99

Fig. 2. A) The time course in seconds of heart-rate in response to Dynamic and Static touch during the 5-min-long Touch & Post-Touch periods. Data are presented as
change in beats-per-minute from Baseline for 10*30-s-long epochs in each period. The shaded area represents +/− 1 S.E. B) Bar-chart displaying the mean heart-rate
recorded in the Dynamic and Static touch conditions during the Touch and Post-Touch periods. Again, data are presented as change in beats per-minute from
Baseline. Error bars show +/− 1 S.E. Black lines indicate the significant effect of Group. The grey line indicates the significant effect of Time. **p < 0.01.
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For example, oxytocin reduces hypothalamic–pituitary–adrenal (HPA)
axis-activity and increases pain thresholds (Paloyelis et al., 2016; Rash
et al., 2014; Uvnäs-Moberg et al., 2015; Walker et al., 2017). Similarly,
a sustained period of CT targeted stroking touch has been reported to
increase heart rate variability (Triscoli et al., 2017) and decrease neural
and behavioural responses to noxious painful stimuli in both adults and
infants (Gursul et al., 2018; Habig et al., 2017; Krahé et al., 2016;
Liljencrantz et al., 2017). While we did not include a measure of en-
docrine function in the present study, it has previously been reported
that 5min of CT optimal stroking touch administered to the dorsum of
conscious rats resulted in an increased selective activation of hy-
pothalamic oxytocin neurons compared to the same period of static
touch (Okabe et al., 2015).

The findings of the present study are also consistent with a previous
review of infant massage interventions which concluded that dynamic,
rather than static, touch was needed to deliver improvements in weight
gain and reductions in length of hospital stay (Vickers et al., 2004).
However, the fact we observed autonomic consequences with a rela-
tively low force touch is inconsistent with several previous studies re-
porting that medium pressure touch, “sufficient to produce a slight
indentation in the skin”, is required to induce short-term reductions in
heart rate and longer-term benefits, such as weight gain in pre-terms
(Diego et al., 2004; Field et al., 2006). However, closer inspection of the
data reported in Diego et al (2004), shows that mean heart rate during
touch did not differ between light and moderate pressure conditions.
Rather, higher levels of variance and lower mean baseline heart rate in
the light touch condition explain the group differences reported (Diego
et al., 2004 Fig. 2). Thus, further research is required to determine the
acute effects of different forces of cutaneous stimulation on autonomic
function.

The force used in the present study was identified in previous mi-
croneurography studies to be sufficient to activate CTs (Löken et al.,
2009). It was also consistent with previous studies from our group
where stroking touch was delivered manually (Etzi et al., 2018; Pawling
et al., 2017a). While CTs are low threshold mechanoreceptors, re-
sponding to much lighter forces of stimulation than high threshold
mechanoreceptors coding nociceptive inputs, they do not respond ex-
clusively to low forces, and will maintain their firing frequency as
mechanical force increases (Vallbo et al., 1999). In contrast, high
threshold mechanoreceptors increase their firing frequency with in-
creasing force. Thus, CTs will respond to the same extent to both light
and moderate force touch, so any difference in the long and short term
physiological effects of light and moderate massage are unlikely to be
due to the differential responding of CTs. It is more likely that other
classes of mechanosensory afferent and or baroreceptors underpin the
reported differential effects.

The lack of effect of static touch in the present study needs to be
reconciled with the previously reported benefits of skin-to-skin contact,
such as kangaroo care, on preterm infants’ growth and development
(Bergman et al., 2004; Boju et al., 2011; Feldman and Eidelman, 2003).
Infants’ Respiratory Sinus Arrhythmia (an index of parasympathetic
arousal) levels have been found to adjust to those of their mother’s
when lying on her chest (Bloch-Salisbury et al., 2014; Van Puyvelde
et al., 2015). The effect is thought to be mediated by the mother’s
cardiac rhythm and is an extension of the transfer effects that occur in
utero (Van Leeuwen et al., 2009). However, the static touch of a hand
provided in the present study does not allow for these cardio-re-
spiratory mediated effects to be mirrored. Rather, the beneficial effects
of dynamic touch reported here provide additional support for the
hypothesis that activation of CTs, as occurs with dynamic touch and
which mothers have been shown to deliver intuitively, provides another
mechanism for supporting infants’ physiological regulation (Van
Puyvelde et al., 2019).

The present study examined only the acute effects of a brief touch
intervention on short-term measures of heart rate and blood oxygena-
tion. Future work is needed to determine whether there are longer-
term, clinically significant, benefits to this type of touch as an inter-
vention and if so what dose, in terms of frequency and duration, is
required (McGlone et al., 2017). Systematic assessment of the effects of
infant massage interventions by Field and colleagues have determined
that 15min of massage 3 times per day for 5 days is sufficient to in-
crease weight gain (Diego et al., 2014; Field et al., 2006). In their
massage protocol, the baby is massaged in different body areas, moving
from head to limbs, over the 15-min intervention. In our present study,
we concentrated on the back as previous genetic visualization studies in
rodents (Liu et al., 2007), and our own psychophysical data from adult
humans (Walker et al., 2016), indicate CTs may innervate this area
most densely. However, CTs do show fatigue, represented by a reduced
firing rate to repeated tactile stimuli such as delivered in the present
study (Vallbo et al., 1999). Therefore, comparison of the physiological
effects of the same period of CT targeted touch delivered to a single
versus a range of body sites would be insightful.

It is noteworthy that Diego et al. (2004) used a hypoallergenic baby
oil in their massage protocol to reduce friction. The effects of topical
skin treatments on the responses of CTs are not known, however it is
possible that with reduced friction, applied forces are dissipated,
thereby recruiting more CT terminals. Further microneurography stu-
dies, systematically comparing the response properties of CT afferents
when materials with different rheological properties are applied to the
skin are needed to address this question.

In conclusion, tactile input is known to have a significant impact
both pre and postnatally on the developing infant (McGlone et al.,

Fig. 3. A) The time course in seconds of blood oxygen-saturation levels (%) in response to Dynamic and Static touch during the 5-min-long Touch & Post-Touch
periods. Data are presented as change in percentage saturation from Baseline for 10*30-s-long epochs in each period. The shaded area represents +/− 1 S.E. B) Bar-
chart displaying the mean blood oxygen-saturation level recorded in the Dynamic and Static touch conditions during the Touch and Post-Touch periods. Again, data
are presented as change in percentage saturation from Baseline. Error bars show +/− 1 S.E. Black lines indicate the significant effect of Group. *p < 0.05.
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2017; Sharp et al., 2012; Whitehead et al., 2018). While touch based
interventions can have some clinical benefits for pre-term infants,
greater understanding of the neurobiological mechanisms underlying
these effects is needed to optimize protocols and ameliorate the long-
term negative consequences of pre-term birth on neural development
and hence cognitive function. The present study supports the hypoth-
esis that a specific class of cutaneous sensory afferents, which respond
preferentially to low force, dynamic touch, delivered at skin tempera-
ture, are mediators of the beneficial autonomic consequences of neo-
natal tactile interventions. Offering insight for the development and
optimisation of novel perinatal care strategies.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Acknowledgements

The authors sincerely thank Drs. Pamela Blasi and Luca Ramenghi
for their invaluable help during the study.

References

Abdallah, B., Badr, L.K., Hawwari, M., 2013. The efficacy of massage on short and long
term outcomes in preterm infants. Infant Behav. Dev. https://doi.org/10.1016/j.
infbeh.2013.06.009.

Ackerley, R., Backlund Wasling, H., Liljencrantz, J., Olausson, H., Johnson, R.D.,
Wessberg, J., 2014. Human C-Tactile afferents are tuned to the temperature of a skin-
stroking caress. J. Neurosci. 34, 2879–2883. https://doi.org/10.1523/JNEUROSCI.
2847-13.2014.

Als, H., McAnulty, G.B., 2011. The newborn individualized developmental care and as-
sessment program (NIDCAP) with Kangaroo Mother Care (KMC): comprehensive care
for preterm infants. Curr. Womens Health Rev. 7, 288–301. https://doi.org/10.2174/
157340411796355216.

Bergman, N.J., Linley, L.L., Fawcus, S.R., 2004. Randomized controlled trial of skin-to-
skin contact from birth versus conventional incubator for physiological stabilization
in 1200-to 2199-gram newborns. Acta Paediatr. 93 (6), 779–785.

Bloch-Salisbury, E., Zuzarte, I., Indic, P., Bednarek, F., Paydarfar, D., 2014. Kangaroo
care: cardio-respiratory relationships between the infant and caregiver. Early Hum.
Dev. 90 (12), 843–850.

Boju, S.L., Gopi Krishna, M., Uppala, R., Chodavarapu, P., Chodavarapu, R., 2011. Short
spell kangaroo mother care and its differential physiological influence in subgroups
of preterm babies. J. Trop. Pediatr. 58 (3), 189–193. https://doi.org/10.1093/tropej/
fmr072.

Boundy, E.O., Dastjerdi, R., Spiegelman, D., Fawzi, W.W., Missmer, S.A., Lieberman, E.,
Kajeepeta, S., Wall, S., Chan, G.J., 2016. Kangaroo mother care and neonatal out-
comes: a meta-analysis. Rev. Artic. Pediatr. 137. https://doi.org/10.1542/peds.2015-
2238.

Bystrova, K., 2009. Novel mechanism of human fetal growth regulation: a potential role
of lanugo, vernix caseosa and a second tactile system of unmyelinated low-threshold
C-afferents. Med. Hypotheses 72, 143–146. https://doi.org/10.1016/J.MEHY.2008.
09.033.

Cerritelli, F., Pizzolorusso, G., Ciardelli, F., La Mola, E., Cozzolino, V., Renzetti, C.,
D’Incecco, C., Fusilli, P., Sabatino, G., Barlafante, G., 2013. Effect of Osteopathic
Manipulative Treatment on Length of Stay in a Population of Preterm Infants: a
Randomized Controlled Trial. BMC Pediatricshttps://doi.org/10.1186/1471-2431-
13-65.

Conde-Agudelo, A., Diaz-Rossello, J.L., Belizan, J.M., 2014. Kangaroo mother care to
reduce morbidity and mortality in low birthweight infants. Cochrane Database Syst.
Rev. https://doi.org/10.1002/14651858.CD002771.pub3.Copyright.

Conde-Aguedelo, A., Díaz-rossello, J.L., 2016. Kangaroo mother care to reduce morbidity
and mortality in low birthweight infants (Review). Cochrane Database Syst. Rev.
https://doi.org/10.1017/CBO9781107415324.004.

Croy, I., Luong, a., Triscoli, C., Hofmann, E., Olausson, H., Sailer, U., 2016. Interpersonal
stroking touch is targeted to C tactile afferent activation. Behav. Brain Res. 297,
37–40. https://doi.org/10.1016/j.bbr.2015.09.038.

Diego, M.A., Field, T., Hernandez-Reif, M., 2014. Preterm infant weight gain is increased
by massage therapy and exercise via different underlying mechanisms. Early Hum.
Dev. 137–140.

Diego, M.A., Field, T., Hernandez-Reif, M., 2005. Vagal activity, gastric motility, and
weight gain in massaged preterm neonates. J. Pediatr. 147, 50–55. https://doi.org/
10.1016/j.jpeds.2005.02.023.

Diego, M.A., Field, T., Hernandez-Reif, M., Deeds, O., Ascencio, A., Begert, G., 2007.
Preterm infant massage elicits consistent increases in vagal activity and gastric mo-
tility that are associated with greater weight gain. Acta Paediatr. Int. J. Paediatr. 96,
1588–1591. https://doi.org/10.1111/j.1651-2227.2007.00476.x.

Diego, M.A., Field, T., Sanders, C., Hernandez-Reif, M., 2004. Massage therapy of

moderate and light pressure and vibrator effects on EEG and heart rate. Int. J.
Neurosci. 114, 31–44. https://doi.org/10.1080/00207450490249446.

Etzi, R., Carta, C., Gallace, A., 2018. Stroking and tapping the skin: behavioral and
electrodermal effects. Exp. Brain Res. https://doi.org/10.1007/s00221-017-5143-9.

Etzi, R., Gallace, A., 2016. The arousing power of everyday materials: an analysis of the
physiological and behavioral responses to visually and tactually presented textures.
Exp. Brain Res. https://doi.org/10.1007/s00221-016-4574-z.

Fairchild, K.D., Lake, D.E., Kattwinkel, J., Moorman, J.R., Bateman, D.A., Grieve, P.G.,
Isler, J.R., Sahni, R., 2017. Vital signs and their crosscorrelation in sepsis and NEC: a
study of 1,065 very-low-birthweight infants in two NICUs. Pediatr. Res. 81, 315–321.
https://doi.org/10.1038/pr.2016.215.

Fairchild, K.D., Lake, D.E., 2018. Cross-correlation of heart rate and oxygen saturation in
very low birthweight infants: association with apnea and adverse events. Am. J.
Perinatol. 35, 463–469. https://doi.org/10.1055/s-0037-1608709.

Fairhurst, M.T., Löken, L., Grossmann, T., 2014. Physiological and behavioral responses
reveal 9-month-old infants’ sensitivity to pleasant touch. Psychol. Sci. 25,
1124–1131. https://doi.org/10.1177/0956797614527114.

Feldman, R., Eidelman, A.I., 2003. Skin-to-skin contact (kangaroo care) accelerates au-
tonomic and neurobehavioural maturation in preterm infants. Dev. Med. Child
Neurol. 45, 274–281. https://doi.org/10.1017/S0012162203000525.

Field, T., 2016. Massage therapy research review. Complement. Ther. Clin. Pract. https://
doi.org/10.1016/j.ctcp.2016.04.005.

Field, T., Diego, M.A., Hernandez-Reif, M., Deeds, O., Figuereido, B., 2006. Moderate
versus light pressure massage therapy leads to greater weight gain in preterm infants.
Infant Behav. Dev. 29, 574–578. https://doi.org/10.1016/j.infbeh.2006.07.011.

Gallace, A., Spence, C., 2010. The science of interpersonal touch: an overview. Neurosci.
Biobehav. Rev. 34, 246–259. https://doi.org/10.1016/j.neubiorev.2008.10.004.

Gursul, D., Goksan, S., Hartley, C., Mellado, G.S., Moultrie, F., Hoskin, A., Adams, E.,
Hathway, G., Walker, S., McGlone, F., Slater, R., 2018. Stroking modulates noxious-
evoked brain activity in human infants. Curr. Biol. 28, R1380–R1381. https://doi.
org/10.1016/j.cub.2018.11.014. (in Press).

Habig, K., Schänzer, A., Schirner, W., Lautenschläger, G., Dassinger, B., Olausson, H.,
Birklein, F., Gizewski, E.R., Krämer, H.H., 2017. Low threshold unmyelinated me-
chanoafferents can modulate pain. BMC Neurol. https://doi.org/10.1186/s12883-
017-0963-6.

Harrison, L.L., 2001. The use of comforting touch and massage to reduce stress for pre-
term infants in the neonatal intensive care unit. Newborn Infant Nurs. Rev. https://
doi.org/10.1053/nbin.2001.28103.

Jönsson, E.H., Kotilahti, K., Heiskala, J., Wasling, H.B., Olausson, H., Croy, I.,
Mustaniemi, H., Hiltunen, P., Tuulari, J.J., Scheinin, N.M., Karlsson, L., Karlsson, H.,
Nissilä, I., 2018. Affective and non-affective touch evoke differential brain responses
in 2-month-old infants. Neuroimage 169, 162–171. https://doi.org/10.1016/J.
NEUROIMAGE.2017.12.024.

Krahé, C., Drabek, M.M., Paloyelis, Y., Fotopoulou, A., 2016. Affective touch and at-
tachment style modulate pain: A laser-evoked potentials study. Philos. Trans. R. Soc.
B Biol. Sci. https://doi.org/10.1098/rstb.2016.0009.

Lanaro, D., Ruffini, N., Manzotti, A., Lista, G., 2017. Osteopathic manipulative treatment
showed reduction of length of stay and costs in preterm infants: a systematic review
and meta-analysis. Medicine (Baltimore) 96, e6408. https://doi.org/10.1097/MD.
0000000000006408.

Lecanuet, J.P., Schaal, B., 1996. Fetal sensory competencies. Eur. J. Obstet. Gynecol.
Reprod. Biol. 68, 1–23. https://doi.org/10.1016/0301-2115(96)02509-2.

Liljencrantz, J., Strigo, I., Ellingsen, D.M., Krämer, H.H., Lundblad, L.C., Nagi, S.S.,
Leknes, S., Olausson, H., 2017. Slow brushing reduces heat pain in humans. Eur. J.
Pain (United Kingdom). https://doi.org/10.1002/ejp.1018.

Liu, Q., Vrontou, S., Rice, F.L., Zylka, M.J., Dong, X., Anderson, D.J., 2007. Molecular
genetic visualization of a rare subset of unmyelinated sensory neurons that may
detect gentle touch. Nat. Neurosci. 10, 946–948. https://doi.org/10.1038/nn1937.

Löken, L.S., Wessberg, J., Morrison, I., McGlone, F., Olausson, H., 2009. Coding of
pleasant touch by unmyelinated afferents in humans. Nat. Neurosci. 12, 547–548.
https://doi.org/10.1038/nn.2312.

Lund, I., Lundeberg, T., Kurosawa, M., Uvnäs-Moberg, K., 1999. Sensory stimulation
(massage) reduces blood pressure in unanaesthetized rats. J. Auton. Nerv. Syst. 78,
30–37. https://doi.org/10.1016/S0165-1838(99)00055-7.

Maitre, N.L., Key, A.P., Chorna, O.D., Slaughter, J.C., Matusz, P.J., Wallace, M.T., Murray,
M.M., 2017. The dual nature of early-life experience on somatosensory processing in
the human infant brain. Curr. Biol. 27, 1048–1054. https://doi.org/10.1016/j.cub.
2017.02.036.

Malik, S., Vinukonda, G., Vose, L.R., Diamond, D., Bhimavarapu, B.B.R., Hu, F., Zia, M.T.,
Hevner, R., Zecevic, N., Ballabh, P., 2013. Neurogenesis continues in the third tri-
mester of pregnancy and is suppressed by premature birth. J. Neurosci. 33, 411–423.
https://doi.org/10.1523/JNEUROSCI.4445-12.2013.

Marx, V., Nagy, E., 2015. Fetal behavioural responses to maternal voice and touch. PLoS
One 10, e0129118. https://doi.org/10.1371/journal.pone.0129118.

McGlone, F., Cerritelli, F., Walker, S., Esteves, J., 2017. The role of gentle touch in
perinatal osteopathic manual therapy. Neurosci. Biobehav. Rev. 72, 1–9. https://doi.
org/10.1016/J.NEUBIOREV.2016.11.009.

McGlone, F., Wessberg, J., Olausson, H., 2014. Discriminative and affective touch: sen-
sing and feeling. Neuron 82, 737–755. https://doi.org/10.1016/j.neuron.2014.05.
001.

Morrison, I., Löken, L.S., Olausson, H., 2010. The skin as a social organ. Exp. Brain Res.
204, 305–314. https://doi.org/10.1007/s00221-009-2007-y.

Nagy, Z., Westerberg, H., Skare, S., Andersson, J.L., Lilja, A., Flodmark, O., Fernell, E.,
Holmberg, K., Böhm, B., Forssberg, H., Lagercrantz, H., Klingberg, T., 2003. Preterm
children have disturbances of white matter at 11 years of age as shown by diffusion
tensor imaging. Pediatr. Res. https://doi.org/10.1203/01.PDR.0000084083.

A. Manzotti, et al. Developmental Cognitive Neuroscience 39 (2019) 100703

6

https://doi.org/10.1016/j.infbeh.2013.06.009
https://doi.org/10.1016/j.infbeh.2013.06.009
https://doi.org/10.1523/JNEUROSCI.2847-13.2014
https://doi.org/10.1523/JNEUROSCI.2847-13.2014
https://doi.org/10.2174/157340411796355216
https://doi.org/10.2174/157340411796355216
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0020
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0020
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0020
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0025
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0025
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0025
https://doi.org/10.1093/tropej/fmr072
https://doi.org/10.1093/tropej/fmr072
https://doi.org/10.1542/peds.2015-2238
https://doi.org/10.1542/peds.2015-2238
https://doi.org/10.1016/J.MEHY.2008.09.033
https://doi.org/10.1016/J.MEHY.2008.09.033
https://doi.org/10.1186/1471-2431-13-65
https://doi.org/10.1186/1471-2431-13-65
https://doi.org/10.1002/14651858.CD002771.pub3.Copyright
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.bbr.2015.09.038
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0065
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0065
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0065
https://doi.org/10.1016/j.jpeds.2005.02.023
https://doi.org/10.1016/j.jpeds.2005.02.023
https://doi.org/10.1111/j.1651-2227.2007.00476.x
https://doi.org/10.1080/00207450490249446
https://doi.org/10.1007/s00221-017-5143-9
https://doi.org/10.1007/s00221-016-4574-z
https://doi.org/10.1038/pr.2016.215
https://doi.org/10.1055/s-0037-1608709
https://doi.org/10.1177/0956797614527114
https://doi.org/10.1017/S0012162203000525
https://doi.org/10.1016/j.ctcp.2016.04.005
https://doi.org/10.1016/j.ctcp.2016.04.005
https://doi.org/10.1016/j.infbeh.2006.07.011
https://doi.org/10.1016/j.neubiorev.2008.10.004
https://doi.org/10.1016/j.cub.2018.11.014
https://doi.org/10.1016/j.cub.2018.11.014
https://doi.org/10.1186/s12883-017-0963-6
https://doi.org/10.1186/s12883-017-0963-6
https://doi.org/10.1053/nbin.2001.28103
https://doi.org/10.1053/nbin.2001.28103
https://doi.org/10.1016/J.NEUROIMAGE.2017.12.024
https://doi.org/10.1016/J.NEUROIMAGE.2017.12.024
https://doi.org/10.1098/rstb.2016.0009
https://doi.org/10.1097/MD.0000000000006408
https://doi.org/10.1097/MD.0000000000006408
https://doi.org/10.1016/0301-2115(96)02509-2
https://doi.org/10.1002/ejp.1018
https://doi.org/10.1038/nn1937
https://doi.org/10.1038/nn.2312
https://doi.org/10.1016/S0165-1838(99)00055-7
https://doi.org/10.1016/j.cub.2017.02.036
https://doi.org/10.1016/j.cub.2017.02.036
https://doi.org/10.1523/JNEUROSCI.4445-12.2013
https://doi.org/10.1371/journal.pone.0129118
https://doi.org/10.1016/J.NEUBIOREV.2016.11.009
https://doi.org/10.1016/J.NEUBIOREV.2016.11.009
https://doi.org/10.1016/j.neuron.2014.05.001
https://doi.org/10.1016/j.neuron.2014.05.001
https://doi.org/10.1007/s00221-009-2007-y
https://doi.org/10.1203/01.PDR.0000084083.71422.16


71422.16.
Nummenmaa, L., Tuominen, L., Dunbar, R., Hirvonen, J., Manninen, S., Arponen, E.,

Machin, A., Hari, R., Jääskeläinen, I.P., Sams, M., 2016. Social touch modulates
endogenous μ-opioid system activity in humans. Neuroimage 138, 242–247. https://
doi.org/10.1016/j.neuroimage.2016.05.063.

Okabe, S., Yoshida, M., Takayanagi, Y., Onaka, T., 2015. Activation of hypothalamic
oxytocin neurons following tactile stimuli in rats. Neurosci. Lett. 600, 22–27. https://
doi.org/10.1016/j.neulet.2015.05.055.

Paloyelis, Y., Krahé, C., Maltezos, S., Williams, S.C., Howard, M.A., Fotopoulou, A., 2016.
The analgesic effect of oxytocin in humans: a double-blinded placebo controlled
cross-over study using laser-evoked potentials. J. Neuroendocrinol. https://doi.org/
10.1111/jne.12347. n/a-n/a.

Pawling, R., Cannon, P.R., McGlone, F.P., Walker, S.C., 2017a. C-tactile afferent stimu-
lating touch carries a positive affective value. PLoS One 12. https://doi.org/10.1371/
journal.pone.0173457.

Pawling, R., Trotter, P.D., McGlone, F.P., Walker, S.C., 2017b. A positive touch: C-tactile
afferent targeted skin stimulation carries an appetitive motivational value. Biol.
Psychol. 129. https://doi.org/10.1016/j.biopsycho.2017.08.057.

Pierce, J.W., 2009. Generating stimuli for neuroscience using PsychoPy. Front.
Neuroinform. 2. https://doi.org/10.3389/neuro.11.010.2008.

Pineda, R.G., Neil, J., Dierker, D., Smyser, C.D., Wallendorf, M., Kidokoro, H., Reynolds,
L.C., Walker, S., Rogers, C., Mathur, A.M., Van Essen, D.C., Inder, T., 2014.
Alterations in brain structure and neurodevelopmental outcome in preterm infants
hospitalized in different neonatal intensive care unit environments. J. Pediatr. 164,
52–60. https://doi.org/10.1016/J.JPEDS.2013.08.047. e2.

Procianoy, R.S., Mendes, E.W., Silveira, R.C., 2010. Massage therapy improves neuro-
development outcome at two years corrected age for very low birth weight infants.
Early Hum. Dev. https://doi.org/10.1016/j.earlhumdev.2009.12.001.

Rash, J.A., Aguirre-camacho, A., Campbell, T.S., 2014. Oxytocin and pain. Clin. J. Pain
30, 453–462. https://doi.org/10.1097/AJP.0b013e31829f57df.

Sharp, H., Pickles, A., Meaney, M., Marshall, K., Tibu, F., Hill, J., 2012. Frequency of
infant stroking reported by mothers moderates the effect of prenatal depression on
infant behavioural and physiological outcomes. PLoS One 7, e45446. https://doi.org/
10.1371/journal.pone.0045446.

Silbereis, J.C., Pochareddy, S., Zhu, Y., Li, M., Sestan, N., 2016. The cellular and mole-
cular landscapes of the developing human central nervous system. Neuron 89,
248–268. https://doi.org/10.1016/J.NEURON.2015.12.008.

Sweet, S.D., McGrath, P.J., 1998. Physiological measures of pain. In: Finley, G.A.,
McGrath, P.J. (Eds.), Measurement of Pain in Infants and Children. Progress in Pain
Research and Management. IASP Press, Seattle, pp. 59–81.

Triscoli, C., Croy, I., Steudte-Schmiedgen, S., Olausson, H., Sailer, U., 2017. Heart rate
variability is enhanced by long-lasting pleasant touch at CT-optimized velocity. Biol.
Psychol. https://doi.org/10.1016/j.biopsycho.2017.07.007.

Tuulari, J.J., Scheinin, N.M., Lehtola, S., Merisaari, H., Saunavaara, J., Parkkola, R.,
Sehlstedt, I., Karlsson, L., Karlsson, H., Björnsdotter, M., 2017. Neural correlates of
gentle skin stroking in early infancy. Dev. Cogn. Neurosci. https://doi.org/10.1016/

J.DCN.2017.10.004.
Uvnäs-Moberg, K., Handlin, L., Petersson, M., 2015. Self-soothing behaviors with parti-

cular reference to oxytocin release induced by non-noxious sensory stimulation.
Front. Psychol. 6, 1–16. https://doi.org/10.3389/fpsyg.2015.00529.

Uvnäs-Moberg, K., Alster, P., Lund, I., Lundeberg, T., Kurosawa, M., Ahlenius, S., 1996.
Stroking of the abdomen causes decreased locomotor activity in conscious male rats.
Physiol. Behav. 60, 1409–1411. https://doi.org/10.1016/S0031-9384(96)00226-0.

Uvnäs-Moberg, K., Handlin, L., Petersson, M., 2014. Self-soothing behaviors with parti-
cular reference to oxytocin release induced by non-noxious sensory stimulation.
Front. Psychol. 5, 1529. https://doi.org/10.3389/fpsyg.2014.01529.

Vallbo, Å., Olausson, H., Wessberg, J., 1999. Unmyelinated afferents constitute a second
system coding tactile stimuli of the human hairy skin. J. Neurophysiol. 81,
2753–2763.

Van Leeuwen, P., Geue, D., Thiel, M., Cysarz, D., Lange, S., Romano, M.C., Wessel, N.,
Kurths, J., Grönemeyer, D.H., 2009. Influence of paced maternal breathing on fe-
tal–maternal heart rate coordination. Proc. Natl. Acad. Sci. 106 (33), 13661–13666.
https://doi.org/10.1073/pnas.0901049106.

Van Puyvelde, M., Loots, G., Meys, J., Neyt, X., Mairesse, O., Simcock, D., Pattyn, N.,
2015. Whose clock makes yours tick? How maternal cardiorespiratory physiology
influences newborns’ heart rate variability. Biol. Psychol. 108, 132–141. https://doi.
org/10.1016/j.biopsycho.2015.04.001.

Van Puyvelde, M., Gorissen, A.S., Pattyn, N., McGlone, F., 2019. Does touch matter? The
impact of stroking versus non-stroking maternal touch on cardio-respiratory pro-
cesses in mothers and infants. Physiol. Behav.

Vickers, A., Ohlsson, A., Lacy, J., Horsley, A., 2004. Massage for promoting growth and
development of preterm and/or low birth-weight infants. Cochrane Database of
Systematic Reviews. https://doi.org/10.1002/14651858.CD000390.pub2.

Walker, S.C., McGlone, F.P., 2013. The social brain: neurobiological basis of affiliative
behaviours and psychological well-being. Neuropeptides 47, 379–393. https://doi.
org/10.1016/j.npep.2013.10.008.

Walker, S.C., Trotter, P.D., Swaney, W.T., Marshall, A., Mcglone, F.P., 2017. C-tactile
afferents: Cutaneous mediators of oxytocin release during affiliative tactile interac-
tions? Neuropeptides 64. https://doi.org/10.1016/j.npep.2017.01.001.

Walker, S.C., Trotter, P.D., Woods, A., McGlone, F., 2016. Vicarious ratings of social touch
reflect the anatomical distribution & velocity tuning of C-tactile afferents: a Hedonic
Homunculus? Behav. Brain Res. 320, 91–96. https://doi.org/10.1016/j.bbr.2016.11.
046.

Whitehead, K., Meek, J., Fabrizi, L., 2018. Developmental trajectory of movement-related
cortical oscillations during active sleep in a cross-sectional cohort of pre-term and
full-term human infants. Sci. Rep. 8, 17516. https://doi.org/10.1038/s41598-018-
35850-1.

Wong, H.S., Santhakumaran, S., Cowan, F.M., Modi, N., 2016. Developmental assess-
ments in preterm children: a meta-analysis. Pediatrics. https://doi.org/10.1080/
0449010X.1985.10704980.

World Health Organization, 2016. WHO | Preterm Birth. WHO World Health
Organization.

A. Manzotti, et al. Developmental Cognitive Neuroscience 39 (2019) 100703

7

https://doi.org/10.1203/01.PDR.0000084083.71422.16
https://doi.org/10.1016/j.neuroimage.2016.05.063
https://doi.org/10.1016/j.neuroimage.2016.05.063
https://doi.org/10.1016/j.neulet.2015.05.055
https://doi.org/10.1016/j.neulet.2015.05.055
https://doi.org/10.1111/jne.12347
https://doi.org/10.1111/jne.12347
https://doi.org/10.1371/journal.pone.0173457
https://doi.org/10.1371/journal.pone.0173457
https://doi.org/10.1016/j.biopsycho.2017.08.057
https://doi.org/10.3389/neuro.11.010.2008
https://doi.org/10.1016/J.JPEDS.2013.08.047
https://doi.org/10.1016/j.earlhumdev.2009.12.001
https://doi.org/10.1097/AJP.0b013e31829f57df
https://doi.org/10.1371/journal.pone.0045446
https://doi.org/10.1371/journal.pone.0045446
https://doi.org/10.1016/J.NEURON.2015.12.008
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0275
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0275
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0275
https://doi.org/10.1016/j.biopsycho.2017.07.007
https://doi.org/10.1016/J.DCN.2017.10.004
https://doi.org/10.1016/J.DCN.2017.10.004
https://doi.org/10.3389/fpsyg.2015.00529
https://doi.org/10.1016/S0031-9384(96)00226-0
https://doi.org/10.3389/fpsyg.2014.01529
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0305
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0305
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0305
https://doi.org/10.1073/pnas.0901049106
https://doi.org/10.1016/j.biopsycho.2015.04.001
https://doi.org/10.1016/j.biopsycho.2015.04.001
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0320
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0320
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0320
https://doi.org/10.1002/14651858.CD000390.pub2
https://doi.org/10.1016/j.npep.2013.10.008
https://doi.org/10.1016/j.npep.2013.10.008
https://doi.org/10.1016/j.npep.2017.01.001
https://doi.org/10.1016/j.bbr.2016.11.046
https://doi.org/10.1016/j.bbr.2016.11.046
https://doi.org/10.1038/s41598-018-35850-1
https://doi.org/10.1038/s41598-018-35850-1
https://doi.org/10.1080/0449010X.1985.10704980
https://doi.org/10.1080/0449010X.1985.10704980
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0355
http://refhub.elsevier.com/S1878-9293(19)30049-0/sbref0355

	Dynamic touch reduces physiological arousal in preterm infants: A role for c-tactile afferents?
	Introduction
	Materials &#x200B;&&#x200B; methods
	Participants
	Design
	Physiological monitoring
	Tactile stimulation procedure
	Data analysis

	Results
	Sample characteristics &#x200B;&&#x200B; baseline measures
	Heart-rate
	Oxygen saturation

	Discussion
	Funding
	Acknowledgements
	References




