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SUMMARY

Caregivers hug their infants to express affection and joy. However, it remains un-
known how infants react to being hugged. Here we examined heart rate re-
sponses in first-year infants during a hug, hold, and tight hug from parents. In-
fants older than four months showed an increased R-R interval (RRI) during a
hug, indicating reduced heart rates and pronounced parasympathetic activity.
Few head movements predicted a higher RRl increase in infants during a parental
hug compared with that during a hold and tight hug. Infants did not show an
increased RRI during a hug from a female stranger. Infants younger than four
months did not show RRI increase during parental hug but exhibited a decreased
RRI correlated with contact pressure. Parents showed an increased RRI during
hugging their infants. These results suggest the parent-infant hug underlies the
parent-infant bonding and psychophysiological development of infants.

INTRODUCTION

For a child, its relationship with its caregivers is crucial for both physical and mental development (Bowlby,
1969, 1977; Sullivan et al., 2011). Caregivers not only provide food and warmth to infants but also provide
safety, proximity, and emotional bonding to them through physical interactions such as holding and hug-
ging (Bowlby, 1969; Harlow, 1958). Both holding an infant and hugging an infant seem to be similar actions
using parental arms, but the purposes of these behaviors are different. In general, although holding an in-
fant has specific purposes such as moving and feeding, hugging an infant is an expression of caregiver's
affection. In addition to the purpose, a hold and a hug differ in physical aspects such as postures and pres-
sure. During the parent-infant hug, the contact area and pressure between the parent and infant are wider
and stronger than those when the infant is held in the parent’s arms for feeding or moving.

Because younger infants almost completely rely on other people, infants are frequently held by their par-
ents. During breastfeeding, a mother needs to cradle her infant with her arms. Becasue similar nursing pos-
tures also work for formula feeding, being held with the hands is usually a routine position in which an infant
is fed. Another purpose of a hold is to cause a calming response in infants. We showed that younger infants
being held by their mothers while walking ceased crying and voluntary movement (Esposito et al., 2013). In
contrast, a parent does not hug his/her infant for moving or feeding but to express positive feelings toward
their infants, such as joy, love, happiness, and warmth. These feelings motivate caregivers to care for infants
and lead to form emotional bonding with infants.

Given that the interaction between infants and their caregivers underlies the formation of mutual bonding and
enhance emotional and intellectual development (Bowlby, 1977; Sullivan et al., 2011), the parent-infant hug may
play a crucial role informing an emotional relationship to significant others and a stable interpersonal relationship
in a later stage of their life. Conversely, the developing emotional relationship between parents and infants may
affect the physiological response to the parent-infant hug. However, to the best of our knowledge, there have
been no reports about the physiological response to the parent-infant hug during the first year of life. Most
studies examining parent-infant interactions were observational (Lotzin et al., 2015). It remains unknown how in-
fants react to being hugged and being held or whether being hugged is comfortable for infants.

If a parent-infant hug works as social contact, the infant’s response to parental hugs may be different from
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(Barrera and Maurer, 1981) and then, anecdotally, comes to enjoy being carried or hugged by a primary
caregiver. Consistently, the parent-infant relationship may begin to show synchrony in gaze, vocal patterns,
and heart rhythms as early as 3-5 months old (Feldman, 2007; Feldman et al., 2011).

To examine parent-infant social contact through body interactions, we focused on the physiological
response during the parent-infant hug by measuring the pressure applied by the adult hand on the infant’s
back. To address whether the pressure between parent and infant during hugs can account for the phys-
iological response in infants or whether a specific parent-infant relationship underlies the physiological
response in infants, we conducted this study with infants’ mothers, fathers, and female strangers.

Physiological parameters, such as heart rate and heart rate variability (HRV), have been used in many
studies to examine sympathetic and parasympathetic activities (Chandola et al., 2010; Shaffer et al.,
2017) in adults and children (Eyre et al., 2014; Herzig et al., 2017; Michels et al., 2013). HRV is a series of pa-
rameters assessing the variation in the time interval between successive R-R intervals (RRI) (Shaffer et al.,
2017; Task Force of The European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). RRI is the reciprocal of the heartbeat rate, meaning that the RRI increase ratio
(percentage of successive RRIs that are longer than the previous RRI) increases when the heartbeat rate de-
creases. HRV is usually measured in time or frequency domain parameters. Most HRV parameters require
recordings of at least one minute to evaluate the autonomic regulation (Shaffer et al., 2017). However, itwas
almost impossible to avoid infant’s bad mood during a 1-min or longer hold or hug. Moreover, HRV param-
eters do not evaluate trends in RRI changes during short-time actions. Thus, we used the RRI increase ratio
to assess parasympathetic activity during a hold or hug that lasts for 20 s.

Here, we examined the RRI increase ratio in infants and their parents during parent-infant hug of the first-
year infants. We observed an RRI increase, indicating parasympathetic activity, in infants during the
mother-infant hug but not when infants were being held by a female stranger or during a very tight hug
from their mother. A similar physiological change was also observed during the father-infant hug. Our find-
ings will help us understand when and how social interaction between parents and prelinguistic infants de-
velops during the first year after birth, as well as give a better understanding of the typical and atypical
development of psychophysiological function.

RESULTS
HRYV during the First Year of Life

First, we examined four major HRV parameters to clarify which HRV parameter was the most suitable to
assess infants’ autonomic system changes during a parental hug. The time domain parameters examined
here were mean RRI and RMSSD (root-mean-square of successive differences between normal heart-
beats). The frequency domain parameters were high-frequency power (HF) and the low-frequency power
(LF)/HF ratio. Infants undisturbed in the crib showed a tendency to have an increased RRI or decreased
heart rate during the first year of life (Figures 1A, 2A, and S1), which is consistent with previous reports
(Harper et al., 1976; Katona et al., 1980). Because the RRI of very young infants was lower than that of
older infants, we conducted classification and regression tree (CART) analysis to reveal that infants’
RRIs could be divided into two groups at approximately 125 days old equivalent to the beginning of
4 months of age (Figures 1A and S2). The RRIs of infants older than 125 days old were larger than those
of infants younger than 125 days old (Figure 1B, Welch's t test, t = 4.37, df = 33.22, p = 0.00011). In older
infants, there was no significant correlation between days and the RRI (r = —0.030, p = 0.86), suggesting
that the RRI remained stable between 4 and 12 months of age, at least in our dataset.

Infants tended to show increased RMSSD (Figure 1C) and HF (Figure 1E) and a decreased LF/HF (Fig-
ure 1G) during the first year, as previous reports on infants during quiet sleep have shown (Massin and
von Bernuth, 1997; Patzak et al., 1996). Infants older than 125 days old showed an increase in the RMSSD
(Figure 1D, Welch's t test, t = —2.45, df = 50.93, p = 0.018) and HF (Figure 1F, t = —2.57, df = 41.80, p =
0.014) and a decrease in the LF/HF (Figure TH, t = 2.05, df = 41.63, p = 0.047) compared with those in
infants younger than 125 days old. RMSSD and HF are mainly under the control of parasympathetic ac-
tivity, and the LF/HF ratio has been proposed as a marker for autonomic nervous system balance
(Task Force of The European Society of Cardiology and the North American Society of Pacing and Elec-
trophysiology, 1996). These results indicate that parasympathetic activity increased in infants around four
months old.
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Figure 1. Heart Rate Variability in Undisturbed Infants in the Crib

(A and B) The mean RRI of infants. (A) Individual values were shown (orange circles: younger than 125 days old, blue circles: older than 125 days old). (B) The

RRI of infants older than 125 days old was higher than those younger than 125 days old.

(Cand D) The RMSSD of infants. (C) Individual RMSSD values were shown (orange circles: younger than 125 days old, blue circles: older than 125 days old). (D)

The RMSSD of infants older than 125 days old was higher than those younger than 125 days old.

(E and F) The HF of infants. (E) Individual HF values were shown (orange circles: younger than 125 days old, blue circles: older than 125 days old). (F) The HF of

infants older than 125 days old was higher than those younger than 125 days old.

(G and H) The LF/HF of infants. (G) Individual LF/HF values were shown (orange circles: younger than 125 days old, blue circles: older than 125 days old). (H)
The LF/HF of infants older than 125 days old was lower than those younger than 125 days old. n = 53 (males = 28, females = 25).
(B, D, F, and H) Welch's t test. The boxes represent the 25th, median, and 75th percentiles, and the whiskers represent the lowest or highest data within 1.5%

interquartile range from the 25th or 75th percentile.
*p< 0.05, ***p< 0.001. See also Figures ST and S2.

However, outliers could not be avoided in these parameters, and frequency domain parameters were
generally not suitable for the short duration tasks of 20 s as in this study. Thus, among RRI, RMSSD, HF,
and LF/HF, we used the RRI increase parameter to assess a physiological response in infants thereafter.
We adopt an RRI increase ratio rather than the mean RRI, as a representative value to clarify the dynamics
of whether heart rates tended to increase or decrease during a hug. We analyzed infant RRI increase ratio
data separately according to whether the infants were older or younger than 125 days old in this study.

RRI Increases in Infants during Parental Hug

To examine physiological responses during mother-infant hugs, mothers were instructed to randomly hug
or hold their infants with ECG electrodes and an acceleration sensor (Figures 2A and 2B) and then give
them a very tight hug (Figures 2C and S3). Importantly, the mother was instructed not to hug infants me-
chanically but to hug them with positive affection. RRl was monitored during this hug/hold procedure (Fig-
ure 2D), and the RRI increase ratios during a hold, hug, and tight hug were evaluated.

In infants younger than 125 days old, multiple regression analysis of the RRI increase ratio yielded significant
regression coefficients for the hug/hold task ( =0.14, F [5, 74] = 2.50, p =0.038, B = —0.30, p = 0.0057) but
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Figure 2. Hold/Hug Experimental Procedure

(A) Three electrocardiogram (ECG) electrodes and an acceleration sensor were attached to the infant.

(B) Procedure of the hug/hold experiment. Each task lasted for 20 s. Either of the two procedures (solid line arrow or
dotted arrow) were randomly assigned.

(C) Representative postures of mothers and infants during holding, hugging, and tight hugs.

(D) Representative recording of ECG, R-R interval (RRI), and acceleration of an infant aged 317 days old while the mother
lifted her infant from the crib, hugged her infant for 20 s, and then put her infant back down in the crib. The infant showed
an increased RRI during the hug. The acceleration sensor detected the movement of the infant when being lifted from and
lowered into the crib during the transition but did not detect movement during the hug.

See also Figure S3.

not for sex, body weight, being the first child, or previous task type (Table S1). There was no significant difference
in the RRl increase ratio, depending on whether the hug/hold was performed first (Hold, Welch’s t test, t = 1.053,
df=22.73,p =0.30; Hug, Welch's ttest, t = 1.059, df = 10.75, p = 0.31). Similarly, in infants older than 125 days old,
multiple regression analysis yielded significant regression coefficients for the hug/hold task (2 = 0.067, F [5,
213] = 3.061, p = 0.011, B = —0.21, p = 0.0023) but not for sex, body weight, being the first child, or previous
task type (Table S1). There was no significant difference in the RRI increase ratio, depending on whether the
hug/hold was performed first (Hold, Welch's t test, t = 1.13, df = 41.15, p = 0.26; Hug, Welch's t test, t =
—0.16, df = 48.48, p = 0.87). Preliminary confirmation revealed that there were no significant difference in the
respiration rate in the present hug/hold tasks (Welch's t test, t = 0.079, df = 17.99, p = 0.94 in infants younger
than 125 days, t = —0.53, df = 44.14, p = 0.60 in infants older than 125 days).

Infants younger than 125 days old showed a lower RRl increase ratio during both a hug and a tight hug than
during a hold (Figure 3A, Welch's ANOVA, F[2, 42.68] = 8.82, p = 0.00062, pairwise comparisons, p =
0.00033in hold versus hug, p = 0.029 in hold versus tight hug, p = 0.38 in hug versus tight hug). In contrast,
the RRI increase ratios of infants older than 125 days old during a hug and a hold were similar (Figure 3B,
Welch's ANOVA, F[2, 141.30] = 9.92, p = 0.000093, pairwise comparisons, p = 0.53 in hold versus hug) and
were higher than that during a tight hug (pairwise comparisons, p = 0.0013 in hold vs. tight hug, p = 0.00014
in hug versus tight hug). The RRI increase ratio in infants older than 125 days old was higher than that in
infants younger than 125 days old during a hug but not during a hold or a tight hug (Figure 3A and 3B, Wel-
ch'sttest, t = —6.43, df = 41.64, p <0.0001 in hug, t = 0.91, df = 33.87, p = 0.37 in hold, t = —1.34, df = 13.16,
p =0.20in tight hug). In other words, the altered RRI response in infants was dependent upon whether they
were younger or older than 125 days old and was only recognized during a hug.

During this study, we noticed that infants showed large individual differences in RRI responses to hugs and that
infants who did not move their head immediately before being hugged tended to show an increased RRI during
the mother-infant hug. To examine this relationship, we divided infants into either a few head movements or
many head movements groups. Older infants making few head movements showed a higher RRI increase ratio
during a hug from their mother than during a hold (Figure 3C, Welch's ANOVA, F[2, 102.39] = 12.23, p < 0.0001,
pairwise comparisons, p = 0.0039 in hold versus hug, p = 0.13 in hold versus tight hug, p < 0.0001 in hug versus
tight hug). In contrast, infants making many head movements showed a lower RRI increase ratio during a hug
than during a hold (Figure 3D, Welch's ANOVA, F[2, 28.032] = 9.12, p = 0.00089, pairwise comparisons, p =
0.0018in hold versus hug, p = 0.0023 in hold versus tight hug, p = 0.41 in hug versus tight hug). None of the upper
body movements, lower body movements, or vocalizations were associated with RRI differences between holds
and hugs (Figure S4). Independent CART analysis also found that the RRI increase ratio was predicted if both
infants’ ages and head movement types were provided (Figure 3E, overall accuracy 83.18%), when RRl increase
ratio was binarized depending on whether it was higher or lower than the reference value (see Transparent
Methods). After 125 days, the probability of a higher RRI increase was 0.79 in infants making few head move-
ments (Figure 3E). In contrast, the probability of a higher RRI increase was 0.24 in infants making many head
movements (Figure 3E). This result also suggests that the RRI increase ratio during a hug was lower in infants
younger than 125 days old regardless of the head movement type (Figure 3E). The probability was 0.17 in infants
younger than 125 days old. In older infants, multiple regression analysis yielded significant regression coeffi-
cients for the head movement type (Table S2, > =028, F[5 71] = 5.54, p = 0.00023, B = —0.51, p < 0.0001)
but not for sex, body weight, order of hugs during the hold/hug task, or being the first child (Table S2).

Few Head Movements Predict RRI Increase during a Parental Hug

Next, we examined whether the head movements of older infants can be a predictor of RRI response, not
only during maternal hugs but also during paternal hugs. The ratio of older infants who showed few head

iScience 23, 100996, April 24, 2020 5
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Figure 3. Prediction of Infant’s Heart Rate Changes during Mother-Infant Hug by Head Movements

(A and B) The RRl increase ratio of infants younger (A) or older (B) than 125 days old during holding, hugging, or tight hugs
from his/her mother.

(C and D) The RRl increase ratio of infants older than 125 days old during a hug from his/her mother was compared
depending on whether the infant showed few head movements (C) or many head movements (D) in the crib immediately
before hugging. (A-D) Welch’'s ANOVA followed by pairwise comparisons using Welch's t test with Holm’s correction.
(E) CART analysis for the RRI change using infants’ age and the head movement as independent variables. prob:
probability. The boxes represent the 25th, median, and 75th percentiles, and the whiskers represent the lowest or highest
data within 1.5% interquartile range from the 25th or 75th percentile.

Numbers in parentheses indicate the number of infants.*p< 0.05, **p< 0.01, ***p< 0.001. ¥ 5<0.001, vs. <125 days. See
also Figure S4, Tables S1 and S2.
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Figure 4. Infant’s Heart Rate Changes during Parent-Infant Hug

(A-C) The RRl increase ratios of infants older than 125 days old during a hug (A), a hold (B), and a tight hug (C) from his/her mother were compared depending

on whether the infant showed few or many head movements in the crib immediately before each task.

(D-F) The RRI increase ratios of infants older than 125 days old during a hug (D), a hold (E), and a tight hug (F) form his/her father were compared depending

on whether the infant showed few or many head movements in the crib immediately before each task.

(A-F) Welch’s t test. The boxes represent the 25th, median, and 75th percentiles, and the whiskers represent the lowest or highest data within 1.5x

interquartile range from the 25th or 75th percentile.
Numbers in parentheses indicate the number of infants. *p< 0.05, ***p< 0.001.

movements before a hug was similar for hugs from mothers and fathers (72.7% before a maternal hug,
69.2% before a paternal hug, Fisher’s exact probability test, p = 0.75). This result suggests that whether
a mother or father was going to hug the infant does not affect infant head movement frequency.

In maternal hugs, older infants with few head movements showed a higher RRI during the hug than that in
those with many head movements (Figure 4A, t = 6.37, df = 56.70, p < 0.0001). There was no significant dif-
ference in the RRI increase ratio during a hold or a tight hug (Figure 4B, t = —1.46, df = 34.19, p = 0.15, Fig-
ure 4C, t=1.62, df = 24.76, p = 0.12). Similarly, in paternal hugs, the RRI increase ratio was higher in infants
with few head movements than in those with many head movements (Figure 4D, t = 2.73, df = 8.71, p =
0.024). There was no significant difference in the RRI increase ratio during a hold or a tight hug (Figure 4E,
t=-0.26, df =4.84, p = 0.80, Figure 4F, t = 0.60, df = 2.21, p = 0.60). The RRI increase ratio during the crib
immediately before hugs showed no significant difference between few and many head movement groups
(t = —0.63, df = 54.13, p = 0.53 in maternal hugs, t = —0.039, df = 6.073, p = 0.97 in paternal hugs). Impor-
tantly, there was also no significant difference in the RRI increase ratio between maternal and paternal hugs
for either head movement type (t = 0.064, df = 9.72, p = 0.95 in few head movement, t = 0.94, df = 3.69, p =

0.41 in many head movement). Thus, the head movements of older infants predict the RRI response during
a parent-infant hug.

Infants Showed Different RRI Responses to a Stranger

Next, we examined whether the infant’s high RRI increase ratio during a parent-infant hug was also
observed when the older infants were hugged by a female stranger who the infant had not met previously
and who had experience in childbirth and parenting. During the hold/hug session with female strangers,
none of the infants showed many head movements before the hug, because most infants kept looking
at the stranger or the area where the infant had seen their mother the last time (Figure 5A, Fisher's exact
probability test, p = 0.035). This result suggests that the head movement of the infants changed depending
on their social cognition and environment. Notably, the RRI increase ratio was lower during the hug from a
female stranger than during hugs from parents despite there being few head movements (Figure 5B, Wel-
ch'sttest, t=4.33, df = 23.48, p = 0.00024), indicating that few head movements are not a good predictor of
a high RRI increase during a hug from a female stranger. The RRl increase ratio during a hold was similar
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Figure 5. Infant’s Heart Rate Changes during a Hug from a Female Stranger

(A) The ratio of older infants that showed few head movements in the crib immediately before hugging was compared
between the parents and female strangers. Fisher's exact probability test.

(B-D) The comparison of the RRI increase ratio in infants more than 125 days old during a hug (B), a hold (C), and a tight
hug (D) between experiments with parents and female strangers. Welch's t test. The boxes represent the 25th, median,
and 75th percentiles, and the whiskers represent the lowest or highest data within 1.5% interquartile range from the 25th
or 75th percentile.

Numbers in parentheses indicate the number of infants. *p< 0.05, ***p< 0.001.

between female strangers and parents (Figure 5C, Welch’s t test, t = 0.45, df = 14.50, p = 0.66). In contrast,
the RRI increase ratio during a tight hug from female strangers was lower than that during tight hugs
from parents (Figure 5D, Welch's t test, t = 2.50, df = 13.35, p = 0.026). Thus, the RRI changes in infants dur-
ing a hug and a tight hug were different depending on whether they were received from parents or
strangers.

Relationship between Infants’ Heart Rate and Contact Pressure

We examined how physical pressure between the mother and infant affects RRI. We measured the con-
tact pressure between the infant’s back and the mother’s hand during the hold/hug session using a
flexible pressure sensor attached to the mother’s hand (Figure 6A). In most cases, each mother-infant
pair showed increasing mean pressure for hold, hug, and tight hug, successively (Figure 6B). The mean
contact pressures during a hug and a tight hug shifted toward the higher side compared with during a
hold in both younger infants (Figure S5A, Wilcoxon rank-sum test, p = 0.038 in hold versus hug, p =
0.0083 in hold versus tight hug) and older infants (Figure S5B, Wilcoxon rank-sum test, p = 0.020 in
hold versus hug, p = 0.0087 in hold versus tight hug). Notably, there was no significant correlation be-
tween the body weight of infants and the mean contact pressure during a hold, hug, and tight hug
(Figure S6).

Forinfants younger than 125 days old, we found a negative correlation between the mean contact pressure
and the RRI increase ratio when the contact pressure was lower than 500 gf (Figure 6C, r = —=0.59, p =
0.0049). None of the younger infants showed many head movements. In contrast, infants older than
125 days old did not show any correlation between the mean contact pressure and the RRI increase ratio
(Figure 6D, r=0.12, p = 0.98). For each mother-infant pair, the ratio of RRl increase during a hug to during a
hold and the ratio of mean contact pressure during a hug to during a hold were plotted (Figures 6E-6G).
This plot clearly showed that younger infants with few head movements showed a lower RRI increase ratio
(mean + SEM; 0.88 + 0.032, Figure 4E, Video S1 showing the infant identification number(ID) 205), whereas
olderinfants with few head movements showed the opposite result (mean + SEM; 1.082 + 0.027, Figure 6F,
the first half of Video S2 showing the infant ID 147). Older infants with many head movements showed a
lower RRI increase ratio (mean + SEM; 0.87 + 0.039, Figure 6G, the latter half of Video S2 showing the
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Figure 6. Relationship between the Contact Pressure from Mother’s Hand and the Heart Rate of the Infant

(A) A pressure sensor was attached to the palm of the mother’s hand. The yellow dotted square indicates the pressure sensor.

(B) Representative pressure changes during a single hug/hold session. The pressure was lowest during the holding and largest during the tight hug.

(C and D) Relationship between the mean contact pressure during a hold, a hug, and a tight hug and the RRI increase ratio in infants younger than 125 days
old (C) (n = 9) and older than 125 days old (D) (n = 12). The black line indicates a regression line calculated from the RRI increase ratio and a mean contact
pressure less than 500 gf. Linear regression analysis.

(E-G) The ratio changes in the RRl increase ratio and the mean contact pressure from a hold to a hug in the same infants younger than 125 days old with few
head movements (E) and in those older than 125 days old with few head movements (F) and with many head movements (G). Each circle represents

each infant data. Circles with ID number indicate infants who are seen in Supplementary Videos (ID205 (E) in Video S1, ID147 (F) and ID185 in Video S2).
A colored square in each graph indicates the mean (orange square (E), blue square (F), and green square (G)).

(H) The comparison of the ratio changes in the RRI increase ratio in infants younger than 125 days with few head movements (orange) and in those older
than 125 days with few head movements (blue) and with many head movements (green). MANOVA followed by one-way ANOVA and the Tukey-Kramer
post-hoc test.

Numbers in parentheses indicate the number of infants. Mean + SD. *p< 0.05, **p< 0.01. See also Figures S5 and Sé.

infant ID 185). Older infants with few head movements hardly moved during a hug, whereas older infants
with many head movements often started moving vigorously during a hug (the representative movement
gradually became clear around 21 s in Video S2). Multivariate analysis of variance (MANOVA) followed by
one-way ANOVA and the Tukey-Kramer post-hoc test supported the finding that older infants with few
head movements showed a higher RRl increase ratio during a hug than older infants with many head move-
ments and younger infant groups (Figure 6H, MANOVA, Wilks-Lambda = 0.38, F[4, 34] = 5.34, p = 0.0019;
Tukey-Kramer post-hoc tests, p = 0.017 in older infants with few head movements versus older infants with
many head movements; p = 0.0044 in older infants with few head movements versus younger infant with few
head movements; p = 0.93 in younger infants with few head movements versus older infants with many
head movements). Thus, many head movements are a good predictor for RRI increase during a hug in
infants older than 125 days old.
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Figure 7. Parent’s Heart Rate Changes in Response to Hugging His/Her Infant

(A) The RRI increase ratio of the mothers (orange circles) and fathers (dark blue rectangles) when hugging his/her infant.
(B) The RRI increase ratio of parents (n = 36) during the hug was higher than that in the crib immediately before hugging.
Welch’s t test. The boxes represent the 25th, median, and 75th percentiles, and the whiskers represent the lowest or
highest data within 1.5 interquartile range from the 25th or 75th percentile.

*p< 0.05. See also Table S3.

Parent RRI Changes when Hugging One’s Own Infant

Because parent-infant hug is an interactive behavior, we examined whether the hug affects the psycholog-
ical and physiological aspects of parents. Using a questionnaire, we asked mothers and fathers whether
they felt relieved when hugging their infants. Our investigation revealed that more than 90% of the mothers
and fathers reported feeling relieved when they hugged their infants (100% in mothers (n = 25), 91.30% in
fathers (n = 23)). Finally, we examined how the parent-infant hug affected parent RRI. Most of the mothers
and fathers exceeded a 50% RRl increase ratio during the hug regardless of the age of the infant (Figure 7A,
68.18% in mothers, 93.86% in fathers). The RRI increase ratio of neither mothers nor fathers showed a sig-
nificant correlation with infant age (Figure 7A, r = 0.23, p = 0.30 in mothers, r = —0.27, p = 0.35 in fathers).
The RRI increase ratio of the parents during a hug was higher than that before the hug (Figure 7B, Welch's
ttest, t = —2.49, df = 35, p = 0.018). There was no significant difference between maternal and paternal RRI
increase ratios during the hug (Welch's t test, t = —1.15, df = 33.99, p = 0.29) and immediately before the
hug (Welch's t test, t = 0.18, df = 30.33, p = 0.86). Thus, the parent-infant hug may relax the autonomic sys-
tem and affect the psychological responses of the parents.

DISCUSSION

In this study, we showed that (1) infants older than 125 days old exhibited different RRI reactions during a
hug depending on whether parents or stranger hugged them, (2) few head movements before a parental
hug were associated with RRl increases in infants older than 125 days old, (3) infants younger than 125 days
old exhibited RRI changes correlated with the amount of pressure placed on the body, and (4) a parent-
infant hug increased the RRI of the parents. A hug behavior may start functioning as an emotional bonding
between parents and prelinguistic infants at four months after birth. To the best of our knowledge, this
study is the first quantitative and cross-sectional report investigating hugging behavior between parents
and infants during their first year.

Infants older than four months old showed a higher RRI increase ratio when they were hugged by their par-
ents than by female strangers. Although the recognition of infants that they are being hugged by their par-
ents is required for the RRI increase, just being held by their parents or receiving a very tight hug from their
parents did not lead to an RRl increase. This finding indicates that the physical contact with their parents is
not enough to trigger a heart rate response and that being hugged by their parents has a special relaxing
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effect on infants through the way they are hugged, as well as through who is hugging them. The pressure
level during the parent-infant hug that makes infants feel relieved and comfortable varies across parent-
infant relationships. We think that different infants’ responses toward their parents and strangers may
reflectinfants’ feelings of relief when they are hugged by their parents and/or infants’ feelings of tenseness
when they are hugged by a female stranger. Bonobos (Pan paniscus), our closest living primate relatives,
also hug a companion to console (Clay and de Waal, 2013). Interestingly, mother-reared juvenile bonobos
are more likely to show consolation behaviors than orphaned juveniles, suggesting the critical role of early
experience between the caregiver and infant in the development of socioemotional interaction. RRI
changes in infants being hugged may be one of the fundamental physiological responses that foster the
sense of acceptance and empathy in primates.

The comfortable pressure during the parent-infant hug may not be simply determined by the bodyweight
of the infant or the muscle strength of the parents’ arms. We observed higher contact pressure from the
mother’s hand on her infant’s back for holds, hugs, and tight hugs, in that order. Cutaneous receptors
mature at approximately 4-7 weeks of gestation, and somatosensory function follows thereafter (Bremner
and Spence, 2017); thus both younger and older infants may be able to discriminate against the pressure
differences between a hold, a hug, and a tight hug.

The heart rate and HRV data of the infants in this study are consistent with delayed parasympathetic activity
maturation (Chatow et al., 1995; Eyre et al., 2014; Massin and von Bernuth, 1997; Silvetti et al., 2001).
Furthermore, we showed that the maturation of parasympathetic activity progresses rapidly by the end
of 4 months and remains almost stable between 4 months and 12 months of age. Thus, increased parasym-
pathetic activity may lead to a higher RRl increase ratio during the maternal hug in infants aged four months
old and older. In contrast, sympathetic activity dominance in infants younger than four months old accounts
for the decreased RRI correlated with increased contact pressure placed upon infants. The pressure placed
upon the infants during hugs resulted in enhanced sympathetic activity and a lower RRI increase ratio. The
finding that a tight hug from parents reduced RRIs in both younger and old infants suggests that pressure
that is too tight leads to enhanced sympathetic activation. Because the preliminary experiments showed
that the infants tended to become fussy during a tight hug, we conducted a tight hug last. However, it is
possible that infants were getting tired at the last task of the procedure, which affects RRI changes during
a tight hug.

Itis unlikely that the RRI decrease during a mother-infant hug in infants younger than 4 months old is due to
infants’ inability to recognize their mother because 3-month-old infants are able to discriminate between
their mothers’ faces and faces of strangers (Barrera and Maurer, 1981; de Haan et al., 2003; Halit et al.,
2004). From the age of three months old, infants are able to interact with their mother through gaze, facial
expression, and pre-conversation-like vocal activity (Feldman et al., 2011). Some studies have shown that
newborns already prefer the face of their mother over that of a stranger (Bushneil et al., 1989; Field
et al., 1984; Pascalis et al., 1995).

What we showed in the previous study (Esposito et al., 2013) was a strong calming effect of being carried by
a walking mother, which made infants stop crying immediately. We suppose that sensory input from the
vestibular system responding to acceleration and position of head and body may lead to the calming effect
of being rocked. In contrast, we designed our hug/hold session to exclude the effect of the vestibular sys-
tem. As predicted, the relaxing effect of being hugged by a parent who stood still that we examined here
was much milder than being carried and could not make infants stop crying (S.Y., unpublished data).

In adults, discriminative and emotional aspects of tactile stimuli are processed in different parts of the brain
(McGlone et al., 2014; Olausson et al., 2002). The orbitofrontal cortex (Francis et al., 1999), anterior cingu-
late cortex (Case et al., 2016), and superior temporal sulcus (Davidovic et al., 2016) are involved in the pro-
cess of pleasantness of touch. However, little is known about the cortical processing of the emotional fea-
tures of tactile stimuli in infants and this needs to be examined in future research.

Regarding sensory modalities other than pressure and posture, we designed our holding/hugging task to
reduce complications due to smell, sound, vibration, texture, temperature, and touch sensation, trying to
make these differences as small and stable as possible. Because these sensory inputs were almost stable
during hold, hug, and tight hug, the increased RRI specifically associated with the parental hug is thought
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to be mainly caused by the pressure and posture on which infants rely (McGlone et al., 2014). However, we
do not mean that olfactory and visual information from parents have nothing to do with infant’s RRI
response but suggest that other sensory modalities work together with pressure sense to trigger infant’s
RRIresponse. In addition, we cannot deny the possibility that unfamiliar visual and/or olfactory inputs sup-
pressed infant’s RRI changes during being hugged by female strangers.

We also found that few head movements predicted a high RRI increase ratio in older infants but not in
younger infants. In other words, frequent head movements in older infants may predict shorter RRIs or
increased sympathetic activation. We thought that infants older than four months old moved their heads
for some purpose or due to curiosity regarding their surroundings and were, thus, unhappy and agitated
when they were interrupted by the maternal hug (Video S2). In fact, infants become more active in terms of
voluntary movement and less active in terms of certain spontaneous movements and general movement at
approximately 120 days old (von Hofsten, 1984; Kanemaru et al., 2012; Prechtl, 1997; Prechtl and Hopkins,
1986). Interestingly, no infants moved their head frequently when hugged by a female stranger. Instead, the
infants kept attentively looking at the stranger, which supports the idea that the head movements of older
infants represent infants’ visual attention toward their surroundings. Also, the presence of parents or a
stranger may affect the emotions and exploratory behaviors of infants. Although infants actively showed
exploratory behavior when their mothers were present as a “secure base,” the presence of a stranger
quickly reduced such exploratory behavior (Ainsworth and Bell, 1970). Thus, an infant’s level of head move-
ment may work well as a handy and useful index for social cognition, as well as motor development, in the
interaction between parents and infants in daily life.

Oxytocin, which is sometimes referred to as the "hug hormone,” because frequent partner hugs have been
associated with high oxytocin levels (Light et al., 2005), plays an important role in the parent-infant relation-
ship (Feldman, 2017; Feldman et al., 2010; Gordon et al., 2010). Although it is unlikely that oxytocin is
involved in the heart rate responses during the parent-infant hug, because the quick responses that occur
in less than 20 s are hardly triggered by hormonal regulation, we suppose that oxytocin shapes the parent-
infant relationship that underlies the parent-specific parasympathetic activation in infants.

The parents showed significantly higher RRI increase ratio during hugging than before hugging regardless
of the age of their infants, suggesting that hugging their infant makes parents calm. We think the current
study showed that the parent-infant hug is an interactive behavior that promotes forming mutual bonding
between parents and prelinguistic infants and exhibits a calming effect on parents and older infants. The
relaxing effect often allows parents to hug their infants spontaneously rather than obligatorily. Infants may
getused to being hugged and may be able to react to hugging depending on their emotional state and the
specific interpersonal relationship.

The present findings will promote an understanding of typical and atypical infant development through the
formation of parent-infant bonding based on physical interaction. An important future study would be to
conduct the hold/hug task in infants at high familial risk for autism spectrum disorder (ASD). Although ASD
is rarely diagnosed this early, it has been reported that altered social communication with caregivers can be
retrospectively seen as early as the later part of the first year (Elsabbagh and Johnson, 2010; Wan et al.,
2019), when early signs of morphological brain development differences, such as the hyper-expansion of
the cortical surface area, were observed in high-risk infants who were later diagnosed with autism (Hazlett
etal., 2017). Thus, infants at high-risk for ASD who are older than four months old may exhibit a character-
istic HRV reaction in the present hold/hug task with their parents or strangers.

Taken together, our results indicate that infants older than 4 months old may perceive hugs from their par-
ents as a comfortable and relaxing experience, as opposed to holds by their parents and hugs from
strangers. The parent-infant hug may make both the infants and parents feel relieved and happy, which
leads to foster the parent-infant bonding.

Limitations of the Study

One limitation of this study is that the hug/hold experiment accompanies large postural changes that occur
in infants, which may affect infants’ HRV. The baroreflex sensitivity of infants increases progressively over
the first 6 months of age to reach the adult level (Yiallourou et al., 2010). An active baroreflex in response
to being lifted out of the crib may disturb the RRI reaction during the hold/hug experiment.
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We designed the hug/hold session protocol with the combination of 20-s tasks to minimize confounding
factors and to enable all participants to do in the same way. However, a longer hug experiment may
give us more detailed results such as the difference between mother-infant and father-infant pairs corre-
sponding to the time spent in child care. In addition, a longer recording of electrocardiogram (ECG) of
both infant and parent allows us to examine frequency domain and synchrony between infant and parent.

Another limitation of this study is that we cannot provide a mechanistic explanation of infant’s responses
specific to parental hugs. Compared with adults, children, especially first-year children, are difficult to be
examined due to poor communication and technical limitations, which will be a challenge for future
research.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100996.
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Figure S1. Heart rate in undisturbed infants in the crib. Related to Figure 1.
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(A) The mean heart rate of infants were shown (orange circles: younger than 125 days old, blue circles: older than
125 days old). (B) The heart rate of infants older than 125 days old was lower than those younger than 125 days

old. Welch’s t test. The boxes represent the 25th, median, and 75th percentiles, and the whiskers represent the

lowest or highest data within 1.5x interquartile range from the 25th or 75th percentile. The same data set with Figure
1 was analyzed. n = 53 (males = 28, females = 25). *** p < 0.001.
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Figure S2. Decision tree analysis of infant RRI. Related to Figure 1.
CART analysis classifies mean RRI at 125 days old. Numbers in parentheses indicate the number of infants. Box
plots indicate median (horizontal bar) values, 25th quartile and 75th quartile (box), and minimum and maximum

(whiskers).
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Figure S3. Representative postures of mother- and father-infant holding/hugging tasks. Related to Figure

2,
(Upper row) The mother holds, hugs, and hugs tightly her infant who is 104 days old. (Lower row) The father holds,

hugs and hugs tightly his infant who is 177 days old.
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Figure S4. RRI increase ratio and infant activity during hold and hug. Related to Figure 3.

(A, B) RRI increase ratios during holding and during hugging were compared in infants who showed few (A) or
many (B) upper body movements in the crib immediately before each task. (C, D) RRI increase ratios during holding
and during hugging were compared in infants who showed few (C) or many (D) lower body movements in the crib
immediately before each task. (E, F) RRI increase ratios during holding and during hugging were compared in
infants who emitted vocalization (F) or not (E) in the crib immediately before each task. The boxes represent the
25th, median, and 75th percentiles, and the whiskers represent the lowest or highest data within 1.5x interquartile

range from the 25th or 75th percentile. Numbers in parentheses indicate the number of infants.
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Figure S5. Contact pressure of the mother’s hand on her infant’s back during hold/hug. Related to Figure
6.

(A,B). Histograms show the mean contact pressure of the mother’s hand on her infant under 125 days old (A) (n =
9 in each task) and over 125 days old (B) (n = 12 in each task) during a hold, hug and tight hug. Distribution patterns
were compared using the Wilcoxon rank sum test with Holm’s adjustment. (A) p = 0.0083 in Hold vs. Tight hug, p =
0.038 in Hold vs. Hug, p = 0.040 in Hug vs. Tight hug. (B) p = 0.0087 in Hold vs. Tight hug, p = 0.020 in Hold vs.
Hug, p = 0.38 in Hug vs. Tight Hug.
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Figure S6. Contact pressure of the mother’s hand and infant’s body weight. Related to Figure 6.
(A-C) The mean contact pressure of the mother’s hand on the infant’s back during a hold (A), a hug (B), and a tight
hug (C) were plotted against the infant’s body weight.



Supplemental Tables

Age group Variable B SEB B (p-value)
< 125 days Sex -1.64 1.57 -0.12 (0.30)
Body weight -0.11 1.16 -0.010 (0.93)
1st child or not 1.20 1.20 0.11 (0.32)
Previous task type -1.77 1.28 -0.15 (0.17)
Task type -2.70 0.95 -0.30 (0.0057) **
> 125 days Sex 1.40 0.82 0.12 (0.090)
Body weight -0.14 0.40 0.024 (0.72)
1st child or not 0.72 0.85 0.058 (0.40)
Previous task type 0.20 0.85 0.016 (0.82)
Task type -1.55 0.50 -0.21 (0.0023) **

Table S1. Summary of multiple regression analysis for variables predicting RRI increase ratio. Related to

Figure 3.
The unstandardized beta (B), the standard error for the unstandardized beta (SE B), and the standardized beta (B).

**p < 0.01.



Variable B SE B B (p-value)
Sex 0.30 1.16 0.027 (0.79)
Body weight -0.22 0.62 -0.039 (0.72)
A hug was the 15t task or not 0.13 1.28 0.011 (0.92)
18t child or not 1.14 1.27 0.095 (0.37)
Head movement type -6.47 1.32 -0.51 (< 0.00071) ****

Table S2. Summary of multiple regression analysis for variables predicting RRI increase ratio during
hugging. Related to Figure 3.

The unstandardized beta (B), the standard error for the unstandardized beta (SE B), and the standardized beta (B).
****p < 0.0001.



Working time (h) Childcare frequency
(mean = SD) (mean = SD)

12.29 £ 2.22 214 £1.07

Table S3. Information about father participants. Related to Figure 7.
Based on our questionnaire survey, fathers' participation in childcare was assessed in a 4-point scale. 1, Taking
care of infants only on days off; 2, Taking care of infants for 1-2 days on working days; 3, Taking care of infants for

3-5 days on working days; 4, Taking care of infants every day.



Transparent Methods
Participants

Mothers and fathers were recruited through advertisements during regular events held for postpartum parents at
Toho University Omori Medical Center and local childcare support facilities. None of the participants suffered from
serious physical and mental diseases. One infant had a Japanese mother and a British father, but all other infants
had Japanese parents. All female participants were full-time homemakers or were on maternity leave. The body
weight at the birth of the infants was 3.12 + 0.33 kg. The age of the mothers, fathers, and female strangers were
33.2+4.7,358 +4.4, and 33.1 + 4.0 years old, respectively. All participants that served as female strangers had
childbirth experience. In mother/female stranger experiments, the difference in infants’ ages was 11.5 + 1.5 days.
All father participants were Japanese and lived with their infants and worked outside the home, spending less time
with their infants than mothers. The fathers' working hours and childcare frequency are summarized in Table S3. All
experiments were approved by the ethical committee of the Faculty of Medicine at Toho University
(A19055_A18121_A18036_A17065_A16095_27010_26110_26091).

Infants for RRI measurements

We excluded infants who cried before or during undisturbed conditions, holding, hugging or tight hugs. In the
undisturbed condition, 53 infants (males (m) = 28, females (f) = 25) aged 58 to 342 days old were subjected to HRV
analyses. In the mother-infant study, 136 infants aged 39 to 365 days old participated in the experiment (m = 78, f
= 58). After exclusion, 110 (m = 62, f = 48), 109 (m = 61, f = 48) and 80 (m = 47, f = 33) infants were analyzed for
holding, hugging, and tight hugging experiments, respectively. In the father-infant study, 13 (m 6,17), 14 (m 7, f 7),
and 12 (m 6, f 6) infants more than 125 days old were analyzed for holding, hugging and tight hugging experiments,
respectively. In the stranger-infant study, the number of infants over 125 days old analyzed in holding, hugging and

tight hugging experiments were 12 (m =10,f=2),13(m=9,f=4)and 12 (m = 9, f = 3), respectively.

Pressure measurement of the mother’s hand on the infant

Of the infants who were subjected to RRI measurements in the mother-infant study, 62 infants (m = 37, f = 25)
participated in the pressure measurement. We excluded the data from crying infants and those including
measurement failure. We analyzed 21 (m = 13, f = 8) infants aged 55 to 300 days old.

A flexible pressure sensor (FSR406, Interlink Electronics Inc.) was attached to a soft cloth and connected to a
microcomputer (Arduino UNO) using conductive threads and processed wires. The microcomputer was connected
to a PC via a USB 2.0 cable. Calibration at 0, 500 and 1000 g was performed before every recording. The sensor
was attached to the mother’s palm of the arm that is usually used to support the infant’s back when the mother
holds her infant (Figures 2D and 6A). The pressure was recorded at a sampling rate of 100 Hz. We described the
load applied to the pressure sensor as contact pressure (gf). The pressure sensor was pressed three times at the

beginning of and at the end of recording to create an indicator to be able to synchronize with video and ECG data.

ECG and acceleration sensor recording



The studies were performed between 10 AM and 3 PM. The rectangular room (263 cm x 377 cm) for the
holding/hugging experiment had plain grayish walls on two sides and plain grayish curtains on two sides. A crib was
placed in the room, 57 cm away from the walls, that had a mattress (120 cm x 69 cm) covered with a white bed
sheet and slatted sides (36 cm high). To improve visibility, part of each slatted side was cut off and replaced with a
transparent acrylic plate (64 cm x 68 cm). The room temperature was maintained at approximately 25°C. The
bedsheet was changed between every infant, and the clothes were washed before each use.

Three disposable ECG electrode patches (Nihon Kohden, Japan) were placed on the chest of the mothers and
fathers. The infants were changed to plain baby clothes, and three disposable ECG electrode patches (Nihon
Kohden, Japan) and one acceleration sensor (Nihon Kohden, Japan) were placed on the upper chest with sticky
tape (Figure 2A). ECG and acceleration sensors continuously measured signals through the experiment. All
experiments were videotaped from the side and from above using Handycam camcorders (Sony, Japan) and
BIMUTAS-Video software (Kissei Comtec, Japan). Acceleration data were obtained using BIMUTAS-Video software
(Kissei Comtec, Japan). Since the duration of each holding/hugging task is not exactly 20 seconds, the evaluators

determined the start and the end of the holding/hugging task for the heart rate variable based on video images.

Holding/hugging experimental procedure
When mothers and fathers arrived at the university laboratory, the experimental procedure was explained to parents,
and they signed an informed consent form. We also obtained consent to use privacy-protected photos and videos
by hiding participants' faces. The parents did not eat, drink or feed their infant 30 minutes before the experiment.
The parents did not use any fragrance and a wristwatch. Before the experiment, the mothers and fathers changed
clothes, into a plain shirt with short sleeves.

First, each infant was allowed to move freely in the crib with all the slatted sides up and measured for ECG for
1 min to establish an undisturbed condition in which the parent did not talk to or look into the eyes of their infants.
Then, the parent lowered one side of the crib and stood still close to the crib for 20 seconds. Next, the parent was
randomly instructed to either hold or hug their infant for 20 seconds. We decided the holding and hugging times
based on preliminary hold/hug trials revealing that infants tended to become fussy around 30 seconds. The
preliminary trials also revealed that the parents tended to show unnatural holding/hugging postures by the brief
instructions without any examples such as hold, hug, and hug tightly. To allow the parents to hold/hug their infant
as usual, the experimenter gave a demo of holding/hugging tasks using a cushion likening an infant with three detail
instructions before the measurements: 1) hold the infant as usual, 2) hug the infant while thinking that the infant is
adorable, not mechanically, and 3) hold the infant very tightly as the parent could run fast while holding the infant.
In the present holding/hugging tasks, several common features were observed through each parent-infant pair
(Figures 2D and S3). When the parent held the infant vertically, with one arm on the bottom and the other arm on
the back, the infant was able to easily move the head and the upper body. There were often more space between
infants’ heads and parents’ upper body parts during holding than during hugging and tight hugs. Since the parents
were in close contact with the infant’s face and upper body during hugging and hugging tightly, the infant tended to

be unable to move their face and body. The most part of parents’ and infants’ faces were overlapped during tight



hugs compared to during holding and hugging. The parents did not rock the infant or talk to them during the
experiment. When each 20-second holding/hugging task ended, the infant was placed back in the crib and was
allowed to move freely for 20 seconds before the next task began. When the infant was placed back in the crib, the
parents did not touch, talk to and look into the eyes of their infants. To examine responses to a female stranger, two
pairs of similarly aged infants and their mothers came into the lab. One mother performed the same procedure with
the other mother’s infant. In some infants, the respiration rate was measured by visual confirmation during a 20-sec
hug and hold because of the technical difficulty of respiration sensor attachment around the infant’s chest.

Two of three observers (SY, RM, and MT) described infants’ behaviors, including vocalizations and movements
of the head, upper body, and lower body, during each task. Using a stopwatch, the observers measured the
movement times of each body part and then classified these infants into “few” and “many” movements groups
depending on whether the infant moved the body part for more than half of the task time (approximately 10 seconds)
or less. Observation and classification were conducted independently by two observers. Interrater reliability was
calculated on 25 % of the data using Cohen k and was statistically acceptable (k = 0.90 in head movement, k =

0.92 in upper body movement, k = 0.94 in lower body movement, and k = 0.97 in vocalization).

ECG recording and analysis

ECG signals were recorded at a sampling rate of 1000 Hz (Nihon Kohden). We calculated time domain
parameters such as mean RRI and RMSSD. Because successive RRI differences hardly exceed 50 ms in awake
first-year infants, we did not use pNN50, one of the major time domain parameters. Previous studies in preterm
neonates and toddlers set the shorter threshold as pNN5 (Reulecke et al., 2012) and pNN10 (Billeci et al., 2018),
respectively. Different from pNN-type parameter in which both RRI increases and decreases were counted, we
defined the RRI increase ratio as a percentage of successive RRIs that are longer than the previous RRI.

As frequency domain parameters, we used LF and HF calculated by fast Fourier transformation. LF- and HF-
power bands are the absolute values of the low-frequency band (0.04 to 0.15 Hz) and the high-frequency band
(0.15 Hz to 0.4 Hz) in adults (Task Force of The European Society of Cardiology and the North American Society
of Pacing and Electrophysiology, 1996). We used 0.02-0.2 Hz as the LF range and 0.2-2 Hz as the HF range,
considering the much higher heart rates in infants, as previously described (Chatow et al., 1995; Longin et al., 2005;
Patzak et al., 1996; Rosenstock et al., 1999). The HF band reflects parasympathetic activity and corresponds to the
heart rate variations related to the respiratory cycle (Shaffer et al., 2017). The ratio of LF to HF power (LF/HF ratio)
may estimate the sympathetic dominance over parasympathetic factors (Shaffer et al., 2017). Heart rate variables
and related parameters were calculated using R software.

We quantified the RRI increase ratio during holding, hugging, and tight hugging tasks. The RRI increase ratio
is the percentage of cardiac cycles that have a longer RRI than the previous cycle during the 20 second-hug/hold
task. Decision tree classification using binarized RRI data was performed to examine whether the head movement
can predict RRI changes. The RRI increase ratio was binarized depending on whether it was over or under the
reference value. The reference value (44.22 %) was the mean of the median RRI increase ratio for infants under
125 days old (42.15 %) and infants over 125 days old (46.29 %).



Statistical analysis

The data were preprocessed and visualized with Microsoft Excel 2016, R version 3.6.1 and Python 3.6. All statistical
analyses were conducted using R. We performed CART analysis, Fisher’s exact test, linear regression analysis,
multiple regression analysis, multivariate analysis of variance (MANOVA) followed by one-way ANOVA and the
Tukey-Kramer post-hoc test, Pearson’s correlation test, Welch’s t-test, Welch’s ANOVA or Wilcoxon test.
Significance was set at p < 0.05 after p-value correction by Holm’s method.
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