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Intermediate endophenotypes emerge as an important concept in the study of schizo-
phrenia. Although research on phenotypes mainly investigated cognitive, metabolic or
neurophysiological markers so far, some authors also examined the motor behavior anom-
alies as a potential trait-marker of the disease. However, no research has investigated social
motor coordination despite the possible importance of its anomalies in schizophrenia. The
aim of this study was thus to determine whether coordination modifications previously
demonstrated in schizophrenia are trait-markers that might be associated with the risk for
this pathology. Interpersonal motor coordination in 27 unaffected first-degree relatives of
schizophrenia patients and 27 healthy controls was assessed using a hand-held pendulum
task to examine the presence of interpersonal coordination impairments in individuals at
risk for the disorder. Measures of neurologic soft signs, clinical variables and neurocog-
nitive functions were collected to assess the cognitive and clinical correlates of social
coordination impairments in at-risk relatives. After controlling for potential confounding vari-
ables, unaffected relatives of schizophrenia patients had impaired intentional interpersonal
coordination compared to healthy controls while unintentional interpersonal coordination
was preserved. More specifically, in intentional coordination, the unaffected relatives of
schizophrenia patients exhibited coordination patterns that had greater variability and in
which relatives did not lead the coordination. These results show that unaffected relatives
of schizophrenia patients, like the patients themselves, also present deficits in intentional
interpersonal coordination. For the first time, these results suggest that intentional interper-
sonal coordination impairments might be a potential motor intermediate endophenotype
of schizophrenia opening new perspectives for early diagnosis.

Keywords: unaffected first-degree relatives, schizophrenia, interpersonal motor coordination, intermediate pheno-
types, social interaction

INTRODUCTION
Schizophrenia is a highly heritable condition,with complex genetic
susceptibility likely arising from the combined effects of mul-
tiple susceptibility alleles of individually weak effect, and envi-
ronmental factors. This complicates the search for susceptibility
genes with traditional linkage approaches (Gottesman and Shields,
1973). An alternative approach is based on the identification of
so-called intermediate phenotypes that are detectable both in
schizophrenia patients and in a higher proportion of their unaf-
fected relatives than in the population at large (Pearlson and Folley,
2008). The advantage of such intermediate phenotypes stems
from their greater penetrance at the level of vulnerability mark-
ers, thus increasing statistical power (Egan et al., 2001). A more

recently employed strategy is thus to study unaffected relatives of
schizophrenia patients, who share some of the genetic diathesis
without illness-related confounds (e.g., medication effects) that
may themselves impact task performance. Researchers have pro-
posed several criteria, for useful intermediate phenotypes with
regard to schizophrenia and other psychiatric disorders (Gottes-
man and Gould, 2003; Gould and Gottesman, 2006). Although
there is no universally agreed-upon definition or evaluation of a
promising intermediate phenotype, all share, and highlight several
key elements in the inclusion criteria (Glahn et al., 2007). To be
useful an intermediate phenotype must be: (1) associated with the
illness; (2) heritable to some degree; (3) observed in unaffected
family members to a greater extent than the general population,
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and (4) state independent in affected individuals (Gottesman and
Gould, 2003). Recent research focusing on schizophrenia has led to
candidate variables as intermediate phenotype markers (B-SNIP,
Thaker, 2007) for the illness.

Although research on intermediate phenotypes mainly investi-
gated cognitive (Snizt et al., 2006), emotional (Erol et al., 2010),
or neurobiological (Woodward et al., 2009) markers so far, some
authors also examined motor behavior anomalies as potential phe-
notypes in schizophrenia. The motor abnormalities most studied
in relatives of schizophrenia patients have been neurological soft
signs (NSS), including difficulties with sequencing of motor tasks,
and subtly impaired sensory integration (Neelam et al., 2011). NSS
are observable in first-episode patients (Bachmann et al., 2005),
and even prior to antipsychotic administration (Scheffer, 2004;
Chen et al., 2005). Additionally, adolescents who later develop
schizophrenia exhibit signs of neurological abnormalities, partic-
ularly motor dyscoordination, well before overt manifestations
of the illness (Leask et al., 2002; Mittal et al., 2011), providing
further evidence for a fundamental role of motor dysfunctions
as an early constitutional vulnerability of schizophrenia. Several
studies showed that NSS are present in relatives of schizophre-
nia patients (Chan et al., 2010; Neelam et al., 2011), and are
among the most promising of the candidate intermediate phe-
notypes (Chan and Gottesman, 2008). Whereas these studies only
examined intrapersonal motor behaviors, other studies have found
interpersonal motor coordination (IMC) is also impaired in schiz-
ophrenia (Varlet et al., 2012b). Interpersonal coordination (e.g.,
the synchronization of movements between two individuals that
emerged during a social interaction) plays an important role in
everyday life (Schmidt et al., 2011). For example, the effective-
ness of an interaction can often be directly linked to the degree of
interpersonal coordination (Marsh et al., 2009), and consequently,
the social motor anomalies shown in patients with schizophrenia
might play a crucial role in their interpersonal deficits that are
frequently reported in the literature.

Early studies on human motor coordination were initially inter-
ested in the intrapersonal motor coordination, such as rhythmic
bimanual motor coordination tasks (i.e., the coordination of the
two hands or fingers of the same person) (Kelso, 1984; Kelso
and Schöner, 1988; Schmidt et al., 1993; Peper et al., 1995; Riley
et al., 2001). These studies showed that two patterns of stabil-
ity were preferentially adopted, in-phase and anti-phase patterns,
respectively characterized by movements in the same and opposite
directions (i.e., relative phase value of 0° and 180°) and that in-
phase movements were more stable than anti-phase movements.
The exact same results were found in IMC studies (e.g., Schmidt
et al., 1990; Amazeen et al., 1995). Schmidt et al. (1990) investi-
gated the differential stability of different relative phase patterns
in between-person coordination of lower leg oscillations. They
found that, as in intrapersonal coordination task, in-phase move-
ments were more stable than anti-phase movements. Because
similar phenomenon had been observed in the within-person
coordination of hand movements (Kelso, 1984) and have been
dynamically explained using a coupled oscillator model (Haken
et al., 1985; Schöner et al., 1986), Schmidt et al. (1990) argued
that the interpersonal differential stability of relative phase pat-
terns has an identical dynamical explanation. Additional evidence

for a dynamical organizing of interpersonal coordination was
found using a wrist-pendulum methodology. Schmidt and Tur-
vey (1994) and Amazeen et al. (1995) had two participants sitting
side-by-side coordinate the oscillation of weighted dowels – wrist
pendulums – in the sagittal plane using ulnar and radial flexion
of their wrists. Their task was to watch each other’s pendulum
and to coordinate their oscillations. The results of the between-
person wrist-pendulum experiment provided clear support for
the dynamical, coupled oscillator model: as the eigenfrequencies
(inherent, preferred frequencies) of the pendulum pairs became
more different, the mean relative phase of the system moved from
perfectly in-phase or anti-phase such that the pendulum with the
inherently lower eigenfrequency always lagged in its cycle, and
the standard deviation of relative phase increased. These studies
suggested that interpersonal coordination could be understood in
terms of the same dynamical processes of self-organization that
was used to understand intrapersonal coordination.

Classical interpersonal coordination studies not only investi-
gated intentional interpersonal synchronization but also uninten-
tional or spontaneous interpersonal synchronization as well. In
interaction situations in which two subjects are moving rhyth-
mically, as soon as visual information is exchanged between the
interacting people (van Ulzen et al., 2008), their movements spon-
taneously and intermittently synchronize toward the in-phase and
anti-phase patterns of coordination (Schmidt and O’Brien, 1997;
Richardson et al., 2007). These studies suggest that implicit inter-
personal synchronization although weaker than explicit inten-
tional interpersonal synchronization occurs outside of people’s
awareness and potentially operates in the social motor behavior
underlying everyday interactions (Schmidt et al., 2011).

In Varlet et al.’s (2012b) study, schizophrenia patients and
healthy controls were asked to perform an IMC task using the
same hand-held pendulums methodology (Schmidt and Turvey,
1994; Schmidt and O’Brien, 1997). The goal of this study was
to evaluate the dynamics of IMC in people affected by schizo-
phrenia in order to further characterize their abnormal interper-
sonal movements. The results showed that schizophrenia patients
had unimpaired unintentional interpersonal motor coordination
(UIMC) but impaired intentional interpersonal motor coordi-
nation (IIMC) compared to healthy controls. The abnormalities
found for intentional coordination were never before observed
in the literature concerning schizophrenia. These abnormalities
are characterized by IIMC more variable than controls and with
patients never leading the coordination, suggesting that they orig-
inate from a decrease in the strength of the coupling as well as
a delay in the information transmitted about movements of the
other person (Varlet et al., 2012b).

Thus, IMC assessment seems to open a new perspective on
understanding the social disorders in mental illness and, conse-
quently, research should take into account interpersonal motor
markers in these disorders (Varlet et al., 2012b). Accordingly,
the aim of the present study was to determine whether or not
the motor coordination abnormalities found in schizophrenia
patients, could be a potential trait-marker for schizophrenia. To
accomplish this, we evaluated the dynamics of UIMC and IIMC
of unaffected relatives of schizophrenia while swinging hand-held
pendulums with another individual (see Figure 1A). We compared
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FIGURE 1 | Experimental setup and results for unintentional social motor
coordination. (A) Participants sat on chairs side-by-side while oscillating
wrist pendulums. Circular variance of the relative phase for the relatives

(black) and control groups (white) as a function of the trial segment for
unintentional coordination (B). No significant differences between groups.
NS, not significant. Error bars represent standard error.

the motor coordination produced by relatives of patients paired
with healthy participants (relatives group) and the coordination
produced by pairs of healthy control participants (control group).
As suggested by Varlet et al. (2012b), it was predicted that if there
were a potential trait-marker for schizophrenia, relatives of schiz-
ophrenia patients would present IMC deficits characterized by
more variable IIMC than controls and with relatives never leading
the coordination. Additionally, we also assessed the potential rela-
tionships between IMC performance and cognitive and clinical
variables in unaffected relatives of schizophrenia patients.

MATERIALS AND METHODS
PARTICIPANTS
Twenty-seven relatives (14 mothers and 13 fathers) of schizophre-
nia patients were recruited through the University Department
of Adult Psychiatry in Montpellier, France. Another 27 partici-
pants healthy matched control participants were also recruited.
To create dyads for testing social coordination, the 27 first-degree
relative participants and the 27 matched control participants were
randomly paired with 54 unmatched healthy partners. All partner
pairs were of the same sex to avoid methodological bias (Katic
et al., 2012, 2013; Johansen et al., 2013). But, note that although 54
healthy partners were unmatched on the age, level education, and
premorbid IQ with the relatives and controls, they were matched
between them (see Table 1). Consequently, a total of 108 partici-
pants were combined into 54 pairs (27 pairs in relatives group and
27 pairs in control group) for this study.

All control participants and healthy partners were community-
dwelling adults living in Montpellier, and were recruited from
local associative networks. Exclusion criteria for the relatives,
controls, and partners were positive history of neurological or
psychiatric disease or the presence of medication intake known
to influence cognition and movement function. Thus, partici-
pants receiving antipsychotic, antidepressant drugs, or benzodi-
azepines that might influence motor behavior or cognitive func-
tioning were excluded. Control participants, meeting clinical cri-
teria for major depressive episode or anxiety disorder as confirmed
using the mini-international neuropsychiatric interview (Shee-
han et al., 1998) were also excluded. All participants had normal

or corrected-to-normal vision. They provided written informed
consent prior the experiment approved by the local Ethics Com-
mittee (CPP Sud Méditérannée III, Montpellier, France, AFSSAPS
2009-A00513-54 24, 07/22/2009) conforming to the Declaration
of Helsinki.

MATERIALS
Subjects were asked to complete questionnaires and to partici-
pate in an IMC task. A psychiatrist experimenter blind to the
hypotheses assessed all subjects. The total experiment time was
approximately 2 h for a pair of participants. For all subjects,
we assessed, global cognitive functioning using the Mini Men-
tal State Examination (Folstein et al., 1975), NSS (Krebs et al.,
2000), premorbid IQ using the French National Adult Reading
Test (Mackinnon and Mulligan, 2005), depression using the Beck
Depression Inventory-II (Beck et al., 1996), and social anxiety
using the Liebowitz-Social-Anxiety-Scale (Liebowitz, 1987). Addi-
tionally, for all subjects, visual sustained attentional function was
assessed using the Concentration-Endurance Test (Brickenkamp,
1994). In this test, items are composed of the letters “d” and “p”
with one, two, three, or four dashes arranged either individually
or in pairs above and below the letter. Participants are given 20 s
to scan each line and mark all “d’s” with two dashes.

INTERPERSONAL MOTOR COORDINATION TASK
We examined the IMC of unaffected relatives while coordinating
the swinging of hand-held pendulums with another individual
(Amazeen et al., 1995; Schmidt and O’Brien, 1997) (see Figure 1A).

Participants sat on chairs approximately 1 m from one another
facing in the same direction and swung wrist pendulums attached
to a structure that allowed only movements from front to back
(see Figure 1A). The swinging of the pendulums made no noise
that could be used as a cue for coordination. The length of the two
pendulums was 60 cm and a mass of 150 g was attached either at
the bottom or at the middle to respectively compose the pendu-
lums of different inertias which would manipulate the self-selected
comfort tempo (preferred frequencies) of participants. For those
pendulums that had greater inertia, and hence slower comfort
tempos, past research found that they would lag their partner’s
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Table 1 | Mean ± SD of demographic characteristics of participants.

Matching 1 Matching 2

Relatives (n = 27) Controls (n = 27) Statistics p Partner 1 (n = 27) Partner 2 (n = 27) Statistics p

Age (years) 61.37 ± 6.48 59.74 ± 6.99 z = !1.196a 0.16 24.70 ± 5.89 26.66 ± 10.51 z = !0.600a 0.54
Sex (male/female) 13/14 13/14 !2 = 0b 1 13/14 13/14 !2 = 0b 1
Education (years) 14.18 ± 3.39 13.44 ± 1.84 z = !0.814a 0.41 15.22 ± 2.37 14.55 ± 2.30 z = !0.798a 0.42
Premorbid IQ (f NART) 110.18 ± 7.57 113.22 ± 6.03 z = !1.242a 0.16 112.85 ± 4.51 109.88 ± 6.28 z = !1.513a 0.13

IQ, intellectual quotient; fNART, French version of the National Adult Reading Test,
aU-Mann–Whitney non-parametric test,
bChi-square test.

pendulum throughout the cycle whereas pendulums with less
inertia were found to lead their partner’s. Consequently the indi-
vidual pendulums will be referred to as FOLLOWER and LEADER,
respectively. Two computer-monitored potentiometers measured
the angular displacements of the pendulums during the trials at a
sampling rate of 50 Hz.

PROCEDURE
Participants were first tested for UIMC. They performed six
trials of 90 s for each of the following pendulum combi-
nations: LEADER_FOLLOWER, FOLLOWER_FOLLOWER, and
FOLLOWER_LEADER where the first pendulum of the pair refers
to the pendulum used by relative group participant or the matched
control group participant and the second pendulum refers to the
pendulum used by their partners. Each trial contained three 30 s
segments that were delimited by an auditory stimulus. During the
first and third segments, participants were instructed to focus on
crosses that were positioned on the wall in the opposite direction of
the other participant, which allowed indexing chance level coordi-
nation. During the second segment, they were instructed to look
at the movements of their partner. Participants were instructed
to swing the pendulum at their own self-selected tempo and to
maintain that tempo throughout the trial, irrespective of whether
they were looking (second segment) or not looking (first and
third segments) at the movements of their partner (Schmidt and
O’Brien, 1997). The order of the pendulum combinations was
counterbalanced across participant pairs.

Participant pairs were then tested for intentional IMC. They
were instructed that they would be required to coordinate their
movements together in an in-phase or anti-phase mode for
60 s (Amazeen et al., 1995; Richardson et al., 2007). After the
instructions, each pair of participants performed one practice
trial for each of the experimental conditions. They then per-
formed six trials for each pattern of coordination with the three
different pendulum combinations (LEADER_FOLLOWER, FOL-
LOWER_FOLLOWER, and FOLLOWER_LEADER). The order of
the trials was counterbalanced across participants.

STATISTICAL ANALYSIS
Clinical ratings and cognitive performances were separately com-
pared for the two groups with non-parametric U -Mann–Whitney
tests. The level of significance was set to p < 0.05. Spearman
non-parametric correlations were used to explore the relationships
between IMC, cognitive, and clinical variables.

Concerning the coordination analysis, the first 5 s of each inten-
tional trial and each segment of unintentional trials were discarded
to avoid transient behavior as in Varlet et al.’s (2012b) study. The
time series of participants were low-pass filtered using a 10 Hz
bidirectional Butterworth filter, a signal-processing filter typically
employed in human movement research to remove noise from
movement time series (Winter, 1990). We used this filter in the
current study although it was almost unnecessary because the data
collected were not noisy. The continuous relative phase between
the two angular positions of the pendulums was computed using
the Hilbert Transform (Pikovsky et al., 2003). For both uninten-
tional and intentional trials, we calculated the circular variance of
the relative phase to provide an index of synchronization between 0
(no synchronization) and 1 (perfect synchronization). For inten-
tional coordination trials, we also computed the phase shift to
further explore the stability of the coordination and determine
which participant led the coordination. As mentioned above, the
Leadership of the coordination depends also on the pendulums
used by participants and can be explained in terms of the dif-
ference between the pendulums’ eigenfrequencies. Past studies
(Amazeen et al., 1995; Richardson et al., 2007; Varlet et al., 2012b)
have showed a phase shift of 0° when participants used the same
pendulums (FOLLOWER_FOLLOWER) indicating no leader in
the dyad, and a negative phase shift for LEADER_FOLLOWER
and a positive phase shift for FOLLOWER_LEADER indicating
the Leadership of the participant who used the fast pendulum
(LEADER). Positive phase shifts indicated that relatives or control
group participants led the coordination whereas negative phase
shifts indicated that relatives or control group participants fol-
lowed the movements of the other participant. We used analyses of
variance (ANOVAs) to examine the different variables and Bonfer-
roni corrected post hoc tests to determine the nature of the effects
when necessary. Single sample t -tests were also used to determine
whether phase shift values were significantly different from zero.

RESULTS
Mean ratings and group comparisons on the demographic data
are reported in Table 1. Mean ratings and group comparisons
on the clinical and cognitive variables are reported in Table 2.
The results revealed that unaffected relatives have less sustained
visual attentional (z = !2.804, p = 0.005, "2

p = 0.327 ) and more

NSSs (z = !2.370, p = 0.018, "2
p = 0.384 ) compared to healthy

controls.
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Table 2 | Means ± SD of clinical characteristics of participants.

Variables Relatives group (n = 27) Control group (n = 27) df Statistics p !2
p

Cognitive global functioning (MMSE) 28.92 ± 0.87 29.22 ± 1.05 52 z = !1.527a 0.12 0.20
Depression (BDI–II) 10 ± 9.21 9.44 ± 9.11 52 z = !0.026a 0.97 0.003
LSAS anxiety 14.18 ± 7.81 16.81 ± 11.57 52 z = !0.303a 0.76 0.041
LSAS avoidance 13.11 ± 6.25 14.59 ± 8.85 52 z = !0.468a 0.64 0.063
LSAS anxiety in social interaction 5.29 ± 4.25 6.59 ± 5.39 52 z = !0.772a 0.44 0.10
LSAS avoidance in social interaction 5.66 ± 3.22 6.03 ± 4.60 52 z = !0.174a 0.86 0.023
LSAS anxiety of performance 8.88 ± 4.49 10.22 ± 6.55 52 z = !0.442a 0.65 0.06
LSAS avoidance of performance 7.37 ± 3.98 8.18 ± 4.89 52 z = !0.542a 0.60 0.073
Visual sustained attention score (d2) 153.88 ± 38.08 177.44 ± 43.22 52 z = !2.804a 0.005** 0.38
Visual sustained attention error score (d2) 5.50 ± 5.12 5.12 ± 6.96 52 z = !0.770a 0.441 0.10
Neurologic soft signs score (NSS) total 7.68 ± 4.15 5.48 ± 3.93 52 z = !2.370a 0.018* 0.32
Motor coordination 3.69 ± 2.22 2.88 ± 2.23 52 z = !1.651a 0.099 0.22
Motor integration 0.69 ± 1.13 0.77 ± 1.11 52 z = !0.537 0.587 0.07
Sensory integration 2.06 ± 0.97 1 ± 1 52 z = !3.840 0.001** 0.52
Involuntary movement 0.13 ± 0.45 0.15 ± 0.36 52 z = 0 1 0
Lateralization 1.04 ± 1.34 0.66 ± 1.20 52 z = !1.311 0.190 0.18

LSAS; Liebowitz-social-anxiety-scale, MMSE; mini mental state examination, BDI-II; Beck depression inventory version II.
aU-Mann–Whitney non-parametric test,
bChi-square test. *p < 0.05; **p < 0.01.

UNINTENTIONAL INTERPERSONAL MOTOR COORDINATION
For UIMC, the ANOVA on relative phase circular variance revealed
significant main effects of Trial Segment (F(2, 25) = 9.908,
p < 0.002, "2

p = 0.442 ) and of Pendulum Combination (F(2,

25) = 7.467, p < 0.005, "2
p = 0.374 ) (Figure 1B). As expected,

post hoc comparisons revealed stronger synchronization when
visual information was available about the partner’s movements
(i.e., stronger synchronization in second segment compared
to the first and third segments, p < 0.05) and when partici-
pant oscillated the same pendulums (i.e., stronger synchroniza-
tion in FOLLOWER_FOLLOWER condition compared to FOL-
LOWER_LEADER and LEADER_FOLLOWER, p < 0.05). These
results affirm previous UIMC studies that have found evidence for
coupled oscillatory processes coordinating interpersonal rhythmic
movements implicitly outside of inter-actors awareness (Schmidt
and O’Brien, 1997). However, note that the analysis did not show
any significant effect of Group on UIMC, which suggests that the
implicit harnessing of such coupled oscillatory processes is not
impaired in the unaffected relative group participants.

INTENTIONAL INTERPERSONAL MOTOR COORDINATION
Phase shift of the relative phase
In previous research, the phase shift (i.e., which pendulum is
leading) has been used to further explore the stability of the coor-
dination and determine which participant led the coordination
(Amazeen et al., 1995; Richardson et al., 2007). Here, positive
phase shifts indicated that the unaffected relatives led the coordi-
nation and negative phase shifts indicated that unaffected relatives
followed the other participant.

The ANOVA on the phase shift revealed a significant main effect
for Pendulum Combination (F(2, 25) = 40.378, p < 0.0001, "2

p =
0.764 ). In line with previous research, these results indicate greater

phase shift for LEADER_FOLLOWER and FOLLOWER_LEADER
compared to FOLLOWER_FOLLOWER (p < 0.05), respectively.
As expected, post hoc comparisons revealed that phase shift values
for both the relative and healthy control groups were significantly
negative for LEADER_FOLLOWER (Relatives: t (26) = !4.807,
p < 0.001; Controls: t (26) = !3.237, p < 0.005) and significantly
positive for FOLLOWER_LEADER (Relatives: t (26) = 2.075,
p = 0.048; Controls: t (26) = 2.096, p = 0.046) but not signifi-
cantly different from zero for FOLLOWER_FOLLOWER (both
p > 0.5). This analysis did not show any other significant effects
(all p > 0.05); specifically, it did not show any effect of Group.

Circular variance of the relative phasing
The ANOVA on the circular variance of the relative phasing
revealed significant main effects for Pattern (F(1, 25) = 25.480,
p < 0.0001, "2

p = 0.495 ) and Pendulum Combination (F(2,

25) = 3.719, p = 0.039, "2
p = 0.229 ), indicating in line with

previous research more stable coordination for the in-phase
mode compared to the anti-phase mode and in the FOL-
LOWER_FOLLOWER compared to the LEADER_FOLLOWER
and the FOLLOWER_LEADER pendulum conditions. Although
the effect of group was non-significant (F(1, 25) = 1.774, p = 0.20,
"2

p = 0.06 ), unaffected relatives were more variable in IIMC
and when participants oscillated the same pendulum (FOL-
LOWER_FOLLOWER) compared to healthy controls.

To further explore this effect with the assumption that it might
be moderated by attentional deficits of relatives, and thus, might
be more likely to occur at the beginning of the trial, we divided
each trial in two 30 s segments and used a 2 " 3 " 2 ANOVA
with the factors Group (relatives, controls), Pendulum combi-
nation (LEADER_FOLLOWER, FOLLOWER_FOLLOWER, and
FOLLOWER_LEADER), and Pattern (In-phase, Anti-phase) to
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examine the phase shift and the circular variance of the relative
phasing of IIMC for first and second 30 s segments of the trials.

INTENTIONAL INTERPERSONAL MOTOR COORDINATION ANALYZED IN
TWO SEGMENTS
Phase shift of the relative phase
For both segments, the ANOVAs revealed a significant main
effect for Pendulum Combination (First 30 s: F(2, 25) = 47.544,
p < 0.001, "2

p = 0.792; Last 30 s: F(2, 25) = 46.926, p < 0.0001,

"2
p = 0.790 ) and a significant interaction between Pat-

tern and Pendulum Combination (First 30 s: F(2, 25) = 4.710,
p < 0.005, "2

p = 0.274; Last 30 s: F(2, 25) = 6.116, p < 0.005,

"2
p = 0.329 ) indicating, respectively, greater phase shift than

FOLLOWER_FOLLOWER for LEADER_FOLLOWER and FOL-
LOWER_LEADER (p < 0.05) and a larger negative phase shift in
anti-phase than in-phase for LEADER_FOLLOWER (p < 0.05).
This pattern of results, like that for the entire trials reported above,
replicates past findings (Amazeen et al., 1995).

For the healthy control group, the pattern of single sam-
ple t -tests investigating Leadership was in line with predictions:
significantly different from zero for LEADER_FOLLOWER and
FOLLOWER_LEADER but not significantly different for FOL-
LOWER_FOLLOWER. These results indicate that the matched
control subject, led when they had the smaller pendulum, followed
when they had the larger pendulum and did not lead or lag when
they had a pendulum of equal size to their partner. For the relatives
group, however, these t -tests revealed a different pattern: signifi-
cantly different from zero for LEADER_FOLLOWER for both the
first and the second segment, significantly different from zero for
FOLLOWER_LEADER for the First segment but not significant
from zero for the second segment, and not significantly different
for FOLLOWER_FOLLOWER for the first and the second segment
(see Table 3). These results confirmed that, unaffected relatives did
not lead the coordination during the first 30 s, even in those con-
ditions in which they should have (fast pendulum LEADER) (see
Figure 2).

Circular variance of the relative phasing
The ANOVA performed on the circular variance values in inten-
tional coordination task yielded a significant main effect of Pat-
tern for both segments (First 30 s: F(2, 25) = 10.105, p < 0.005,
"2

p = 0.280; Last 30 s: F(2, 25) = 14.983, p < 0.001, "2
p = 0.366 ).

This result demonstrates that the in-phase pattern was more sta-
ble than the anti-phase pattern. We found a significant effect of
Pendulum combination and a significant interaction between Pat-
tern and Pendulum Combination only in the last 30 s of the trial
(First 30 s: F(2, 25) = 1.523, p = 0.314; Last 30 s: F(2, 25) = 8.166,
p = 0.002, "2

p = 0.395 , and First 30 s: F(2, 25) = 1.213, p = 0.238;

Last 30 s: F(2, 25) = 4.785, p = 0.017, "2
p = 0.277, respectively).

These results demonstrate that swinging different pendulums with
different eigenfrequencies induced instability as predicted by past
research but only in the second half of the trials. However, the
ANOVA also showed a significant main effect of Group only for
the first 30 s of the trial (First 30 s: F(2, 25) = 4.279, p = 0.049,
"2

p = 0.141; Last 30 s: F(2, 25) = 1.484, p = 0.234). Hence, these
results indicate that the unaffected relatives were more variable in
IIMC compared to healthy controls for the first half of the trials
(see Figure 3).

CORRELATIONS BETWEEN COGNITIVE VARIABLES, NEUROLOGIC SOFT
SIGNS, AND MOTOR COORDINATION PERFORMANCES
As motor behavior can be influenced by several potential con-
founding variables such as depression (psychomotor slowing,
American Psychiatry Association, 2004) and anxiety level (anxiety
affects the degree to which we (are able to) control our movements
(Beilock and Gray, 2007), we controlled for these variables in cor-
relational analyses. In addition, we used the NSS scale (Krebs et al.,
2000), which is an indirect measure of motor behaviors abnormal-
ities that might have been induced by cardiovascular diseases such
as diabetic peripheral neuropathy (Bonnet and Lepeut, 2011) in
correlational analyses. Results showed no significant correlations
between cognitive (sustained attention), clinical (Neurologic soft
sign) variables, and UIMC and IIMC performances (all ps > 0.05)
in either the unaffected first-degree relatives or the control groups.

DISCUSSION
Identifying intermediate phenotypes for schizophrenia among at-
risk samples has become a critical area of investigation that can
possibly lead to more direct and earlier detection as well as inter-
vention programs (Keshavan et al., 2008). IMC has been proposed
as a potential candidate for intermediate phenotypes in schizo-
phrenia (Varlet et al., 2012b). However, compared with the abun-
dance of studies investigating cognitive intermediate phenotypes,

Table 3 | Means ± SD of Leadership of participants in two segments.

Pendulum combination Relatives group (n = 27) Zero Statistics p !2
p Control group (n = 27) Zero Statistics p !2

p

FIRST SEGMENT OF 30 s
LEADER_FOLLOWER !13.57 ± 13.62 0 t = !5.177 <0.001* 0.99 !9.34 ± 13.59 0 t = !3.573 <0.001 0.69
FOLLOWER_FOLLOWER !2.23 ± 11.53 0 t = !1.008 0.323 0.19 !1.77 ± 6.74 0 t = !1.364 0.184 0.26
FOLLOWER_LEADER 5.69 ± 12.52 0 t = 2.362 0.026* 0.45 5.63 ± 7.82 0 t = 3.737 <0.001 0.72
SECOND SEGMENT OF 30 s
LEADER_FOLLOWER !11.63 ± 13.25 0 t = !4.561 <0.001* 0.87 !7.89 ± 13.76 0 t = !2.981 0.006 0.57
FOLLOWER_FOLLOWER !1.56 ± 9.07 0 t = !0.894 0.379 0.17 !1.32 ± 7.07 0 t = !0.971 0.341 0.18
FOLLOWER_LEADER 4.12 ± 11.21 0 t = 1.756 0.156 0.33 3.96 ± 10.12 0 t = 2.036 0.052 0.40

aSingle sample t-tests. *p < 0.05.
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FIGURE 2 |The phase shift for intentional interpersonal motor
coordination (First 30 s). Significantly different from zero for
LEADER_FOLLOWER (t (26) = !4.561, p < 0.005) but not significantly
different for FOLLOWER_FOLLOWER and FOLLOWER_LEADER (p > 0.05)
in relatives group. Unaffected relatives never led the coordination. NS, not
significant. Error bars represent standard error.

FIGURE 3 | Intentional interpersonal motor coordination variability
(First 30 s). Significant difference between the two groups in anti-phase
coordination (F (2, 25) = 4.279, p = 0.049, "2

p = 0.141 ). Error bars represent
standard error.

research concerning motor coordination trait-markers, is in its
early stage.

The present study evaluated two forms of IMC, IIMC, and
UIMC, in relatives of patients compared to controls and exam-
ined the relationship between coordination performance, cogni-
tive, and clinical variables. It replicated different results already in
the literature. Unaffected individuals at family risk in our sample
showed significantly lower visual sustained attention than healthy
controls (Snizt et al., 2006). Concerning sensory and motor per-
formance identified by clinical examination, relative’s participants
presented significantly higher levels of NSSs compared to control
participants (Chan et al., 2010; Neelam et al., 2011). But for the
first time, controlling for potential confounding variables such as
depression, NSSs, anxiety level, we have shown that IIMC, but
not UIMC, is impaired in unaffected relatives of schizophrenia
patients. In other words, relatives of patients have difficulties to
voluntarily synchronize with a partner when they are explicitly
asked to coordinate with. However, if no instructions were given,
the relatives spontaneously synchronized with a partner in the

same way than control participants. More specifically, employing
a hand-held pendulum paradigm used by Varlet et al.’s (2012b)
study on schizophrenia, we found that relative participants had
greater variability and did not lead the coordination in the first
part of the trial.

Previous research showed that the strength of the perceptual
coupling, which influences the stability of such coordination,
depends on how people visually pickup information about the
movements of each other (Richardson et al., 2007). It has been
demonstrated that a stronger perceptual coupling, and thus the
more stable coordination, occurs when the movements of the
other person are visually tracked with the eyes (Schmidt et al.,
2007; Varlet et al., 2012a), or observed in central vision rather than
peripheral vision (Richardson et al., 2007). These results are of
particular interest in view of the impairment of the unaffected rel-
atives group. Our study showed that unaffected participants had
a sustained attention impairment compared to healthy controls.
This result suggests that unaffected relatives may need more time
to pickup information about the movements of other people. In
addition, they may also need more time to implement efficient
visual tracking. Several studies have shown that visual tracking
was impaired in relatives of schizophrenia patients, characterized
by global smooth pursuit dysfunction (Calkins et al., 2003, 2008).

Our findings also show that, similar to schizophrenia patients,
their relatives did not lead the coordination even in the condi-
tions in which they should have. A possible explanation of this
result is that unaffected relatives not only have a weaker percep-
tual coupling but also have a time delay in processing information
for visual motor coupling (Banerjee and Jirsa, 2007; Varlet et al.,
2012a). Research on neuroanatomical connectivity might explain
such a time delay. For example, in bimanual task, there is a con-
tribution from the contralateral and ispsilateral motor cortices
(Rokni et al., 2003). Thus, to move the right hand, information
must be transmitted between both cortices. Callosal fibers allow
interhemispheric crosstalk between the left and right hemispheres
and several studies have elucidated their important role in creat-
ing temporal couplings (Kennerley et al., 2002). An anomaly in
the callosal fibers could result in a slowdown in the transmission
of interhemispheric information. Recently, Knöchel et al. (2012)
has suggested that the volume of callosal fiber was significantly
reduced in schizophrenia patients and in their relatives compared
to healthy controls. Thus, in unaffected relatives, such as in schiz-
ophrenia, the reduction of volume of callosal fiber would lead to a
reduction of transmission of interhemispheric crosstalk and thus
to the occurrence of an offset in temporal coupling. Moreover, our
results in the attentional processes task showed that relatives have
reduced capacity for sustained attention compared to the control
group. This observation strengthens the time delay explanation
of the unaffected relatives’ phase shift. Thus, this offset in tempo-
ral coupling could result in the unaffected relatives not leading the
coordination even in the conditions in which they should have. All
these impairments (visual sustained attention, visual tracking and
a time delay in processing information) might have contributed to
an impaired social motor coordination in unaffected relatives.

Our results suggest that IIMC impairments could be consider
as a potential intermediate phenotype of schizophrenia. Indeed,
the results of our study are in line with the hypothesis that
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maintains that motor symptoms could constitute early symptoms
of the schizophrenia spectrum. Importantly, the lack of corre-
lation between clinical variables (i.e., depression, anxiety level,
NSS) and IMC performances in relatives group suggests that our
results are not due to these potential confounding variables. Past
studies have found that neuromotor abnormalities are evident as
early as infancy in prepsychotic individuals (Walker et al., 1994;
Rosso et al., 2000), suggesting that movement abnormalities may
also represent a core underlying vulnerability for psychosis and
predict the eventual conversion to psychosis (Mittal and Walker,
2007). In this study, our results suggest that an IMC impairment
matches the intermediate phenotype criteria for schizophrenia
(Gottesman and Gould, 2003). As stated above, to be useful an
intermediate phenotype must be: (1) associated with the illness;
(2) heritable to some degree; (3) observed in unaffected family
members to a greater extent than the general population; and (4)
state independent in affected individuals (Gottesman and Gould,
2003). First, we know that IMC impairment is associated with
schizophrenia (Varlet et al., 2012b). Secondly, our findings indi-
cate that this impairment is heritable to some degree because
we find it among unaffected parents of schizophrenia patients.
Third, we show that IMC impairment is observed in unaffected
family members to a greater extent than the general population.
Unfortunately, the cross-sectional design of our study does not
allow us to conclude for the fourth criterion “state independent in
affected individuals,” (i.e., manifests in an individual whether or
not illness is active). But, several studies suggest that adolescents
who later develop schizophrenia exhibit motor behavior disorders,
particularly motor dyscoordination, well before overt manifesta-
tions of the illness (Leask et al., 2002; Mittal et al., 2011). Future
research should assess the presence of IMC impairment in ado-
lescents with a high risk of schizophrenia in order to confirm the
fourth criterion.

As integrative modeling of multivariate data from familial, neu-
robiological, socio-environmental, cognitive, and clinical domains
represents a powerful approach to prediction of psychosis devel-
opment (Shah et al., 2012), our results suggest that IIMC could be
used as complementary measure to the existing ones in the early
diagnosis of individuals with high risk of developing schizophre-
nia. However, further studies are needed to assess whether motor
coordination could be a more sensitive measure or a more direct
predictor of conversion than the existing ones. In addition, from
a therapeutic point of view, recent data suggest the possibility that
early psychosocial interventions with high-risk individuals might
have the potential to delay the course or prevent the transition to
psychosis (Stafford et al., 2013). Given that the effectiveness of an
interaction has been shown to be directly linked to the degree of
interpersonal coordination (Marsh et al., 2009), behavioral reha-
bilitation protocols that can help patients with schizophrenia to
learn or relearn how to coordinate with the others might help
patients adopt better natural social dynamics and better manage
interpersonal relations in general.

The present study possesses some limitations. First, the sample
size for the relatives group was small, which may have influenced
the power of the tests to detect differences between the relatives
group and the control group. Future research should confirm
our findings using a larger sample. Another limitation is that the

observation that the motor coordination impairments of schizo-
phrenic patients (Varlet et al., 2012b) are found in their relatives
may not be an argument for“genetic heritability.”Our results allow
only the identification of so-called intermediate phenotypes that
are detectable both in schizophrenia patients and in a higher pro-
portion of their unaffected relatives than in the population at large.
Moreover, future research should also confirm our findings in sib-
lings of schizophrenia patients. Finally, due the cross-sectional
design of our study, longitudinal studies are needed to objectively
assess if motor coordination impairments could be precursor of
psychosis.

CONCLUSION
The main aim of the present study was to assess IMC in unaf-
fected relatives of schizophrenia patients. For the first time, we
showed that, whereas relatives of schizophrenia patients have nor-
mal UIMC, they have a lower stability of IIMC and did not lead the
coordination in IIMC. These results have previously been found in
schizophrenia patients; and consequently, one can infer that these
social motor coordination impairments are associated with schiz-
ophrenia and that they are observed in unaffected relatives to a
greater extent than the general population. Consequently, we have
provided evidence to support the claim that social motor coordina-
tion could be considered as a trait-marker that might be associated
with the risk for schizophrenia. This study showed the necessity to
assess the motor dimension as an embodiment of mental disorders
and to determine the impact of such impairments in daily living of
patients and their relatives. The clinical significance of our finding
lies in early diagnostics and in the field of preventative interven-
tions, which therapeutically might target the motor aspect of social
abilities in non-clinical individuals with a genetic risk of schizo-
phrenia. Finally, future research should compare IMC with other
mental disorders such as bipolar and autistic disorders, for exam-
ple, in order to evaluate whether motor coordination impairment
is a trait-marker that might be associated with social disorders in
general.

AUTHORS CONTRIBUTIONS
Jonathan Del-Monte, Stéphane Raffard, Delphine Capdevielle,
Ludovic Marin, Robin N. Salesse, Richard C. Schmidt, Manuel
Varlet, Benoît G. Bardy, Jean Philippe Boulenger, and Marie Chris-
tine Gély-Nargeot contributed to the study design. Stéphane
Raffard recruited and Jonathan Del-Monte assessed the partic-
ipants. Jonathan Del-Monte, Richard C. Schmidt, and Manuel
Varlet performed the statistical analysis. Jonathan Del-Monte,
Stéphane Raffard, Delphine Capdevielle, Ludovic Marin, and
Manuel Varlet prepared the manuscript, with feedback from the
other authors.

ACKNOWLEDGMENTS
This study was supported by an Agence Nationale de la Recherche
grant (Project SCAD # ANR-09-BLAN-0405-03). This research
was supported by AlterEgo, a project funded by the European
Union FP7 (grant #600610). We thank “l’Union Nationale de
Familles et Amis de Personnes Malades et/ou Handicapées Psy-
chiques” (UNAFAM) association of Montpellier and all the
participants for their involvement in this study.

Frontiers in Behavioral Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 137 | 8

http://www.frontiersin.org/Behavioral_Neuroscience/archive
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Del-Monte et al. Social motor impairments in relatives

REFERENCES
Amazeen, P. G., Schmidt, R., and Tur-

vey, M. (1995). Frequency detuning
of the phase entrainment dynamics
of visually coupled rhythmic move-
ments. Biol. Cybern. 72, 511–518.
doi:10.1007/BF00199893

American Psychiatry Association.
(2004). MINI DSM-IV-TR: Critères
Diagnostiques. Paris: Masson.

Bachmann, S., Bottmer, C., and
Schroder, J. (2005). Neurolog-
ical soft signs in first-episode
schizophrenia: a follow-up study.
Am. J. Psychiatry 162, 2337–43.
doi:10.1176/appi.ajp.162.12.2337

Banerjee,A., and Jirsa,V. K. (2007). How
do neural connectivity and time
delays influence bimanual coordi-
nation? Biol. Cybern. 96, 265–278.
doi:10.1007/s00422-006-0114-4

Beck, A. T., Steer, R. A., Ball, R.,
and Ranieri, W. (1996). Compar-
ison of beck depression inven-
tory -IA and II in psychiatric
outpatient. J. Pers. Assess. 67,
588–597. doi:10.1207/
s15327752jpa6703_13

Beilock, S. L., and Gray, R. (2007). “Why
do athletes choke under pressure?,”
in Handbook of Sport Psychology,Vol.
3, eds G. Tenenbaum, and R. C.
Eklund (Hoboken: John Wiley and
Sons), 425–444.

Bonnet, C. T., and Lepeut, M. (2011).
Proximal postural control mecha-
nisms may be exaggeratedly adopted
by individuals with peripheral defi-
ciencies: a review. J. Mot. Behav.
43, 319–328. doi:10.1080/00222895.
2011.589415

Brickenkamp, R. (1994). Test d2
Aufmerksamkeits-Belastungs-Test.
Handanweisung. 8., Erweiterte und
neu Gestaltete Auflage. Göttingen:
Hogrefe.

Calkins, M. E., Iacono, W. G., and Cur-
tis, C. E. (2003). Smooth pursuit
and antisaccade performance evi-
dence trait stability in schizophre-
nia patients and their relatives. Int.
J. Psychophysiol. 49, 139–146. doi:10.
1016/S0167-8760(03)00101-6

Calkins, M. E., Iacono, W. G., and
Ones, D. S. (2008). Eye movement
dysfunction in first-degree relatives
of patients with schizophrenia: a
meta-analytic evaluation of candi-
date endophenotypes. Brain Cogn.
68, 436–461. doi:10.1016/j.bandc.
2008.09.001

Chan, R. C., and Gottesman, I. I. (2008).
Neurological soft signs as can-
didate endophenotypes for schiz-
ophrenia: a shooting star or a
Northern star? Neurosci. Biobehav.
Rev. 32, 957–971. doi:10.1016/j.
neubiorev.2008.01.005

Chan, R. C., Xu, T., Heinrichs, R. W.,
Yu, Y., and Wang, Y. (2010). Neu-
rological soft signs in schizophre-
nia: a meta-analysis. Schizophr. Bull.
36, 1089–1104. doi:10.1093/schbul/
sbp011

Chen, E. Y., Hui, C. L., Chan, R. C.,
Dunn, E. L., Miao, M. Y., Yeung, W.
S., et al. (2005). A 3-year prospec-
tive study of neurological soft signs
in first-episode schizophrenia. Schiz-
ophr. Res. 75, 45–54. doi:10.1016/j.
schres.2004.09.002

Egan, M. F., Hyde, T. M., Bonomo, J. B.,
Mattay, V. S., Bigelow, L. B., Gold-
berg, T. E., et al. (2001). Relative risk
of neurological signs in siblings of
patients with schizophrenia. Am. J.
Psychiatry 158, 1827–1834. doi:10.
1176/appi.ajp.158.11.1827

Erol, A., Mete, L., Sommez, I., and
Unal, E. K. (2010). Facial emotion
recognition in patients with schiz-
ophrenia and their siblings. Nord.
J. Psychiatry 64, 63–67. doi:10.3109/
08039480903511399

Folstein, M. F., Folstein, S. E., and
McHugh, P. R. (1975). “Mini-mental
state”. A practical method for grad-
ing the cognitive state of patients
for the clinician. J. Psychiatr. Res. 12,
189–198.

Glahn, D. C., Almasy, L., Blangero, J.,
Burk, G. M., Estrada, J., Peralta, J. M.,
et al. (2007). Adjudicating neurocog-
nitive endophenotypes for schizo-
phrenia. Am. J. Med. Genet. B Neu-
ropsychiatr. Genet. 144B, 242–249.
doi:10.1002/ajmg.b.30446

Gottesman, I. I., and Gould, T. D.
(2003). The endophenotype con-
cept in psychiatry: etymology and
strategic intentions. Am. J. Psychia-
try 160, 636–645. doi:10.1176/appi.
ajp.160.4.636

Gottesman, I. I., and Shields, J. (1973).
Genetic theorizing and schizophre-
nia. Br. J. Psychiatry 122, 15–30.
doi:10.1192/bjp.122.1.15

Gould, T. D., and Gottesman, I. I.
(2006). Psychiatric endophenotypes
and the development of valid ani-
mal models. Genes Brain Behav. 5,
113–119. doi:10.1111/j.1601-183X.
2005.00186.x

Haken, H., Kelso, J. A. S., and Bunz, H.
(1985). A theoretical model of phase
transitions in human hand move-
ments. Biol. Cybern. 51, 347–356.
doi:10.1007/BF00336922

Johansen, T. I., Samani, A., Antle, D.
M., Côté, J. N., and Madeleine, P.
(2013). Gender effects on the coordi-
nation of subdivisions of the trapez-
ius muscle during a repetitive box-
folding task. Eur. J. Appl. Physiol.
113, 175–182. doi:10.1007/s00421-
012-2425-6

Katic, R., Bala, G., and Barovic, Z.
(2012). Gender differentiations of
cognitive-motor functioning in pre-
pubertal and pubertal children. Coll.
Antropol. 36, 563–572.

Katic, R., Pavic, R., and Cavala, M.
(2013). Quantitative sex differenta-
tions of motor abilities in children
aged 11-14. Coll. Antropol. 37, 81–86.

Kelso, J. A. (1984). Phase transitions and
critical behavior in human bimanual
coordination. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 246, R1000.

Kelso, J. A. S., and Schöner, G.
(1988). Self-organization of coor-
dinative movement patterns. Hum.
Mov. Sci. 7, 27–46. doi:10.1016/
0167-9457(88)90003-6

Kennerley, S. W., Diedrichsen, J., Hazel-
tine, E., Semjen, A., and Ivry, R. B.
(2002). Callosotomy patients exhibit
temporal uncoupling during con-
tinuous bimanual movements. Nat.
Neurosci. 5, 376–381. doi:10.1038/
nn822

Keshavan, M. S., Tandon, R., Boutros,
N., and Nasrallah, H. (2008). Schiz-
ophrenia, “just the facts”: what we
know in 2008 part 3: neurobiology.
Schizophr. Res. 106, 89–107. doi:10.
1016/j.schres.2008.07.020

Knöchel, C., Oertel-Knöchel, V., Schön-
meyer, R., Rotarska-Jagiela, A., van
deVen,V., Prvulovic, D., et al. (2012).
Interhemispheric hypoconnectivity
in schizophrenia: fiber integrity and
volume differences of the corpus cal-
losum in patients and unaffected rel-
atives. Neuroimage 59, 926–934. doi:
10.1016/j.neuroimage.2011.07.088

Krebs, M. O., Gut-Fayand, A., Bour-
del, M., Dischamp, J., and Olié,
J. (2000). Validation and factorial
structure of a standardized neuro-
logical examination assessing neuro-
logical soft signs in schizophrenia.
Schizophr. Res. 45, 245–260. doi:10.
1016/S0920-9964(99)00206-6

Leask, S. J., Done, D. J., and Crow,
T. J. (2002). Adult psychosis, com-
mon childhood infections and neu-
rological soft signs in a national
birth cohort. Br. J. Psychiatry 181,
387–392. doi:10.1192/bjp.181.5.387

Liebowitz, M. R. (1987). Social phobia.
Mod. Probl. Pharmacopsychiatry 22,
141–173.

Mackinnon,A., and Mulligan,R. (2005).
[The estimation of premorbid intel-
ligence levels in French speakers].
Encephale 31, 31–43. doi:10.1016/
S0013-7006(05)82370-X

Marsh, K. L., Richardson, M. J.,
and Schmidt, R. C. (2009). Social
connection through joint action
and interpersonal coordination. Top.
Cogn. Sci. 1, 320–339. doi:10.3389/
fnhum.2012.00312

Mittal, A. V., Jalbrzikowski, M., Daley,
M., Roman, C., Bearden, C. E., and
Cannon, T. D. (2011). Abnormal
movements are associated with poor
psychosocial functioning in adoles-
cents at high risk for psychosis.
Schizophr. Res. 130, 164–169. doi:10.
1016/j.schres.2011.05.007

Mittal, A. V., and Walker, E. F. (2007).
Movement abnormalities predict
conversion to axis I psychosis among
prodromal adolescents. J. Abnorm.
Psychol. 116, 796–803. doi:10.1037/
0021-843X.116.4.796

Neelam, K., Garg, D., and Marshall,
M. (2011). A systematic review
and meta-analysis of neurological
soft signs in relatives of people
with schizophrenia. BMC Psychiatry
11:139. doi:10.1186/1471-244X-11-
139

Pearlson, G. D., and Folley, B. S.
(2008). Schizophrenia, psychiatric
genetics, and Darwinian psychiatry:
an evolutionary framework. Schizo-
phr. Bull. 34, 722–733. doi:10.1093/
schbul/sbm130

Peper, C. L. E., Beek, P. J., and
van Wieringen, P. C. W. (1995).
Frequency-induced phase transi-
tions in bimanual tapping. Biol.
Cybern. 73, 301–309. doi:10.1007/
BF00199466

Pikovsky, A., Rosenblum, M., and
Kurths, J. (2003). Synchronization: A
Universal Concept in Nonlinear Sci-
ences. England: Cambridge Univer-
sity Press.

Richardson, M. J., Marsh, K., Isenhower,
R., Goodman, J., and Schmidt, R.
C. (2007). Rocking together: dynam-
ics of intentional and unintentional
interpersonal coordination. Hum.
Mov. Sci. 26, 867–891. doi:10.1016/
j.humov.2007.07.002

Riley, M. A., Santana, M. V., and Turvey,
M. (2001). Deterministic variability
and stability in detuned bimanual
rhythmic coordination. Hum. Mov.
Sci. 20,343–369. doi:10.1016/S0167-
9457(01)00051-3

Rokni, U., Steinberg, O., Vaadia, E., and
Sompolinsky, H. (2003). Cortical
representation of bimanual move-
ments. J. Neurosci. 23, 11577–11586.

Rosso, I. M., Bearden, C. E., Hol-
lister, J. M., Gasperoni, T. L.,
Sanchez, L. E., Hadley, T., et al.
(2000). Childhood neuromotor dys-
function in schizophrenia patients
and their unaffected siblings: a
prospective cohort study. Schizo-
phr. Bull. 26, 367–378. doi:10.1093/
oxfordjournals.schbul.a033459

Scheffer, R. E. (2004). Abnormal neu-
rological signs at the onset of psy-
chosis. Schizophr. Res. 70, 19–26. doi:
10.1016/j.schres.2003.10.007

Frontiers in Behavioral Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 137 | 9

http://www.frontiersin.org/Behavioral_Neuroscience/archive
http://dx.doi.org/10.1007/BF00199893
http://dx.doi.org/10.1176/appi.ajp.162.12.2337
http://dx.doi.org/10.1007/s00422-006-0114-4
http://dx.doi.org/10.1207/s15327752jpa6703_13
http://dx.doi.org/10.1207/s15327752jpa6703_13
http://dx.doi.org/10.1080/00222895.2011.589415
http://dx.doi.org/10.1080/00222895.2011.589415
http://dx.doi.org/10.1016/S0167-8760(03)00101-6
http://dx.doi.org/10.1016/S0167-8760(03)00101-6
http://dx.doi.org/10.1016/j.bandc.2008.09.001
http://dx.doi.org/10.1016/j.bandc.2008.09.001
http://dx.doi.org/10.1016/j.neubiorev.2008.01.005
http://dx.doi.org/10.1016/j.neubiorev.2008.01.005
http://dx.doi.org/10.1093/schbul/sbp011
http://dx.doi.org/10.1093/schbul/sbp011
http://dx.doi.org/10.1016/j.schres.2004.09.002
http://dx.doi.org/10.1016/j.schres.2004.09.002
http://dx.doi.org/10.1176/appi.ajp.158.11.1827
http://dx.doi.org/10.1176/appi.ajp.158.11.1827
http://dx.doi.org/10.3109/08039480903511399
http://dx.doi.org/10.3109/08039480903511399
http://dx.doi.org/10.1002/ajmg.b.30446
http://dx.doi.org/10.1176/appi.ajp.160.4.636
http://dx.doi.org/10.1176/appi.ajp.160.4.636
http://dx.doi.org/10.1192/bjp.122.1.15
http://dx.doi.org/10.1111/j.1601-183X.2005.00186.x
http://dx.doi.org/10.1111/j.1601-183X.2005.00186.x
http://dx.doi.org/10.1007/BF00336922
http://dx.doi.org/10.1007/s00421-012-2425-6
http://dx.doi.org/10.1007/s00421-012-2425-6
http://dx.doi.org/10.1016/0167-9457(88)90003-6
http://dx.doi.org/10.1016/0167-9457(88)90003-6
http://dx.doi.org/10.1038/nn822
http://dx.doi.org/10.1038/nn822
http://dx.doi.org/10.1016/j.schres.2008.07.020
http://dx.doi.org/10.1016/j.schres.2008.07.020
http://dx.doi.org/10.1016/j.neuroimage.2011.07.088
http://dx.doi.org/10.1016/S0920-9964(99)00206-6
http://dx.doi.org/10.1016/S0920-9964(99)00206-6
http://dx.doi.org/10.1192/bjp.181.5.387
http://dx.doi.org/10.1016/S0013-7006(05)82370-X
http://dx.doi.org/10.1016/S0013-7006(05)82370-X
http://dx.doi.org/10.3389/fnhum.2012.00312
http://dx.doi.org/10.3389/fnhum.2012.00312
http://dx.doi.org/10.1016/j.schres.2011.05.007
http://dx.doi.org/10.1016/j.schres.2011.05.007
http://dx.doi.org/10.1037/0021-843X.116.4.796
http://dx.doi.org/10.1037/0021-843X.116.4.796
http://dx.doi.org/10.1186/1471-244X-11-139
http://dx.doi.org/10.1186/1471-244X-11-139
http://dx.doi.org/10.1093/schbul/sbm130
http://dx.doi.org/10.1093/schbul/sbm130
http://dx.doi.org/10.1007/BF00199466
http://dx.doi.org/10.1007/BF00199466
http://dx.doi.org/10.1016/j.humov.2007.07.002
http://dx.doi.org/10.1016/j.humov.2007.07.002
http://dx.doi.org/10.1016/S0167-9457(01)00051-3
http://dx.doi.org/10.1016/S0167-9457(01)00051-3
http://dx.doi.org/10.1093/oxfordjournals.schbul.a033459
http://dx.doi.org/10.1093/oxfordjournals.schbul.a033459
http://dx.doi.org/10.1016/j.schres.2003.10.007
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Del-Monte et al. Social motor impairments in relatives

Schmidt, R. C., Carello, C., and Turvey,
M. T. (1990). Phase transitions
and critical fluctuations in the
visual coordination of rhythmic
movements between people. J. Exp.
Psychol. Hum. Percept. Perform. 16,
227. doi:10.1037/0096-1523.16.2.
227

Schmidt, R. C., Fitzpatrick, P., Caron,
R., and Mergeche, J. (2011). Under-
standing social motor coordination.
Hum. Mov. Sci. 30, 834–845. doi:10.
1016/j.humov.2010.05.014

Schmidt, R. C., and O’Brien, B. (1997).
Evaluating the dynamics of unin-
tended interpersonal coordination.
Ecol. Psychol. 9, 189–206. doi:10.
1207/s15326969eco0903_2

Schmidt, R. C., Richardson, M. J.,
Arsenault, C., and Galantucci, B.
(2007). Visual tracking and entrain-
ment to an environmental rhythm.
J. Exp. Psychol. Hum. Percept. Per-
form. 33, 860–870. doi:10.1037/
0096-1523.33.4.860

Schmidt, R. C., Shaw, B., and Turvey,
M. (1993). Coupling dynamics in
interlimb coordination. J. Exp. Psy-
chol. Hum. Percept. Perform. 19, 397.
doi:10.1037/0096-1523.19.2.397

Schmidt, R. C., and Turvey, M.
(1994). Phase-entrainment dynam-
ics of visually coupled rhyth-
mic movements. Biol. Cybern. 70,
369–376. doi:10.1007/BF00200334

Schöner, G., Haken, H., and Kelso,
J. A. S. (1986). A stochastic the-
ory of phase transitions in human

hand movement. Biol. Cybern. 53,
247–257. doi:10.1007/BF00336995

Shah, J., Eack, S. M., Montrose, D.
M., Tandon, N., Miewald, J. M.,
Prasad, K. M., et al. (2012). Multi-
variate prediction of emerging psy-
chosis in adolescents at high risk for
schizophrenia. Schizophr. Res. 141,
189–196. doi:10.1016/j.schres.2012.
08.012

Sheehan, D. V., Lecrubier, Y., Shee-
han, K. H., Amorim, P., Janavs,
J., Weiller, E., et al. (1998). The
mini-international neuropsychiatric
interview (M.I.N.I.): the develop-
ment and validation of a structured
diagnostic psychiatric interview for
DSM-IV and ICD-10. J. Clin. Psychi-
atry 59(Suppl. 20), 22–33.quiz 34–
57

Snizt, B. E., Macdonald, A. W. III,
and Carter, C. S. (2006). Cogni-
tive deficits in unaffected first-degree
relatives of schizophrenia patients:
a meta-analytic review of putatives
endophenotypes. Schizophr. Bull. 32,
179–194.

Stafford, M. R., Jackson, H., Mayo-
Wilson, E., Morrison, A. P., and
Kendall, T. (2013). Early interven-
tions to prevent psychosis: system-
atic review and meta-analysis. BMJ
346, f185. doi:10.1136/bmj.f185

Thaker, G. K. (2007). Schizophrenia
endophenotypes as treatment tar-
gets. Expert Opin. Ther. Targets 11,
1189–1206. doi:10.1517/14728222.
11.9.1189

van Ulzen, N. R., Lamoth, C. J., Daf-
fertshofer, A., Semin, G. R., and
Beek, P. J. (2008). Characteristics of
instructed and uninstructed inter-
personal coordination while walk-
ing side-by-side. Neurosci. Lett. 432,
88–93. doi:10.1016/j.neulet.2007.11.
070

Varlet, M., Coey, C. A., Schmidt, R.
C., and Richardson, M. J. (2012a).
Influence of stimulus amplitude
on unintended visuomotor entrain-
ment. Hum. Mov. Sci. 31, 541–552.
doi:10.1016/j.humov.2011.08.002

Varlet, M., Marin, L., Raffard, S.,
Schmidt, R. C., Capdevielle, D.,
Boulenger, J. P., et al. (2012b).
Impairments of social motor coordi-
nation in schizophrenia. PLoS ONE
7:e29772. doi:10.1371/journal.pone.
0029772

Walker, E. F., Savoie, T., and Davis,
D. (1994). Neuromotor precursors
of schizophrenia. Schizophr. Bull.
20, 441–451. doi:10.1093/schbul/20.
3.441

Winter, D. A. (1990). Biomechanics and
Motor Control of Human Movement,
2nd Edn. New York: Wiley and
028 Sons.

Woodward, N. D., Waldie, B., Rogers,
B., Tibbo, P., Seres, P., and Purdon,
S. E. (2009). Abnormal prefrontal
cortical activity and connectivity
during response selection in first
episode psychosis, chronic schiz-
ophrenia, and unaffected siblings
of individuals with schizophrenia.

Schizophr. Res. 109, 182–190. doi:10.
1016/j.schres.2008.11.028

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 18 July 2013; accepted: 16 Sep-
tember 2013; published online: 02 Octo-
ber 2013.
Citation: Del-Monte J, Capdevielle D,
Varlet M, Marin L, Schmidt RC,
Salesse RN, Bardy BG, Boulenger JP,
Gély-Nargeot MC, Attal J and Raf-
fard S (2013) Social motor coordination
in unaffected relatives of schizophrenia
patients: a potential intermediate pheno-
type. Front. Behav. Neurosci. 7:137. doi:
10.3389/fnbeh.2013.00137
This article was submitted to the journal
Frontiers in Behavioral Neuroscience.
Copyright © 2013 Del-Monte, Capde-
vielle, Varlet , Marin, Schmidt , Salesse,
Bardy, Boulenger, Gély-Nargeot , Attal
and Raffard. This is an open-access arti-
cle distributed under the terms of the Cre-
ative Commons Attribution License (CC
BY). The use, distribution or reproduc-
tion in other forums is permitted, pro-
vided the original author(s) or licensor
are credited and that the original publica-
tion in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Behavioral Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 137 | 10

http://www.frontiersin.org/Behavioral_Neuroscience/archive
http://dx.doi.org/10.1037/0096-1523.16.2.227
http://dx.doi.org/10.1037/0096-1523.16.2.227
http://dx.doi.org/10.1016/j.humov.2010.05.014
http://dx.doi.org/10.1016/j.humov.2010.05.014
http://dx.doi.org/10.1207/s15326969eco0903_2
http://dx.doi.org/10.1207/s15326969eco0903_2
http://dx.doi.org/10.1037/0096-1523.33.4.860
http://dx.doi.org/10.1037/0096-1523.33.4.860
http://dx.doi.org/10.1037/0096-1523.19.2.397
http://dx.doi.org/10.1007/BF00200334
http://dx.doi.org/10.1007/BF00336995
http://dx.doi.org/10.1016/j.schres.2012.08.012
http://dx.doi.org/10.1016/j.schres.2012.08.012
http://dx.doi.org/10.1136/bmj.f185
http://dx.doi.org/10.1517/14728222.11.9.1189
http://dx.doi.org/10.1517/14728222.11.9.1189
http://dx.doi.org/10.1016/j.neulet.2007.11.070
http://dx.doi.org/10.1016/j.neulet.2007.11.070
http://dx.doi.org/10.1016/j.humov.2011.08.002
http://dx.doi.org/10.1371/journal.pone.0029772
http://dx.doi.org/10.1371/journal.pone.0029772
http://dx.doi.org/10.1093/schbul/20.3.441
http://dx.doi.org/10.1093/schbul/20.3.441
http://dx.doi.org/10.1016/j.schres.2008.11.028
http://dx.doi.org/10.1016/j.schres.2008.11.028
http://dx.doi.org/10.3389/fnbeh.2013.00137
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org

	Social motor coordination in unaffected relatives of schizophrenia patients: a potential intermediate phenotype
	Introduction
	Materials and Methods
	Participants
	Materials
	Interpersonal motor coordination task
	Procedure
	Statistical analysis

	Results
	Unintentional interpersonal motor coordination
	Intentional interpersonal motor coordination
	Phase shift of the relative phase
	Circular variance of the relative phasing

	Intentional interpersonal motor coordination analyzed in two segments
	Phase shift of the relative phase
	Circular variance of the relative phasing

	Correlations between cognitive variables, neurologic soft signs, and motor coordination performances

	Discussion
	Conclusion
	Authors Contributions
	Acknowledgments
	References


