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Abstract The links between music and human movement have been shown
to provide insight into crucial aspects of human’s perception, cognition, and
sensorimotor systems. In this study, we examined the influence of music on
movement during standstill by analyzing head sway fractality, with the aim
of further characterizing the correspondences between movement, music, and
cognition. Eighty seven participants were asked to stand as still as possible for
500 seconds while being presented with alternating silence and musical stimuli.
The auditory stimuli were all rhythmic in nature, ranging from a metronome
track to complex electronic dance music. The head position of each participant
was captured with an optical motion capture system. Long-range correlations
of head movement were estimated by detrended fluctuation analysis (DFA).
The results support findings from previous work on the movement-inducing
effect of music, showing significantly greater head sway and lower head sway
fractality during the music stimuli. In addition, the patterns across stimuli
suggest that there is a two-way adaptation process, with the music stimuli
influencing head sway while at the same time fractality modulated movement
responses. The results indicate that fluctuations in head movement in both
conditions exhibit long-range correlations, suggesting that the effects of music
on head movement depended not only on the value of the most recent measured
intervals, but also on the values of those intervals at distant times.
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1 Introduction

1.1 Music-induced movement

Several studies have shown that exposure to music induces a number of phys-
iological and psychological reactions in humans (Blood and Zatorre, 2001;
Hodges, 2009; Janata et al., 2012). More particularly, music can induce spon-
taneous body movement either as simple as tapping and nodding, or as com-
plex as full-body movements (Madison, 2006; Kilchenmann and Senn, 2015;
Burger et al., 2013).

Some of the links between music and body movement have been partially
described through the theory of embodied music cognition, which is based on
the idea that human cognitive processes require the coordinated interactions
between the environment, the sensorimotor system, and the body (Leman,
2008; Perlovsky, 2015; Lesaffre et al., 2017). In the embodied music cognition
theory, the coupling between action and perception is bidirectional, that is,
music perception requires action (Leman, 2008). In this context, synchroniz-
ing movement to music might occur spontaneously as means of engaging and
facilitating the cognitive processes involved in music listening.

Music-induced body movement has been shown to be related to the groove,
a particular rhythmic ‘feel’ that is often found in music that inspire danc-
ing (Madison, 2006; Janata et al., 2012; Witek et al., 2014). The perception
of groove in music has been found to be highly associated with changes in
loudness, pulse clarity, and spectral flux (Stupacher et al., 2014), as well as
micro-timing (Câmara and Danielsen, 2018).

In an effort to better understand embodiment to high-groove music, Burger
and Toiviainen (2018) studied free-dance to music and showed that move-
ment acceleration across the body was significantly higher during electronic
dance music (EDM) than when compared to other music genres. In partic-
ular, they found correlations between acceleration and groove-related music
features, such as clearer rhythmic structures. In a separate study, using ex-
cerpts from six classic Motown R&B songs at different tempos, Burger et al.
(2018) observed that participants synchronized different body parts to specific
metrical levels, with low-frequency flux and slower tempo being associated
with movement synchronization with the beat level, and weak flux favoring
synchronization of head and hands at the bar level.

The physiological basis for music-inducing bodily processes can be partially
explained from the roles of the vestibular system in both psychoacoustics and
music cognition. Todd (1999) observed how modulated vestibular responses
can create a sensation of movement signals after exposure to acoustic sequences
of varying amplitude and pulse. Along this line, Phillips-Silver and Trainor
(2008) conducted studies in which participants’ interpretation of rhythmic
patterns was shown to be affected by synchronizing their body movement to
a certain beat. Such body movements did not need to be voluntary to affect
music cognitive processes, but the movement of the head was shown to be
more crucial than that of the other examined body parts. These works build
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on the studies by Todd (1999) on the role of the vestibular system in music-
induced movement, and provide additional evidence to the underlying role of
head motion on cognitive processes of rhythm.

We have been investigating the effects of music on people when they try
to stand still (Gonzalez Sanchez et al., 2018), as a way to study spontaneous
and sometimes involuntary responses to music. This has been done by captur-
ing participants’ involuntary head movement while listening to music. Cross-
correlation of such ”micromovement” with various music features, showed cor-
respondences between pulse clarity and vertical head motion for the electronic
dance music stimulus, with significant differences in measured lag between
pulse clarity and movement events. In contrast, cross-correlations between
events in the movement time series and extracted sound features from stim-
uli such as classical Indian music and Norwegian folk music did not show
significant correspondences. Overall, movement was significantly greater for
the electronic dance music segment across groups and participants. These re-
sults are in line with previous studies on the role of head movement and the
vestibular system in music cognitive processes. They also provided additional
evidence to the role of groove-related music features and music-induced body
movement.

Previously, Ross et al. (2016) explored the influence of musical groove on
balance control mechanisms during standing. This was done by correlating
events in the recorded center of pressure (CoP) time series with events in the
music stimuli of varying groove content. CoP sway variability during high-
groove music stimuli was shown to decrease compared to sway variability
during low-groove music. Additionally, the subjective musical experience was
observed to influence the amount of postural variability. Notably, such effects
of groove on postural sway were observed at various temporal scales: high-
groove favored entrainment to shorter, rhythmic features, while low-groove
favored entrainment to longer timescale features.

The multi-scale correspondences between music and CoP sway found by
Ross et al. (2016) shed light on the complex mechanisms that underlie human
posture control and its sensorimotor aspects. It has been shown that the human
posture control system is not based on one single physical principle. Rather
it is the result of nonlinear integration of sensory signals originating from the
visual, vestibular, and other proprioceptive systems, which in turn control the
musculoskeletal system in order to maintain an upright position (Collins and
De Luca, 1993; Thurner et al., 2000; Duarte and Sternad, 2008).

Furthermore, fluctuations in postural sway have been shown to be asso-
ciated with neuromuscular processes during balance control that are highly
influenced by sensory information and cognitive tasks (Balasubramaniam and
Wing, 2002; Duarte and Sternad, 2008). The characterization of such links be-
tween postural fluctuations and complex environmental rhythms across tem-
poral scales can reveal fundamental information on both balance control and
music cognition mechanisms (Ross et al., 2016; Balasubramaniam and Wing,
2002).
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There are still many open questions regarding the role of the sensory sys-
tem in postural control during cognitive and goal oriented tasks. In this study
we aim at exploring such links between involuntary movement and sensory
input through head sway during a non-conventional and counter-intuitive goal
oriented task. In our study, the participants were asked to stand as still as pos-
sible for 500 seconds, while being exposed to randomized auditory stimuli and
silence. As in Gonzalez Sanchez et al. (2018), we speculate that this paradigm
provides opportunities for exploring subtle spontaneous and involuntary move-
ment to music, as well as behavioral outputs in competitive and social settings
in the context of music cognition, perception and control theories.

1.2 Fractality

The dynamic complexity of human posture temporal fluctuations has been
shown to correspond not simply to uncorrelated random errors, but to memory
processes, that is, events with long-range correlations (Duarte and Zatsiorsky,
2002). Such fluctuations have been observed to possess fractal properties, such
as self-similarity extending over a wide range of measurement scales (Blázquez
et al., 2009). For example, Duarte and Zatsiorsky (2002) observed very low
frequencies in CoP displacement during natural standing, with further studies
linking such low frequencies with high correlations between data points that
are farther apart in time Duarte and Sternad (2008); Blázquez et al. (2009).

The presence of fractal properties in behavioral and physiological outputs
has been demonstrated to be a critical marker of physiological complexity and
health in humans (Bassingthwaighte et al., 2013). Healthy and unperturbed
systems present fractal properties, while aging and disease is regularly related
to disappearance of such fractal properties (Bassingthwaighte et al., 2013;
Alves et al., 2017).

In this context, studies on the sway of the human body during standing
have revealed the fractal properties of center of mass (CoM) and CoP tra-
jectories, observing a decrease in the fractal properties of posture control in
the presence of disturbances (Liang et al., 2017), and with age (Duarte and
Sternad, 2008). However, the majority of research on the fractality of human
posture control during standing have focused on ”standing as still as possible”
without auditory perturbations.

Kelty-Stephen and Dixon (2014) found that fractal fluctuations in head
sway allow wider perceptual-motor exploration, and aid in the generation of
a perceptual response. The participants in their study used exploratory hand-
wielding of unseen objects to make visually guided length judgments. A series
of multiple linear regression models showed that fractal fluctuations in mea-
sured head sway were significantly modulating the use of visual information.
It was further found that the ability to successfully process and complete the
task positively correlated with progressively stronger signatures of fractality.
Such findings and conclusions are in line with studies on fractal fluctuations
reflecting the flow of cognitive processes and aiding in the integration of sen-
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sorimotor phases (Dixon et al., 2012). However, although fractal fluctuations
have been shown to be present in multiple physiological processes and struc-
tures, they do not occur explicitly for perception, and their role in sensorimotor
and cognitive processes has yet to be fully understood.

The aim of the present study is to link previous findings on embodied music
cognition, music-induced movement, and the fractality of human behavioral
outputs by comparing head movement between audio and silence conditions
during standstill. We hypothesize that:

– Head sway during standstill displays greater movement during music con-
ditions than silence conditions, and in particular when listening to music
stimuli with a higher level of groove.

– Head sway displays the same fractal properties found in previous human
perception and cognition studies, and that such fractal properties would
be significantly affected by the music condition.

– Music-induced movement depends also on the fractal properties of head
sway.

We apply detrended fluctuation analysis (DFA) to estimate the fractal
dimensions of head sway, and propose a series of linear mixed effects models
to assess the interactions between music-induced movement and fractality.

2 Methods

2.1 Participants

Eighty-seven participants took part in the study (45 female, 42 male, aver-
age age: 22.89 years, SD: 8.63 years). The experiment took place during the
University of Oslo’s “Open Day” in March 2018, and was advertised as “The
Norwegian Championship of Standstill.” A prize of NOK 1000 was offered
to the participant with the lowest recorded motion. Recruitment was open
to everyone, as long as none of the conditions defined as exclusion criteria
was met (hearing loss, neurological disorder, arthritis, orthopedic conditions,
recent injury or balance disorder).

The participants were asked to report on the hours per week spent on
listening to music (17.25, SD: 17.27), creating music (4.93, SD: 8.19), dancing
(2.36, SD: 3.59), and exercising (3.85, SD: 3.43). All participants gave their
informed consent prior to the experiment and they were allowed to withdraw
from the study at any point in time. The study obtained ethical approval from
the Norwegian Center for Research Data (NSD), with the project identification
number NSD2457.

2.2 Apparatus

A Qualisys infrared motion capture system (13 Oqus 300/500 cameras) was
used to track the instantaneous position of a reflective marker placed on each
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participant’s head at a sampling rate of 200 Hz. It has previously been shown
that the spatial noise level of this motion capture system is considerably lower
than that of human head sway during standstill (Jensenius et al., 2012). Posi-
tion data was recorded and pre-processed in Qualisys Track Manager (QTM),
and further analysis was done in MATLAB (Version R2016b, MathWorks)
using the MoCap Toolbox (Burger and Toiviainen, 2013) and custom made
scripts.

2.3 Stimuli

The participants were exposed to six different auditory stimuli, consisting of
four segments of electronic dance music (EDM) with different musical fea-
tures, one segment of a custom-made synthetic rhythm, and one segment of a
metronome pattern throughout the 500s trials (Table 1). The spectrograms in
Figure 1 show the increasing musical/rhythmic complexity of the six tracks.
Each trial began and ended with 30 seconds of silence, with alternating seg-
ments of 45-seconds audio and 30-seconds silence in between. Thus, a complete
sequence consisted of: Silence, Music1, Silence, Music2 , Silence, Music3, Si-
lence, Music4, Silence, Music5, Silence, Music6, and Silence. The six audio
tracks were played in random order for each recording session.

Table 1 An overview of the stimuli used in the experiment. The duration of the tracks
varied slightly, because they were cut to the closest bar.

Artist Song title / Label / Year Duration Tempo (BPM) # identified note onsets

Custom made (Metronome) Drum metronome 45 s 120 95
Custom made (Rhythm) 2-measure drum pattern 45 s 120 115
Andre Bratten Trommer Og Bass / Correspondant / 2014 0:00 - 0:45 120 206
Pysh feat. Poludnice Sadom (Original Mix) / Mono.Noise / 2017 0:28 - 1:13 123 297
Neelix (Neelix1) Cherokee (Extended Mix) / Kontor Records / 2017 1:07 - 1:52 138 278
Neelix (Neelix2) Cherokee (Extended Mix) / Kontor Records / 2017 4:32 - 5:17 138 253

The choice of stimuli was based on previously observed groove-related ef-
fects of EDM on movement (Stupacher et al., 2014; Burger and Toiviainen,
2018; Gonzalez Sanchez et al., 2018). The tracks were selected to allow for
investigating the effects of different levels of rhythmic/musical complexity. All
stimuli were in quadruple meter, without lyrics, and the tempo ranged from
120 to 138 BPM. The number of identified onsets and the tempo of each
track were estimated using MIRToolbox for Matlab ((Lartillot et al., 2008),
see Table 1). The two custom-made tracks were prepared in the digital audio
workstation Reaper (version 5.9, Cockos, 2018), and were based on a synthe-
sized drum sound adapted from the study of Honing et al. (2012). The duration
of the segments was chosen based on previous studies, allowing participants
enough time to engage with the stimuli, while keeping the experiment suffi-
ciently short to reduce the effect of fatigue. The sound was played comfortably
loud from four Genelec 8020 loudspeakers located in the four corners of the
motion-capture recording space.
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Fig. 1 Spectrograms of 5 seconds of each of the six audio tracks used as stimuli, showing
the increasing rhythmic and timbral complexity (from top to bottom).

2.4 Procedure

The participants were recorded in groups of 5–13 people at a time. They were
asked to stand as still as possible for 500 seconds, being free to choose their own
standing posture. All participants faced in the same direction. The distribution
of the participants in the laboratory was standardized across trials, with marks
on the floor indicating the approximate feet position (Figure 2).
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Fig. 2 One group of participants during data acquisition. Each participant wore a reflec-
tive marker on the top of the head. The participants’ position in the capture volume was
standardized for all groups. Written informed consent was obtained from the participants
for publication of images.

2.5 Data processing

The head sway was measured as the quantity of motion (QoM) of each passive
marker, computed as the first derivative of the position time series (Jensenius
et al., 2012):

QoM = 1
T

N∑
n=2
‖ p(n)− p(n− 1) ‖

where p is either the one-dimensional medio-lateral (X axis, ML), anterior-
posterior (Y axis, AP), and superior-inferior (Z axis, SI) directions, or the
three-dimensional position vector of a marker (vector norm of the three-dimensional
data), N is the total number of samples and T is the total duration of the
recording. The resulting QoM is measured in millimeters per second (mm/s).
Instantaneous QoM was obtained for each participant for the whole trial and
subsequently segmented by stimulus (segments) for further analysis. The com-
plete data set consisted of 1131 (ML, AP, SI, and 3D) QoM data series (87
participants x 13 segments = 1131).

The detrended fluctuation analysis (DFA) originated as a version of the
root-mean square analysis of a random walk, with the advantage of being less
sensitive to non-stationarities and noise content typical of physiological and
behavioral data than alternative methods, such as, power spectral analysis
(Peng et al., 1994; Feder, 2013). DFA measures the statistical self-affinity and
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fluctuations of a signal through the scaling exponent α. The QoM time series
u(i) is first cumulatively summed to obtain an integrated time series:

y(k) =
K∑
i=1

u(i)

The resulting time series y(k) of length N is then parsed into non-overlapping
windows of equal width w, such that there are a total of N/w windows. DFA
then detrends the time series y(k) inside each window by a linear square fit
ŷ(k). Finally, the average root mean square (RMS) of the residuals for the
linear regressions produces a fluctuation function F (w):

F (w) =

√√√√ 1

N

n∑
k=1

[y(k)− ŷ(k)]
2

where F (w) is a function of the window length w and forms a power law
function:

F (w) ∼ wα

The scaling exponent α, quantifies the long range correlations in the time
series. For uncorrelated series (white noise, completely unpredictable process),
α = 0.5, while for fractally correlated series, 0.5 < α < 1.5 (for 1/f noise (pink
noise), α =1; for Brownian noise, α = 1.5, indicating a smoother process with
only local correlations).

The DFA analysis was applied to each segment for each participant in each
direction, with window sizes w ranging between 50 to 500 frames in increments
of 10 frames.

3 Results

3.1 Quantity of Motion

The top panel of Figure 3 displays an example of a two-dimensional path of
the head in the transverse plane from one participant, while the bottom panels
display ML, AP, SI, and 3D QoM time series of the same participant during the
500s trial. The differences in amplitude and movement patterns between the
directions are clearly observable. There are sustained amplitude peaks in the
3D and ML measurements that correspond with the auditory stimuli. These
differences between conditions are reflected in the QoM averages.

Figure 4 shows ML QoM for the same exemplary participant as used in
Figure 3, here showing differences in movement patterns when the participants
listened to music (Figure 4A) and its subsequent silence segment (Figure 4B).
This also exemplifies how we segmented the QoM time series into ‘audio seg-
ments’ and ‘silence segments.’
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Fig. 3 A: Typical head sway path in the transverse (AP-ML) plane for one participant
during the 500s trial. B-E: Exemplary QoM time series in the medio-lateral (ML) (B),
anterior-posterior (AP) (C), superior-inferior (SI) (D), and three-dimensional (E) compo-
nents.

3.2 Differences in head sway between conditions

The mean level of head sway during the experiment, measured as the QoM of
the entire trial across participants, was QoMmean = 11.16 mm/s (QoMsd =
4.95 mm/s), significantly higher (Wilcoxon Signed-Rank test, p < 0.01) than
average values found in Gonzalez Sanchez et al. (2018) where QoMmean =
8.76 mm/s (QoMsd = 2.2 mm/s). Due to the non-normal distribution of the
data, a Wilcoxon signed-rank test for repeated measures was conducted to
preliminary determine differences between the silence and audio conditions.
Table 2 summarizes the statistical comparisons of the QoM measures. Here it
can be seen that the mean QoM for the audio condition was significantly larger
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Fig. 4 Segmentation of QoM time series into audio and silence segments: A: Exemplary
ML QoM time series during an audio segment (Bratten stimuli). B: ML QoM time series
during the subsequent silence segment.

in all directions. This is in line with previous findings regarding music-induced
movement during standstill (Jensenius et al., 2017; Gonzalez Sanchez et al.,
2018).

Table 2 Mean (SD) of QoM and scaling exponent α for each condition in all directions

ML AP SI 3D
Audio Silence Audio Silence Audio Silence Audio Silence

QoM (mm/s) 6.82 (4.03) 5.09 (2.96) 7.22 (2.44) 6.51 (2.13) 4.40 (1.54) 3.22 (1.37) 12.40 (4.75) 10.10 (3.80)
Statistics results Z = 7.88, p < 0.001 Z = 6.34, p < 0.000 Z = 8.10, p < 0.001 Z =7.76, p < 0.001

α 0.76 (0.09) 0.78 (0.09) 0.88 (0.10) 0.90 (0.08) 0.67 (0.09) 0.68 (0.10) 0.84 (0.09) 0.88 (0.09)
Statistics results Z = -2.95, p < 0.01 Z = -2.23, p < 0.05 Z = -1.69, p = 0.09 Z = -4.67, p < 0.001

3.3 Effect of music on head sway

Table 3 shows mean and standard deviation values for QoM in all directions
across stimuli. A series of linear mixed effects models (LMEM) were fit in order
to analyze the effects of the stimuli on QoM in all directions, and to test for
replication of earlier results on music-induced movement (Gonzalez Sanchez
et al., 2018).

Table 4 shows an overview of the models considered for the analysis and
their associated terms. The base model for testing the effect of music on head
movement (QoM) is Model 2, with the stimuli entered as fixed effects (Stimuli)
and random intercepts for subject and group. A likelihood ratio test of fixed
effects with Bayesian information criterion (BIC) was conducted between the
base model (with the fixed effect) and a null model without the effect of
Stimuli (Model 1) (Table 5). Model 3 replicated results in (Gonzalez Sanchez
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et al., 2018), significantly improving the prediction of QoM in all directions by
including a random slope for by-subject effects of condition (Audio or Silence)
(3D: χ2(2) = 55.96, p<0.0001, AP: χ2(2) = 84.47, p<0.001, ML: χ2(2) =
310.37, p<0.001, SI: χ2(2) = 461.43, p<0.0001).

Table 6 displays the coefficients for significant effects in Model 3 in all
directions of movement. The fixed effects of the Pysh and Neelix1 stimuli
were highly significant and positive across all QoM directions. Fixed effects of
silence segments were negative across directions, and are significant primarily
for the 3D QoM measure. Furthermore, for the AP direction, only the Pysh
and Neelix1 music segments displayed significant fixed effects, while all stimuli
had highly significant fixed effects in the SI direction.

Table 3 Mean (SD) of QoM and scaling exponent α for each stimuli (see section 3.4)

Bratten Metronome Neelix1 Neelix2 Pysh Rhythm

ML
QoM (mm/s) 6.38 (4.92) 7.19 (4.73) 7.11 (4.23) 6.80 (4.09) 7.60 (4.24) 5.84 (3.36)

α 0.75 (0.11) 0.64 (0.18) 0.76 (0.16) 0.82 (0.16) 0.79 (0.17) 0.79 (0.10)

AP
QoM (mm/s) 6.82 (2.76) 7.56 (2.94) 7.25 (2.66) 7.35 (2.60) 7.50 (2.92) 6.85 (2.31)

α 0.90 (0.11) 0.85 (0.16) 0.86 (0.13) 0.88 (0.12) 0.88 (0.12) 0.91 (0.10)

SI
QoM (mm/s) 3.96 (1.65) 4.79 (1.71) 4.69 (1.62) 4.53 (1.48) 4.56 (2.12) 3.90 (1.44)

α 0.61 (0.16) 0.53 (0.19) 0.62 (0.15) 0.67 (0.12) 0.80 (0.12) 0.76 (0.10)

3D
QoM (mm/s) 11.58 (5.71) 13.12 (5.57) 12.76 (4.96) 12.53 (4.86) 13.22 (5.27) 11.20 (4.19)

α 0.85 (0.12) 0.76 (0.18) 0.83 (0.13) 0.87 (0.12) 0.87 (0.12) 0.89 (0.09)

3.4 Fractality

Tables 2 and 3 summarize the results from the DFA for each QoM time series
for all conditions and stimuli. Values of the scaling exponent α were mostly in
the range of 0.75–0.9, indicating fractal fluctuations across conditions (Audio,
Silence) and stimuli (audio tracks) in the ML, AP, and in the three-dimensional
QoM measures. Results in the SI direction were closer to the white noise limit,
with α mean values as low as 0.53 for the Metronome track (see Table 3).

In order to determine the statistical significance of the results for long-range
correlations for ML, AP and 3D QoM, new series were generated by randomly
shuffling the original data for each segment considered in the analysis, while
maintaining the same mean and variance as the original (Kaplan and Glass,
2012). DFA was then applied to the shuffled data and the corresponding α
exponents were obtained for all the individuals and segments. The average
values of α oscillated around white noise level: 0.48–0.56 (SD = 0.08), thus
rejecting the null hypothesis that the original data is made of uncorrelated
noise (Figure 5).

3.5 Effect of music on head sway fractality

Wilcoxon signed-rank test indicated significant differences in scaling expo-
nents α between the audio and silence condition in the ML, AP, and 3D QoM
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Fig. 5 Fluctuation functions from DFA on a sample QoM time series during a single seg-
ment of music for a single participant. Points are overlaid with the trend line with a slope
corresponding to the scaling exponent α. The solid lines indicate the linear fits of white
and Brownian noise for comparison. A-B: Fluctuation function in the AP direction during
a segment of music (A) and silence (B). C-D: Similar plots for Fluctuation function in the
SI direction

time series, while differences in the SI direction approached significance (see
Table 2).

In order to determine the effects of music on head sway fractality, a second
series of LMEM was computed, with α exponents as dependent measures, for
all directions of head sway (Models 4-6 in Table 4). Model 5 used the same
predictor terms as base Model 2, with music stimuli entered as fixed effects
(Stimuli) and random intercepts for subject and group. P-values were obtained
by a likelihood ratio test between the base model and a null model without
the effect of Stimuli (Model 4) to test for fixed effects (Table 7). Replacing
the random intercept for subject with a random slope for by-subject effects
of condition, significantly improved the prediction of the dependent variable
(α) for all directions in Model 6 when compared with model 5. Coefficients for
significant effects of stimuli from Model 6 are displayed in Table 8. The fixed
effects of stimuli were predominant in the SI direction. Fixed effects in the ML
and 3D directions were significant only for the Metronome and Neelix track
(fragments 1 and 2), while the fixed effect of silence segments 5 and 6 was
significant in the AP direction, increasing α by approximately 0.037 ± 0.013
and 0.028± 0.013 respectively (Table 8).

3.6 Effect of music and fractality on head sway

A third series of linear mixed-effects models were computed to determine
whether the effects of music listening on head movement can be better es-
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timated by including head sway fractality as a predictor. Firstly, α was added
to Model 3 as fixed effects (Model 7 in Table 4). A likelihood ratio test showed
that Model 7 provided a significant improvement of prediction of QoM when
compared with Model 3 in all directions (Table 9). Subsequently, Model 8
was then computed by adding a random slope for by-subject effect of frac-
tality (α). Model 8 was shown to significantly improve prediction of QoM in
all directions when compared to Model 7. This indicates that inter-subject
variability in head sway fractality has a significant effect on the magnitude
of music-induced movement (Table 9). The coefficients for significant effects
of stimuli and α from Model 8 are displayed in Table 10. Most music stimuli
have significant effects in the ML, SI, and 3D directions. In the AP direction,
however, the significant contributions of individual music stimuli that were
found in Model 3 have been weakened by the addition of the fixed effect of
fractality. Coefficients for the effects of α were shown positive and significant
in the ML and SI direction, increasing predicted QoM by approximately 2.09
and 1.73 mm/s respectively.

Table 4 Overview of linear mixed effects models computed for the analysis. All models
were built for each ML, AP, SI, and 3D measures

Model Dependent Measure Fixed Effects Random Intercepts Random Slopes
1 QoM Subject, Group
2 QoM Stimuli Subject, Group
3 QoM Stimuli Group by-Subject effect of Condition
4 α Subject, Group
5 α Stimuli Subject, Group
6 α Stimuli Group by-Subject effect of Condition
7 QoM Stimuli, α Group by-Subject effect of Condition
8 QoM Stimuli, α Group by-Subject effect of Condition, α

Table 5 Model building in terms of penalized likelihood ratio tests. Hypothesis 1: Effects
of Stimuli on QoM

Model χ2 df p BIC

ML
1 4 5082.5
2 310.37 16 <0.001 4856.5
3 141.43 (from Model 2) 18 <0.001 4729.1

AP
1 4 4773.9
2 84.47 16 <0.0001 4772.5
3 15.90 (from Model 2) 18 <0.001 4771.9

SI
1 4 3746.2
2 461.43 16 <0.001 3369.1
3 54.29 (from Model 2) 18 <0.0001 3328.9

3D
1 4 5895.7
2 262.25 16 <0.001 5717.8
3 55.96 (from Model 2) 18 <0.0001 5675.9
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Table 6 Coefficients for Significant Effects in Model 3: Effects of individual stimuli on QoM

Direction Stimuli Estimate SE p

ML

Pysh 2.24 0.28 <0.0001
Neelix 1 1.75 0.28 <0.0001
Neelix 2 1.44 0.27 <0.0001

Metronome 1.82 0.28 <0.0001
Bratten 1.01 0.25 <0.001
Silence 3 -0.57 0.23 <0.05

AP
Pysh 0.98 0.25 0.0001

Nelix 1 0.93 0.23 0.0001
Silence 4 -0.76 0.24 0.001

SI

Pysh 1.22 0.14 <0.0001
Neelix 1 1.35 0.14 <0.0001
Neelix 2 1.19 0.12 <0.0001

Metronome 1.45 0.14 <0.0001
Bratten 0.63 0.13 <0.0001
Rhythm 0.57 0.14 <0.0001

3D

Pysh 2.41 0.40 0.0001
Neelix1 1.95 0.39 0.0001
Neelix 2 1.72 0.38 0.0001

Metronome 2.31 0.39 0.0001
Silence 2 -1.18 0.36 0.01
Silence 3 -1.24 0.36 0.001
Silence 4 -0.90 0.36 0.05

Table 7 Model building in terms of penalized likelihood ratio tests. Hypothesis 2: Effects
of Stimuli on fractality

Model χ2 df p BIC

ML
4 4 -1455
5 160.38 (from Model 4) 16 <0.001 -1531.1
6 7.62 (from Model 5) 18 <0.05 -1524.6

AP
4 4 -2034.9
5 55.42 (from Model 4) 16 <0.0001 -2066.3
6 21.83 (from Model 5) 18 <0.0001 -2084.1

SI
4 4 -1219.7
5 309.10 (from Model 4) 16 <0.0001 -1444.4
6 6.38 (from Model 5) 18 <0.05 -1436.8.3

3D
4 4 -1749.4
5 159.52 (from Model 4) 16 <0.001 -1824.5
6 11.41 (from Model 5) 18 <0.01 -1825.3

4 Discussion

The aim of the study has been to investigate the influence of music on head
sway and on head sway fractal fluctuations during standstill with and without
music. The computed head quantity of motion (QoM) in the ML, AP, SI, and
3D directions was shown to be significantly larger during the music condition,
in line with previous results on the movement-inducing effects of music on the
human body during standstill (Jensenius et al., 2017; Gonzalez Sanchez et al.,
2018).
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Table 8 Coefficients for Significant Effects in Model 6: Effects of individual stimuli on
fractality

Direction Stimuli Estimate SE p

ML
Metronome -0.149 0.017 <0.0001

Neelix 2 0.037 0.017 <0.05

AP

Rhythm 0.030 0.012 <0.05
Metronome -0.030 0.013 <0.05

Silence 5 0.037 0.013 <0.01
Silence 6 0.028 0.013 <0.05

SI

Rhythm 0.101 0.016 <0.0001
Metronome -0.122 0.017 <0.0001

Bratten -0.043 0.017 <0.05
Neelix1 -0.036 0.017 <0.05
Pysh 0.145 0.015 <0.0001

Silence 5 0.049 0.016 <0.01

3D
Metronome -0.119 0.014 <0.0001

Neelix1 -0.046 0.015 <0.01

Table 9 Model building in terms of penalized likelihood ratio tests. Hypothesis 3: Effect
of music stimuli and fractality on head sway

Model χ2 df p BIC

ML
7 33.63 (from Model 3) 19 <0.0001 4702.5
8 152.33 (from Model 7) 22 <0.001 4571.3

AP
7 16.93 (from Model 3) 19 <0.0001 4762
8 145.16 (from Model 7) 22 <0.0001 4638

SI
7 89.19 (from Model 3) 19 <0.001 3246.7
8 157.38 (from Model 7) 22 <0.0001 3110.4

3D
7 20.48 (from Model 3) 19 <0.0001 5662.4
8 159.69 (from Model 7) 22 <0.0001 5523.9

4.1 Fractal properties

In order to further explore the underlying features of music-induced movement,
we used detrended fluctuation analysis (DFA) to assess the fractal properties of
head sway during standstill. In particular, DFA provided a measure of the long-
range correlation phenomena of head sway fluctuations. Mean α exponents in
the ML, AP, and 3D directions across conditions (audio and silence) were
significantly consistent with fractal fluctuations and are in line with typically
observed ranges of healthy physiological control processes (Dixon et al., 2012;
Wijnants, 2014). Furthermore, the observed values suggest that fluctuations
in measured head sway exhibit long-range correlations close to the 1/f noise
region (α = 1), with power-law decay.

Research on the complexity and fractality of human balance control during
standstill has consistently shown similar long-range correlations in the sway
of the center of pressure (CoP) and center of mass (CoM). In addition, such
fractal properties of postural control have been observed to decrease with age,
disease, and perturbations (Thurner et al., 2000; Duarte and Sternad, 2008;
Blázquez et al., 2009; Liang et al., 2017). Although such studies are fundamen-
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Table 10 Coefficients for Significant Effects in Model 8: Effect of music stimuli and frac-
tality on head sway

Direction Stimuli Estimate SE p

ML

Pysh 2.53 0.25 <0.0001
Neelix 1 1.83 0.25 <0.0001
Neelix 2 1.42 0.26 <0.0001

Metronome 2.05 0.24 <0.0001
Bratten 1.05 0.25 <0.0001
Rhythm 0.54 0.23 <0.05
Alpha 2.09 0.81 <0.01

AP Silence 4 -0.71 0.23 <0.01

SI

Pysh 1.07 0.14 <0.0001
Neelix 1 1.42 0.13 <0.0001
Neelix 2 1.16 0.14 <0.0001

Metronome 1.64 0.14 <0.0001
Bratten 0.66 0.13 <0.0001
Rhythm 0.46 0.13 <0.0001
Alpha 1.73 0.37 <0.0001

3D

Pysh 2.57 0.36 <0.0001
Neelix1 2.21 0.39 <0.0001
Neelix 2 1.77 0.36 <0.0001
Bratten 0.76 0.37 <0.05

Metronome 2.23 0.38 <0.0001
Silence 3 -1.04 0.33 <0.01
Silence 4 -0.85 0.32 <0.01

tally different to the present study due to their use of conventional measures of
posture and balance from individuals in a non-competitive setting, the effects
of physical and sensory perturbances on the fractality of human behavioral
outputs have been observed in a wider range of settings and conditions (Kello
et al., 2007; Alves et al., 2017). Moreover, task-specific studies on the dy-
namics of standing sway have revealed flexibility and adaptability of postural
synergies independently modulated for the performance of both cognitive and
spatial tasks (Riley et al., 1997; Balasubramaniam and Wing, 2002; McNevin
and Wulf, 2002). Our results in the current goal-oriented paradigm could be
reflecting such modulation through differences in fractality in head sway across
stimuli and across the different components of QoM. Moreover, we speculate
that the competitive nature of the task further enhances the effect of a task-
specific paradigm, with participants having added motivation for completing
the task proficiently. Similar studies on more naturalistic music-listening sce-
narios would shed light on the magnitude of the effect of competitive settings
in the dynamics of music-induced movement.

Our results show that the values of the α exponent in the SI direction were
closer to the white noise limit (mean α = 0.67 during the audio condition and
0.68 during silence). This suggests that head sway in the SI direction during
standstill is closer to uncorrelated random behavior. Lower scaling exponent
values closer to white noise limit have been found to be associated with greater
intention to counteract environmental constraints (Van Orden et al., 2003;
Washburn et al., 2015). In this context, the need for slight postural changes
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in the form of head nodding might negatively affect α values. Additionally,
differences in α values between conditions were significant in the ML, AP, and
3D directions, but they were not significant for the SI direction. This indicates
a weaker effect of the condition on the fractality of SI head sway. The smaller
α exponents in SI head sway may derive from smaller amplitudes in SI QoM
across conditions and is consistent with earlier posture studies in which smaller
fractal dimensions have been linked to decreased magnitude of postural sway
(Freitas et al., 2005; Duarte and Sternad, 2008).

4.2 Effect of music on head sway

Aiming at assessing the effects of the individual stimuli on head sway, linear
mixed effects models were computed, predicting QoM from the interactions
between stimuli, groups, and subjects. The linear mixed effects model repli-
cated our previous results (Gonzalez Sanchez et al., 2018), with fixed effects of
the stimulus and random slope for by-subject effects of condition significantly
improving the prediction of head QoM in all directions. The random slope of
by-subject effect of condition accounts for the inter-subject differences in the
bodily responses to music, while the differences between groups are accounted
for by a random intercept for group.

The significant fixed effects of the Pysh and Neelix tracks in all sway direc-
tions (see Table 6), renders additional evidence to the links between high-event,
high-groove music with entrainment and spontaneous body movement (Madi-
son et al., 2011; Janata et al., 2012; Burger et al., 2013; Gonzalez Sanchez
et al., 2018; Matthews et al., 2019). The effect of stimuli with lower onset den-
sity were less predominant (Rhythm, Metronome, Bratten), with no statistical
significance in the AP direction. This suggests that the effect of audio in the
measured QoM was primarily driven by the more musically energetic Pysh and
Neelix tracks. The coefficients for significant effects in the SI direction were
significant for all stimuli, which suggests that music-induced SI head sway is
sensitive to a wider range of musical features.

The differences found in music-induced movement in the horizontal and SI
planes and its relation with high-density tracks could be explained as an effect
of groove-related features. Previous studies, for example, have shown hori-
zontal movement to correspond to changes in pulse clarity (Gonzalez Sanchez
et al., 2018), while SI movement has been shown to be associated with changes
in spectral brightness (Nymoen et al., 2013). Furthermore, Ross et al. (2016)
showed that musical groove was shown to reduce horizontal CoP sway vari-
ability, while increased postural sway entrainment at different temporal scales.
In the present study, the effects of music on different temporal scales of body
movement were further explored through the fractality of head sway.
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4.3 Effect of music on head sway fractality

In our second series of LMEM, the DFA scaling exponents were modelled
as dependent measures to determine whether the stimuli induce changes in
head sway fractality. The chosen model revealed significant fixed effects of the
stimuli, random intercepts for group, and random slope for by-subject effects
of condition. The significant slope for by-subject effect of condition indicates
that differences in fractality between audio and silence segments of trials were
moderated by individual characteristics of the participants. The random slope
for group, and the fact that it significantly improved the model, accounts
for group variability, and is partly linked to the participants’ differences (see
Table 7). Results for the fixed effects confirm preliminary findings on the
significant effects of music on head sway fractality in the ML, AP, and 3D
directions (see Tables 2 and 7). In addition, the significance of fixed effects on
SI head sway was weaker than for the other directions. These results seem to
confirm a moderate effect of music on SI head sway fractality. As discussed
above, we speculate that such differences in fractal properties may be partially
explained by the smaller magnitude of movement in this direction.

As shown in Table 8, the fixed effects of individual stimuli on fractality were
mostly inconsistent. The fixed effect of the Metronome track was significant
and negative across directions, while significant effects from most of the audio
segments were shown significant for the SI direction. The significantly negative
main effect of the Metronome track on fractality across directions may indicate
disturbances to head sway, with less persistent movement patterns induced
by the monotonous nature of this 45 second stimulus. Previous research has
shown the negative effect of physical and sensory disturbances on the fractal
properties of CoM and CoP (Stambolieva, 2011; Liang et al., 2017). Results
from the analysis of the effects of music on movement are consistent with
this speculation, with the Metronome track significantly increasing QoM in
the ML, SI, and 3D direction. The significant effects of most music stimuli
in the SI direction, suggests a higher sensitivity to the stimuli. This may
arise from weaker fractal properties of head sway in this direction, with α
values across participants being closer to the white noise limit. Several studies
have shown that a decrease in the fractal properties in the human system
significantly diminishes the system’s capacity to adapt to disturbances and
changes in the environment (Goldberger et al., 2002; Lipsitz, 2004; Duarte
and Sternad, 2008).

4.4 Effect of music and fractality on head sway

The third series of LME models aimed at testing the hypothesis that music-
induced head sway during standstill depends not only on the stimuli, but also
on fractality. Adding α as fixed effect in Model 3 (see Tables 4 and 9) sig-
nificantly improved the prediction of QoM in all directions, indicating that
the fractal properties of head sway play a role in music-induced movement.
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Since it is expected that a physiological phenomenon such as fractality may
significantly differ between participants, a random slope for by-subject effect
of fractality was added for Model 8. This significantly improved the prediction
of QoM compared with Model 7, implying that such inter-subject differences
in the fractality of head sway significantly affect measured QoM. Test of fixed
effects revealed significant effects of most music stimuli in the ML, SI, and 3D
directions, but the modulating effect of fractality removed any significant ef-
fects of individual stimuli in the AP direction when compared with results from
Model 3 (see Table10). The fixed effect of fractality was significant and posi-
tive in the ML and SI directions, suggesting fractal fluctuations significantly
enhance head sway. We speculate that these results suggest a bi-directional
relation between fractality and perception. The fractal fluctuations observed
in music-induced head sway modulate the observed effect of high-groove stim-
uli, and enhance the effect of lower-groove stimuli. Fractality is at the same
time significantly influenced by the auditory stimuli. Our speculation can be
supported by previous studies on the fractal scaling of human behavior out-
puts, which has been found to be heavily dependent on a balance of voluntary
and involuntary sources of control (Van Orden et al., 2003; Kello et al., 2007;
Washburn et al., 2015).

In the context of our study, limiting the magnitude of head sway (output
signal) can be seen as the goal of the task at hand (standstill competition),
while head sway fractality is a result of the efforts to control the output signal.
At the same time, changes in head sway fractality have a significant influence
on how head sway is kept minimal. Our results showed that changes in frac-
tality led to a change in the effect of the stimuli on QoM, with low-groove
music in the context of higher head sway fractality leading to greater QoM
and high-groove music in the context of higher head sway fractality leading to a
modulated QoM. The competitive nature of the task and the counter-intuitive
paradigm of standing still to dance music act as rigid constraints that might
lead to more random variation in the fractal scaling, reducing alpha values,
particularly during segments of high-density music (Janata et al., 2012; Stu-
pacher et al., 2014). Additionally, the suggested two-way relationship between
scaling and output signal might be in line with embodied cognition theories, in
which bodily functions and behavior are internalized through motor imagery
processes to support more abstract cognitive functions (Maes et al., 2014).
In this context, there is evidence supporting the idea that bodily activities
shape the characteristics of neural processes, while physical constraints and
task limits constrain cognitive functioning (Kello et al., 2007; Leman, 2008;
Varela et al., 2017).

Further, studies on cognitive performance and perception have proposed
an underlying role of fractality in the processing of sensory information, with
changes in performance associated with changes in fractal properties (Stephen
et al., 2009; Dixon et al., 2012). Such phenomena are particularly relevant
in the perception–action system involved in the above-mentioned embodied
cognition processes, in which the use of fractal fluctuations across locations on
the body mediates the transfer of perceptual information (Dixon et al., 2012;
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Kelty-Stephen and Dixon, 2014). In the context of our study, participants
were aware they were going to be exposed to audio and silence segments, as
well as of the competitive nature of the task. We speculate that changes in
strategies for maintaining a stable posture, and inhibit head sway during the
recording session, might have been associated not only with the environmental
constraints (i.e., the type of music participants were exposed to), but also with
the perception-action system and its ability to inhibit natural responses to
sensory stimulation.

Past research has provided evidence of synchronization of an individual’s
limb movements and posture with environmental rhythms in the presence of
visual queues and during social settings (Roerdink et al., 2008; Varlet et al.,
2011, 2015). In the present study, the model building process involved testing
models with random intercept terms for the effect of group. As expected,
the random intercept term for the effect of group was proved to significantly
improve the model in all cases, indicating base-line differences between groups
and suggesting that synchronization with the presented stimuli in the presence
of visual information necessarily includes the behavior of other individuals in
the group. In Gonzalez Sanchez et al. (2018) linear mixed effects models from a
similar paradigm included random slope terms for the effects of group. Results
from likelihood ratio tests indicated that such random slope for group did not
significantly improve the prediction. This suggests that the effect of group was
not significant. The social aspects of the chosen paradigm, as well as further
modeling of the effects of group and competition in the scaling properties of
head sway, will be studied in a future study in the context of entrainment,
visual information, and personality traits of the participants.

5 Conclusion

In the present study we analyzed the links between involuntary movement and
sensory input through standstill head sway fractality during a competitive and
non-conventional task. The aim was to link previous findings on embodied
music cognition, music-induced movement, and fractality of human behavioral
signals. The results reveal the existence of fractal-like organization and long-
range correlations in music-induced head sway during standstill. This suggests
that the effects of music on head movement during standstill extend over a
range of timescales. Such fractal dynamics would then be characterized by
an interplay of flexibility and adaptability. Furthermore, we speculate that
the presence of long-range correlations, and their correspondences with music-
induced movement, might be an indication of the importance of fractal scaling
in some features of embodied music cognition.

The current results confirm previous findings of the movement-inducing
effects of high-groove music stimuli. That said, further research should explore
the impact of isolated groove-related music features in order to contribute to
the general understanding of embodied music cognition. An open question is
whether the observed fractal characteristics of head sway may also be observ-
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able in more standard measures of body sway and postural control. While this
study was based on a goal-oriented paradigm (a “championship” of stand-
still), it would also be interesting to study fractality during standstill sway
in goal-oriented, non-competitive tasks. Then it would be possible to explore
the dynamics of music-induced movement in the context of previous research
on non-competitive paradigms. Moreover, in our on-going research we are also
looking into such music-induced dynamics in ecological settings, collecting data
from concert audiences with the aim of finding comparable temporal structures
in behavioral outputs.
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