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Abstract Motor activities of interacting agents get tem-
porally coordinated to form synchronized actions. Such
activity synchrony is observed in several mammalian spe-
cies and is supposed to play vital roles in human social
interactions. Therefore, it has long been proposed that the
activity patterns of mother and infant get temporally syn-
chronized. However, few studies to date have empirically
investigated the developmental course of such synchrony.
The present study simultaneously measured motor activi-
ties of mother—infant pairs for about 3.5 consecutive days
by actigraph, and investigated the developmental course of
mother—infant synchrony. The multiple regression analysis
revealed an increase of mother—infant synchrony from 4 to
18 months after birth, giving support to the notion that
activity patterns of mother and infant mutually entrain each
other through the course of development.

Keywords Synchrony - Mother—infant interaction -
Actigraph - Circadian rhythm

Introduction

Emergence of synchrony in activity patterns among inter-
acting biological agents has been observed in wide-ranging
species. One of the most well-established examples of this
kind is social entrainment. Social entrainment refers to the
phenomenon that circadian fluctuation of rest—activity pat-
terns of biological organisms entrains that of co-specifics
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through social cues under constant environmental condi-
tions [1]. The existence of social entrainment is established
in several mammalian species [2, 3] such as squirrels [4]
and hamsters [5].

Previous research has also shown the prevalence of
activity synchrony among mutually interacting humans. It
has long been suggested that social entrainment of circa-
dian rhythmicity can occur among humans (for review, see
[3]). Furthermore, motor activities of interacting persons
get temporally coordinated to form synchronized actions
[6]. Recent electrophysiological studies [7, 8] go even
further to reveal that synchrony emerges in the oscillation
of brain waves as well as in the temporal structure of
activity patterns when two persons are engaged in mutual
interaction. Together with the finding that the emergence of
activity synchrony increases attention to the partner [6],
these studies indicate that synchrony in activity patterns in
various time-scales is the fundamental component of
human interactions.

Synchrony of activity patterns is most likely to occur
among biological agents that co-habit the same place for a
prolonged period of time [3]. One of few human relation-
ships that accompany such closeness and intimacy is the
mother—infant relationship. Although there are some cul-
tural variations, under ordinary circumstances healthy
human infants spend most of their time in the proximity of
their mothers. The exchange of multisensory signals
between mother and infant can influence each other’s
activity patterns. Likewise, childrearing intervention and
care-giving procedures initiated by the mother, such as
feeding and changing diapers, can make the activity pattern
of the infant synchronize with that of the mother [9, 10].
Therefore, several researchers [11, 12] have suggested the
possibility that the activity patterns of mother and infant
become synchronized with each other during the course of
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infant development. However, few studies to date have
empirically investigated the emergence and developmental
course of synchrony in activity patterns between mother and
infant (hereinafter referred to as mother—infant synchrony).

The primary aim of the present study is to investigate
the developmental course of mother—infant synchrony from
4 to 18 months after birth, a period during which various
social cognitive functions rapidly develop [13-16]. To
achieve this end, activity patterns of mother and infant
were recorded simultaneously for several days. Actigraphs
pose little burden even on infant participants and afford us
continuous measurement of activity patterns lasting for
several days [17, 18]. On the basis of the actigraph data, the
mother—infant synchrony was quantified by applying cross-
correlation analysis, which is one of the most reliable
methods to assess the degree of synchrony between two
separate temporal sequences [12].

Methods
Participants

A total of 48 pairs of healthy full-term vaginally delivered
infants (23 boys and 25 girls, mean 332 + 132 days after
birth) and their mothers (mean 32.7 + 4.26 years of age)
participated in the present study. They were recruited
through an advertisement in local clinics. None of the par-
ticipants had been diagnosed as having neurological disor-
ders, and no abnormal delivery was reported. None of the
mothers were out at work, and all were full-time housewives
at the time of participation. The distribution of infants at each
age class, in months, is shown in Table 1. Written informed
consent was obtained from the mothers after procedures
were fully explained to them. The experimental procedure
was approved by the ethical committee in the Graduate
school of Biomedical Sciences in Nagasaki University.

Data recording
Activity patterns of mother and infant were measured
simultaneously in their homes. Before the start of record-

ing, the experimenter delivered actigraphs (Ambulatory
Monitoring, Ardsley, NY, USA), a sleep diary and a

Table 1 Number of male and female infants in each age class

Age class (months)

4-7 8-11 12-18
All 17 14 17
Male 10 6 7
Female 7 8 10
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questionnaire sheet, and gave the mother instructions about
how to use these instruments. At least 3 days after the start
of recording, the experimenter contacted the mother and
visited her again to collect the instruments.

The questionnaire sheet was used to obtain basic infor-
mation regarding the birth dates of infant and mother,
infant birth weight, composition of the family, number of
siblings, arrangement of the infant’s sleeping place (co-
sleeping or separate), and the main mode of feeding (breast
feeding or formula milk). In addition to these, mothers
reported the frequency of being awoken at night (herein-
after referred to as FAN) by answering subjective estimates
of average FAN. The averaged scores of FAN were clus-
tered into three categories (0, almost none; 1, from once to
twice a night; 2, more than twice a night). Mothers were
instructed to answer the questionnaire items on the first day
of actigraph recording. The averages and the distributions
of answers to these question items are summarized in
Table 2.

The actigraph was attached to the infant’s lower left leg
by a cloth bandage specially designed for this purpose. This
location was chosen so that infants would feel the least
discomfort and could not easily remove the actigraph [17].
The mother wore an actigraph on the wrist of her non-
dominant hand. The previous methodological validation
study [18] showed that the results of actigraph recording is
unaffected by the placement of the actigraph (dominant or
non-dominant). Therefore, we chose the non-dominant
hand lest the attachment of the actigraph interfere with
daily activity. Actigraphs were attached to both infant and
mother at roughly the same time and were removed only
when the participants took a bath. We stressed that mothers
should not deviate from their everyday routines. Actigraphs
were used in the zero-crossing mode. Actigraph has an
accelerometer, and in the zero-crossing-mode, the acti-
graph stores the number of times the waveform of the
accelerometer crosses zero, which enables us to count the
number of discrete movements accompanied by changes of

Table 2 Distribution of basic information regarding mother—infant
pairs

Variable Mean SD
Age of mother (years) 32.7 4.26
Birth weight (g) 2,966 380.5
Co-sleeping habit (%) 83.3

Number of siblings 0.39 0.49
Breast feeding (%) 85.4

FAN score 1.13 0.79

Co-sleeping habit the percentage of mothers who have chosen co-
sleeping as the infant’s sleeping place, Number of siblings all but one
infant had only older siblings, Breast feeding the percentage of
mothers who chose this as their main mode of feeding
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acceleration during each minute. Movement data were
stored continuously in the memory of the actigraphs along
with a time stamp. In most cases, actigraph recording
started within a few hours after the delivery of the instru-
ments and lasted for about 3.5 days (mean 3.39 +
0.57 days).

We asked mothers to keep a sleep diary in order to
obtain supplementary data useful in analysis of the acti-
graph data. In the sleep diary, mothers were instructed to
record the start and stop of actigraph recording. They also
recorded in the diary the time when the infant was asleep,
the time when the infant awoke, the time when the infant
cried intensively, and the timing of feeding and bathing.
They were instructed to record these events if possible just
after they occurred.

After collecting the actigraphs, the data were down-
loaded to a PC. The background data obtained from the
questionnaires were stored as electronic files. Before fur-
ther analysis, the data from periods before the start and
after the stop of recording, as identified by sleep diaries,
were omitted from analysis. The movement data were
lacking for the period of bathing. To compensate for this,
missing data were substituted using the average of activi-
ties just before and after the period of bathing. This
approach is justified due to the short length of the bathing
period [19].

Data analysis

The strength of mother—infant synchrony was estimated by
cross-correlation analysis, which is a general method to
estimate the degree of synchrony between two temporal
sequences [12]. In the analysis, a series of normalized
cross-correlation coefficients between the activity patterns
of mother and infant were calculated for each mother—
infant pair by shifting the activity pattern of the mother to
that of the infant by 1-min steps. Synchrony strength for
each mother—infant pair was defined as the maximum
cross-correlation coefficient in the series.

Actigraph data were also submitted to periodogram
analysis to estimate the strength and period length of cir-
cadian rhythmicity in the activity patterns of mother and
infant. Period length of circadian rhythmicity was esti-
mated by measuring the period length at which the peri-
odogram reached its zenith around 24 h. Circadian
rhythmicity strength was estimated following the method-
ology proposed in Jenni et al. [20].

Results

In order to clarify the predictors of mother—infant
synchrony strength, multiple regression analysis was

conducted with synchrony strength as the dependent vari-
able. The independent variables included age (in days),
gender of infant, mother’s age, birth weight, strengths of
mother’s and infant’s circadian rhythmicity, period length
of mother’s and infant’s circadian rhythmicity, FAN, and
number of siblings. The arrangement of the infant’s
sleeping place (co-sleeping or separate), and the main
mode of feeding (breast feeding or formula milk) were also
included in the independent variables as binary dummy
variables. The predictors were chosen by a stepwise vari-
able selection procedure with criteria of p < .05 for
inclusion and p > .10 for exclusion.

The results of the stepwise multiple regression analysis
are summarized in Table 3. The results show that the only
significant predictor of synchrony strength was age. Syn-
chrony strengths of mother—infant pairs are plotted against
age in days of infants on the abscissa axis in Fig. 1. Addi-
tionally, the representative data of motor activity from pairs
of mother and infant at both 4- and 18-months old are
depicted in Fig. 2. In order to clarify the relation between
age and synchrony strength, the partial correlation coeffi-
cient between age and synchrony strength were computed
by controlling the influences of the remaining variables
included in the multiple regression analysis. The partial
correlation analysis revealed a significant positive correla-
tion between age and synchrony strength after controlling
the influences of the other variables, r (35) = 0.40, p < .02.

Discussion

The present study measured the motor activities of mother—
infant pairs simultaneously by actigraph and investigated
the developmental course of mother—infant synchrony.
Specifically, we quantified synchrony strength between
activity patterns of mother and infant by applying cross-
correlation analysis to the actigraph data. An attempt to
measure mother—infant synchrony by cross-correlation
analysis has previously been conducted by Wulff et al.
[12]. However, the development of synchrony after

Table 3 Results of stepwise regression analysis of predictors for
cross-correlation

Sum of squares df Mean square F p value
Regression  0.093 1 0.093 15.52 <001
Residual 0.28 46 0.0060
Total 0.37 47
Predictor b Beta t p value
Age (days) 0.00033 0.51 3.94 <.001

R 0.50, multiple R 0.25, SE 0.077
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Fig. 1 The relationship between age in days of infants and synchrony
strength between mother and infant. The solid line represents the
regression line obtained by regressing synchrony strength against age
in days

4 months remains unknown because they focused exclu-
sively on the period until 15 weeks after birth.

The main finding is that cross-correlation of activity
patterns between mother and infant increased from 4 to
18 months after birth, indicating a consolidation of
mother—infant synchrony during this period. Furthermore,
the partial correlation between synchrony strength and age
in days of infants remained intact after controlling the other
variables that might influence the mother—infant syn-
chrony, which strongly indicates that the synchrony
strength is uniquely related to age in days of infants.

The elucidation of ecological benefits of increased
mother—infant synchrony is out of the scope of the present
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Fig. 2 Representative data of activity patterns from the pairs of
mother and infant of a 4 months and b 18 months after birth. The
abscissa axis in each panel represents the time in minutes from the
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study. However, it seems quite likely that synchronization
of activity patterns increases alignment of rest—activity
patterns between mother and infant, which ameliorates the
mother’s burden of care. In addition, it is also possible that
the development of mother—infant synchrony contributes to
that of wide-ranging social abilities. The increase of
mother—infant synchrony after 4 months parallels the
development of face-to-face reciprocal interaction between
mother and infant [14, 15, 21], which constitutes the basis
of the development of social capacities ranging from
emotional regulation [14, 15, 22-26] to attachment for-
mation [27]. It has been suggested that coordination of
arousal state between mother and infant is an important
building block of their reciprocal interaction [22, 23].
Considering that the amount of motor activity is widely
accepted as an indicator of arousal [5, 20], the increase in
mother—infant synchrony in motor activities as observed in
the present study might underlie development of the face-
to-face reciprocal interaction between mother and infant
[14, 15, 21].

Lastly, we would like to touch on the limitations of the
present study. The first limitation is a methodological one in
that the actigraph is blind to the cause of bodily movement.
That is, we cannot distinguishthe infant’s voluntary move-
ment from inadvertent disturbances caused to the infant’s
bodily posture on the basis of actigraph data alone. The
latter case is problematic, because in this case the actigraph
data reflect the environment surrounding the infant rather
than the infant’s activity pattern per se. We do not think that
this greatly changes the overall results, becausethe time
window during which intense disturbances are caused to the
infant’s body is supposed to be limited. However, in any
future study, more rigorous analysis should be conducted by
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utilizing, for example, simultaneous video-recording to
pinpoint the period of intense disturbances.

The second and the more theoretically important limi-
tation is that the present study does not tell us the precise
mechanism through which the synchronization of activity
patterns is accomplished. Although an exchange of social
cues seems to play vital roles in the development of mother—
infant synchrony [9, 10, 12, 28], there also exist several
alternative mechanisms of activity synchronization. First,
synchronization can be achieved through transmission of
chemosignals. Several chemical components contained in
breast milk, such as nucleotic acids and tryptophan, work as
sleep-inducers [29, 30]. Importantly, the concentrations of
these components in breast milk show diurnal fluctuations
[29], raising the possibility that the mother’s rest—activity
rhythm entrains that of the infant’s via delivery of these
sleep inducers. Another possibility is that control of the
environment through changes by the mother in lighting and
temperature cause the infant to synchronize to the mother’s
activity pattern. This is especially true in Asian countries
where mother and infant often share the same bedroom [31].
It is also likely that the development of the infant’s motor
function [32] has to some extent contributed to the observed
increase of mother—infant synchrony. Although the indi-
vidual differences in the amount of bodily movement were
normalized before conducting cross-correlation analysis, it
is quite possible that the refinement of subtle motor control
enhances the infant’s ability to make motor responses
synchronously with its mother’s activity. Disentangling the
effects of these factors by utilizing monitoring of environ-
mental variables, detailed assessment of infant’s motor
development, and quantitative assay of chemical compo-
nents contained in breast milk is surely an interesting
challenge for future studies.

In summary, the present study revealed an increase in
mother—infant synchrony from 4 to 18 months after birth.
The results of multiple regression analysis and partial
correlation analysis revealed that mother—infant synchrony
increases with the age in days of the infant, which indicates
that the activity patterns of mother and infant become
synchronized with each other through the course of
development. However, the precise mechanism of syn-
chronization is unclear, and further empirical research is
required to elucidate the exact mechanism through which
the synchrony in activity patterns is achieved between
mother and infant.
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