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Abstract

Visually-induced illusions of self-motion (vection) can be compelling for some
people, but they are subject to large individual variations in strength. Do these
variations depend, at least in part, on the extent to which people rely on vision to
maintain their postural stability? We investigated by comparing physical posture
measures to subjective vection ratings. Using a Bertec balance plate in a brightly-lit
room, we measured 13 participants’ excursions of the centre of foot pressure (CoP)
over a 60-second period with eyes open and with eyes closed during quiet stance.
Subsequently, we collected vection strength ratings for large optic flow displays
while seated, using both verbal ratings and online throttle measures. We also
collected measures of postural sway (changes in anterior-posterior CoP) in
response to the same visual motion stimuli while standing on the plate. The
magnitude of standing sway in response to expanding optic flow (in comparison to
blank fixation periods) was predictive of both verbal and throttle measures for
seated vection. In addition, the ratio between eyes-open and eyes-closed CoP
excursions during quiet stance (using the area of postural sway) significantly
predicted seated vection for both measures. Interestingly, these relationships were
weaker for contracting optic flow displays, though these produced both stronger
vection and more sway. Next we used a non-linear analysis (recurrence
quantification analysis, RQA) of the fluctuations in anterior-posterior position during
quiet stance (both with eyes closed and eyes open); this was a much stronger
predictor of seated vection for both expanding and contracting stimuli. Given the
complex multisensory integration involved in postural control, our study adds to the
growing evidence that non-linear measures drawn from complexity theory may
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provide a more informative measure of postural sway than the conventional linear
measures.

Introduction

The sensation of self-motion induced by large-field visual stimuli (known as
‘vection’; [1,2]) can be quite compelling, yet there are large individual variations
in the experience of this phenomenon. Since these variations might have
significant real-world implications (e.g. susceptibility to motion sickness, accuracy
in virtual driving/aviation environments, etc.), it would be useful to have some
insight into the underlying causes. One possible predictor is visual control of
posture: that is, the extent to which people rely on visual cues to maintain steady
upright posture. While much study has examined postural control in the areas of
ageing [3, 4], balance-related disorders such as Parkinson’s Disease [5, 6], and, in
some cases, multisensory integration [7—9], few studies have examined its role in
self-motion perception.

Effects of optic flow on posture

Several groups have examined the effect of visual scene motion on postural
readjustment [10—12]; the relationship is not straightforward, and most models
assume some kind of continuous, non-linear multisensory feedback system (e.g.
see [13, 14]). A recent paper examined the role of perceptual uncertainty in visual
flow fields [15], concluding that near-optimal sensory weighting under a simple
Bayesian model [16, 17] was sufficient to explain the results. However, although
somewhat misleadingly including the word “vection” in the title, the authors did
not actually measure vection itself.

The relationship between visually-induced postural sway and vection has been
less well examined; Tanahashi et. al. [18] suggested that both phenomena might
be underpinned by the same basic mechanisms. They found that subjects
exhibited greater postural disturbances when vection was experienced during
visually simulated roll motion (indicated by a button-press), compared to no
vection. Postural disturbances were still evident to the stimuli when vection was
not experienced, but these were smaller, and the authors suggest that the two
phenomena might merely have different thresholds.

Guerraz and Bronstein [19] explored this notion further by utilising stimuli
that could evoke postural responses in either the same or opposite direction to the
simulated visual motion, and exploring both the vection and postural responses to
these stimuli. In this study, a horizontally translating background checkerboard
pattern was presented behind either a ground-fixed or head-fixed frame. With the
ground-fixed frame, postural responses were (transiently) in the opposite
direction to the background motion, while with the head-fixed frame, postural
responses were only in the same direction as background motion. However,
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vection was only ever in one direction (opposite to the background motion, in the
same direction as the simulated self-motion, as it almost always is). The ground-
fixed frame provided motion parallax, which should lead to better vection, while
the head-fixed frame provided no motion perspective, and so should lead to
weaker vection. Consistent with this, in the head-fixed (compared to the ground-
fixed) condition, vection developed considerably later, was reported less
consistently, and was of shorter duration. The authors postulate two mechanisms,
a shorter-latency system responsible for automatic postural adjustments, and a
longer-latency system involved in postural adjustment in response to the
conscious perception of self-motion.

However, neither of these studies examined vection magnitude; the relationship
between vection magnitude and sway magnitude might shed some light on the
relationship between these mechanisms.

Effects of optic flow on motion sickness

Smart and Stoffregen [20] showed that visually induced motion sickness (when
the environment, a moving room, oscillates at frequencies around 0.017 to 0.4 Hz,
thought to interfere with the waveforms of normal postural sway) was preceded
by, and predicted by, the variance in individual postural sway. In short,
individuals who showed greater postural sway while exposed to the swaying room
were more likely to experience motion sickness. They were also more likely to
have more frequent and longer sessions of vection, but the paper does not dwell
on this relationship. Another underplayed aspect of this study is that people who
showed greater instability when sway was measured with eyes closed (thus in the
absence of visual stimulation) were more likely to become sick. Were they also
more likely to experience vection? Although the data would speak to this, the
relationship is not explored at all. The authors cite another paper [21] where the
relationship between vection and postural sway was explored. But this paper only
explores the correlation between self-reported vection and magnitude of postural
sway; it does not explore whether those who show greater postural variation in the
first place are more prone to experiencing vection. This is a useful question which
is yet to be fully explored.

Postural control and vection

Palmisano et al. [12] measured the effect of jittering and non-jittering radially
expanding and contracting optic flow on postural sway and on vection (in
separate experiments for sway and vection). The horizontal and vertical simulated
viewpoint jitter added to these radial flow displays was similar to camera shake.
These results showed that jitter (in comparison to smooth motion) increased
backwards sway in response to expanding flow, but decreased forwards sway in
response to contracting flow; however, jitter increased vection in both directions.
The authors measured both anterior-posterior (AP) and medial-lateral (ML)
sway, but only AP sway showed the effects. A postural sway aftereffect was also
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seen in both directions. Variability was not reported, nor was sway with eyes
closed.

More recently, Palmisano et al. [22] found that a measure of spontaneous
standing sway (specifically, the Romberg Ratio, which measures path length of
eyes-closed standing sway divided by eyes-open path) significantly predicted the
vection experienced subsequently when standing in front of a large-field vection-
inducing display. However, this measure only predicted vection for smooth radial
flow displays, not for (vertically) oscillating radial flow displays (which produced
stronger vection). Continuous monitoring of vection strength while standing can
be problematic; any measure which requires manual activity, such as a button-
press, can disrupt postural responses and thus also activity on the retina; thus,
only verbal measures were used in this study, collected after each optic flow
period. It is still a question of interest whether measures of visual control of
posture can predict seated vection, where the vestibular input (given by the
necessity to remain upright while viewing vection-inducing stimuli), as well as
other proprioceptive inputs, would be less salient, and thus visual influences on
self-motion perception might be greater.

Measures of postural fluctuations

Postural fluctuations can be measured using a variety of different techniques,
some more straightforward than others. Below we briefly outline some of the
more common measures, and their advantages and disadvantages.

Linear measures

We use the term “linear measures” here to refer to those which assume the output
of the system is directly proportional to the input. The simplest of these measures
is path length. This involves computing the distance covered by the CoP over a
certain time period by summing the Euclidean distances between points:

N
PL= 3" /(=) + O =y 1)’ (1)

n—1

where x, y are the coordinates of the CoP and N is the number of data points [23].

This is one of the more common measures used, perhaps owing to its
simplicity, and we have used a variant of this measure (the ratio between eyes-
open and eyes-closed paths, as described above) to successfully predict standing
vection [22].

Sway area is also commonly used, usually computed as a 95% confidence ellipse
around the area covered by the CoP, computed using the eigenvalues of the
variance/covariance matrix ([24,25]; see Methods for details).

Other linear measures include those such as standard deviation and sway
magnitude (anterior-posterior range). For a more complete review of some of
these techniques, see [26].
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Non-linear measures

Recently, a growing body of literature has addressed the notion that, since
postural stability is achieved via the interaction of a number of different systems,
both within and between senses (for instance, visual and vestibular - [27, 28]), the
resulting measurements may be inherently nonlinear, and thus might be best
investigated via analyses based on nonlinear dynamical approaches [29, 30].
Approaches to this include (but are not limited to) recurrence quantification
analysis [3,31,32], wavelets [33] and detrended fluctuation analysis [34, 35].

Arguably the simplest of these methods is recurrence quantification analysis
(RQA). This method was developed to quantify the number and duration of
recurrences in a dynamical system, based on its phase space trajectory [25,36]; it
has been used in applications as diverse as economics, astrophysics, engineering,
geophysics, physiology (in particular for heart rate variability), as well as in
neuroscience (in particular for EEG data) [37—42]. Recently it has emerged as one
of the more effective methods of quantifying recurrent fluctuations in postural
sway during quiet standing [3,31,43]. Centre of pressure data tends to be non-
stationary (meaning that local measures, such as joint distribution or mean, vary
over time [3]; essentially, stationary data is locally self-similar over time), and
RQA is applicable to non-stationary data [44].

RQA aims to uncover meaningful structure in postural fluctuations by
exploring the recurrent patterns in the time series data produced by quiet standing
CoP data. It involves producing recurrence plots showing pairs of times at which a
system revisits previous positions, as well as numerous scalar measures, such as
recurrence rate. For a detailed explanation of the underlying theory, see [45] and
[46]. A graphical illustration of the concept is provided in Figure 1.

The basic principle behind RQA is that the phase space of a single time series
can be reconstructed using time delay embedding. We build a vector X(i)
consisting of point u(i) and m subsequent points spaced by t:

X(@) =u(i),u(i+r),... u(i+t(m—1)) (2)

Here u(i) represents the time series (such as, in this case, movement along the
anterior-posterior axis over time), m represents the embedding dimension and t
the time delay. It should be pointed out that the analysis is quite sensitive to each
of these parameters, and care must be taken in selecting them [46,47].

RQA produces a number of measures of the complexity of a system, the
simplest of which is recurrence rate:

1 N
RR= 5> " R(i) (3)

ij=1

This represents the probability that any state will recur, and is represented by
the density of points in the recurrence plot. Also available from the analysis are
percent determinism (DET), laminarity (LAM), average line length (L), trapping

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 5/22



@'PLOS | ONE

Chaos in Balance

lorenz

b) T T T P
soof e /
a5 e ; %

'y

time
g
8

= 20 100 200 300 400 500 600 700 800 900 1000
-20 30 y time

Figure 1. An illustration of the concept of recurrence plots, using the Lorenz system (a well-known 3-dimensional non-linear system - reproduced
here from [68]). a) The Lorenz attractor: an example trajectory of the Lorenz system represented in 3-dimensional phase space. b) The recurrence plot for
this trajectory. Both axes represent time. Looking along the x axis, we can follow the system’s evolution. If the system’s position in phase space at x=#, is
closely approached at x=t,, we place a dot at coordinates (¢,,t,). The positions at #; and #, need not be exactly the same, but they must be close to within a
tolerance ¢ which we set to be very small. The recurrence plot thus shows all time points when the system returns very close to a previous state; each dot in
the graph represents a revisit, and we can read the two visiting times from the x and y axes. Note that recurrence plots are symmetric. Code for reproducing
these figures can be found at http://people.physik.hu-berlin.de/schinkel/timely/html/index.html.

doi:10.1371/journal.pone.0113897.9001

time (77), Shannon entropy (ENTR) and trend. However, for the purposes of
simplicity in this paper we intend to focus on recurrence rate.

Results
Sway path during quiet stance and seated vection

For this analysis, we examine two of the main measures collected: postural sway
during quiet stance, and subjective vection ratings (throttle or verbal) when
seated. During quiet stance, almost all subjects exhibited greater postural sway
with eyes closed than with eyes open. Initially, total sway path was calculated as
the total distance travelled by the CoP over a 60-second period, using Equation 1.
See Figure 2 for example data for a representative subject. The sway path was
longer with eyes closed (mean =1.23 m) than with eyes open (mean =.68 m);
this difference was significant, t(12) =7.651, p<<.001.

During seated vection, subjects gave quite variable vection ratings to
contracting and expanding stimuli. Ratings were collected both via verbal reports
(a percentage rating), and continuous monitoring with a throttle device (see
Methods for details). The throttle data yielded both maximum measure (throttle
max), and latency (number of seconds until onset of vection - measured by time
until the online throttle rating reached a cutoff of 5 %). Means and standard
deviations of these ratings are shown in Table 1. Verbal vection measures were
significantly higher for contracting than expanding flow, #(12) =3.54, p=0.004,
but this difference was not significant for throttle maximum (p=0.069) or latency
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Figure 2. Quiet stance sway path for a single representative subject. The figure shows sway with eyes open (red) and eyes closed (blue) over a 60
second period. It should be pointed out that, according to traditional conventions, negative y values represent forwards postural sway.

doi:10.1371/journal.pone.0113897.9002

measures (p=.502). We computed the Romberg Ratio for sway path (closed path/
open path) for each individual. However, the Romberg Ratio did not show a
significant relationship with any of the seated vection measures, unlike the
relationship shown with standing vection in our previous study [22].

Table 1. Means and standard deviations for seated vection.

Verbal (%) 37.6 (21) 60.62 (27)
Throttle max (%) 33.24 (22) 42.44 (31)
Latency (s) 4.08 (2.4) 3.78 (1.9)

Means and standard deviations (in brackets) for the verbal, throttle maximum, and latency measures for expanding and contracting seated vection.

doi:10.1371/journal.pone.0113897.t001
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Figure 3. Ellipse fits for eyes open compared to eyes closed conditions for another representative subject. The figure shows sway with eyes open
(red) and eyes closed (blue) over a 60 second period. The area ratio was calculated as the ratio of eyes-open to eyes-closed ellipse areas. Code for these
calculations can be found at http://dx.doi.org/10.6084/m9.figshare.1126648.

doi:10.1371/journal.pone.0113897.9003

Sway area ratios during quiet stance and seated vection

Next, we computed the 95% confidence ellipse for sway area, as shown in
Figure 3. This calculation was performed using principal component analysis
(PCA) to fit the ellipse’s semi-axes [48], using Matlab code written by Marcos
Duarte, available with permission in our Figshare data repository (http://dx.doi.
org/10.6084/m9.figshare.1126648); a Python version of this code is also freely
available at http://demotu.github.io/posts/prediction-ellipse-ellipsoid.html. We
then investigated whether the ratio of sway area with eyes open and sway area with
eyes closed could predict the verbally and manually rated strength of seated
vection. This relationship was significant for expanding flow (see Figure 4), for
the verbal and throttle maximum measures, but not for contracting flow; latency
was not significant for either expanding or contracting flow. (For statistics, see
Table 2). This result provides some support for our earlier finding that the
Romberg Ratio could predict standing vection, at least for smoothly moving
stimuli, in another adult sample [22].

Visually-evoked postural responses and seated vection

The postural responses of individuals to expanding and contracting optic flow
have been shown to be related to, but not directly predictive of, the vection
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Figure 4. Correlations between vection measures and sway area ratios (log transformed). (a—c) Expanding vection; (d—f) Contracting vection. (a, d)
Verbal ratings. (b, ) Throttle maximum values. (c,f) Latency.

doi:10.1371/journal.pone.0113897.9004

Table 2. Correlations between VEPRs and vection.

Verbal (%) .62 (.02) —.45 (.12)
Throttle max (%) .78 (.002) —.41 (.16)
Latency (s) —.37 (.23) .61(.04)

Pearson correlations (r) and p-values (in brackets) for the relationships between visually-evoked postural responses to expanding or contracting optic flow
patterns and subsequently experienced seated vection.

doi:10.1371/journal.pone.0113897.t002

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 9/22



@'PLOS | ONE

Chaos in Balance

experience during stimulus exposure [12,18,19]. Here we asked a different
question: could the magnitude of postural response to these kinds of stimuli
predict the magnitude of vection an individual would experience in a separate,
seated session?

For each expanding and contracting radial flow session, we computed the
average anterior-posterior (AP) position during motion stimulus exposure, and
compared it to the baseline period immediately before each motion period (to
control for long-term postural drift). Mean backward sway during expanding
motion was not significantly different to 0 (1.16 mm; SD=2.7 mm), probably
reflecting the fact that, on average, participants tended to correct their initial
backward sway, but these corrections were quite variable. Forward sway during
contracting motion was substantially larger (8.94 mm; SD=4.6 mm), and this
difference was significant, #12) = 5.81, p<<.001. This is consistent with previous
research showing much larger magnitudes for contracting flow, probably due to
foot physiology [12]; simply, it is possible to sway much further forward than
backward before falling over.

We were chiefly interested in whether these measures could predict subsequent
seated vection, and indeed they showed a significant relationship with expanding
vection for verbal and throttle maximum measures, and for latency during
contracting vection (see Figure 5). Contracting sway means did generally not
prove to be very robust predictors of vection during contracting sway. These
relationships also point to a more complicated, perhaps non-linear relationship
between sway magnitudes and vection. Thus it seems reasonable to explore non-
linear measures, both of quiet stance and of sway during optic flow exposure, in
further detail.

Recurrence analysis of CoP during quiet stance and seated
vection

Given that many other researchers have begun to use nonlinear dynamic
approaches to postural sway in such diverse fields as ageing, sport and athletics,
diabetes and Parkinson’s Disease [3,6,31,32,47,49], we wondered if a nonlinear
analysis of the recurrent patterns in postural control might give us more insight
into the relationship between postural control and vection. We chose recurrence
quantification analysis (RQA) because of its relative simplicity and widespread use
throughout the literature.

The parameters used in our analysis were similar to those used in [45], since
our methods (e.g. time period, eyes open and closed conditions) were very
similar; we used an embedding dimension of 8, a delay (7) of 15, a radius of 30
and a line minimum of 4. Prior to analysis, the raw data was smoothed by
averaging across 10 data points, removing high-frequency noise and rendering the
time series more tractable for analysis.

Examples of recurrence plots for the anterior-posterior sway time series from
two individuals are shown in Figure 6. Eyes-open plots are shown on the left; the
individual in the upper part of the figure (Figure 6a and b) experienced strong

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 10/ 22
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values. Bottom: Latency. Vection for expanding stimuli is plotted on the right, and for contracting on the left.

doi:10.1371/journal.pone.0113897.9005

vection, while the individual in the lower part (Figure 6¢ and d) experienced weak
vection. Essentially, the individual who experienced strong vection displayed a
higher percentage of recurrence in the postural sway time series with the eyes
closed compared to open; the reverse was true for the weak-vection individual.
This pattern persisted across the entire group, for both expanding and contracting
vection, as shown in Figure 7. Interestingly, the eyes-open data alone predicted
seated vection quite robustly (correlations are reported in full in Table 3. This
suggests that individuals who experience stronger vection show fewer recurrences
in their patterns of postural sway when standing quietly with their eyes open (i.e.
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Figure 6. Representative recurrence plots for eyes-open and eyes-closed conditions for two individuals. a) Eyes-open for an individual who
experienced strong vection. b) Eyes-closed for the same individual c) Eyes-open for an individual who experienced weak vection d) Eyes-closed for the

same individual.

doi:10.1371/journal.pone.0113897.9006

experiencing visual feedback on their postural stability). The implications of this
will be examined further in the Discussion.

Other measures from the RQA analysis, such as percent of determinism and
laminarity, were also significantly correlated with the vection measures. These
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Figure 7. Correlations between vection measures and the difference between % recurrence for the quiet-stance eyes open and eyes closed, as
measured by RQA. The percentage of recurrence was measured using the recurrence quantification Maltab toolbox, downloaded from hitp:/nuweb.neu.
edu/cjhasson. This means that individuals who experienced stronger vection showed a greater percentage of recurrences with eyes closed than with eyes
open, while the reverse was true for those who experienced weaker vection.

doi:10.1371/journal.pone.0113897.9007

relationships are outlined in full in the Supplementary Data available on Figshare
(http://dx.doi.org/10.6084/m9.figshare.1126648).

Discussion

We set out to explore the role of visual control of posture in determining
individual variations in the experience of vection. Overall, we found the three out
of four of our measures of postural control while standing (sway area ratio, VEPRs

Table 3. Correlations between percent recurrence (RQA) and vection.

Verbal expanding (%) —0.70 (.008) —0.74 (.004) 0.20 (.5)
Throttle max expanding (%) —0.61 (.026) —.72 (.005) .08 (.79)
Verbal contracting (%) —0.63 (.02) —0.62 (.02) 0.25 (.41)
Throttle max contracting (%) —0.62 (.02) —.59 (.04) .28 (.35)

Pearson correlations (r) and p-values (in brackets) for the relationships between the chosen RQA measure (percentage of recurrences) for eyes-open
compared to eyes-closed, eyes-open only and eyes-closed only data, with verbal and throttle measures for expanding or contracting seated vection ratings.

doi:10.1371/journal.pone.0113897.t003
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and recurrence rate) predicted individual variations in the experience of seated
vection. Importantly, all of these measures were concerned with the influence of
vision on postural control - none of the eyes-closed measures alone predicted
vection. However, we do not suggest that vision alone is the arbiter of the vection
experience - rather, it is the complex interaction between the visual system and
other systems governing postural control, such as vestibular and proprioceptive
systems, that is at work here, and our proxy for investigating these interactions
was variation in the CoP during both quiet stance and visual optic flow.

Brain imaging studies have implicated a number of visual cortical areas in self-
motion processing, including the medial temporal area (MT/V5) [50], the medial
superior temporal area (MST) [51] and its dorsal subdivision (MSTd) [52], the
dorsomedial area (V6) [53,54], the cingulate sulcus visual area (CSv) [55], and
the ventral intraparietal area (VIP) [56]. However, vestibular and multisensory
areas of the cortex have also been implicated, including the intraparietal sulcus
motion area (IPSmot) [56], the parieto-insular vestibular cortex (PIVC) [57] and
putative area 2v (p2v) [58], as well as the precuneus motion area (PcM) [59].
Although only a handful of these studies have explicitly measured vection, it
seems likely that a network of brain areas are involved in self-motion perception,
and this network almost certainly involves feedback, which points to complex
non-linear interactions between these brain areas.

Although we found reasonable predictions for both independent linear
measures for seated vection during expanding optic flow, we were puzzled by the
lack of any reliable prediction for contracting flow. As reported above, verbal
vection measures were significantly higher for contracting than expanding flow,
although not for throttle maximum or latency. Interestingly, in our previous
study, we also found that linear measures of postural sway (Romberg ratios) were
only able to predict the less-compelling vection induced by smooth optic flow
(compared to jittering flow). Could it be that sway measures are only informative
in the case of weaker vection? Or is it possible that there are more complex
interactions involved in the relationship between postural control and the
experience of vection which are not well captured by linear measures?

Interestingly, the non-linear measures proved more predictive of subsequently
experienced seated vection than the linear measures, particularly with regard to
quiet standing; this is in line with previous research suggesting fractal measures of
quiet stance are more reliable [60]. Another interesting aspect of this data is that
the eyes-open measures alone predicted vection strongly (see 3); this was not the
case for sway area or path length, perhaps because these linear measures
incorporate absolute sway magnitude, which can vary with individual attributes
such as height, weight and foot width, which are unlikely to be related to the
tendency to experience vection. Non-linear measures are more related to the
underlying structure of the data than to global variations [30, 36, 45, 60]. This also
suggests that the assumptions underlying linear measures of postural control may
be flawed, perhaps undermining their robustness as predictors.

Much of the literature on recurrence analyses of postural sway, in both adults
and children, has been concerned with the effects of injury, disease or ageing
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[3,31,61,62]. Older adults in particular show a pattern of fewer recurrences
during quiet stance [43], and this has also been shown to predict falls in older
adults [3]. However, our sample was uniformly young and healthy (mean age
=20.9, SD=.76, range =20-22, no reported injures, disabilities or vestibular
issues). To our knowledge, this is the first report of recurrence measures reliably
predicting a behavioural measure in such a sample. It is worth noting that, for a
broader age range, age should be controlled for in this relationship.

We found stronger vection overall for contracting than for expanding optic
flow, at least for the verbal measures, and also greater sway magnitude (both for
mean anterior-posterior sway and for path length during optic flow in
comparison to fixation). However, the linear measures we used (Romberg ratio,
sway area ratio and VEPRs) all failed to predict individual variations in the
magnitude of vection in response to contracting stimuli. It seems unlikely that this
was due to ceiling effects in the data, as the maximum average verbal vection
report in this condition was 93%. The nonlinear measures alone provided reliable
predictions of contracting vection strength; their predictions for expanding
vection were also considerably stronger than most of the linear measures.

It is possible that the asymmetry between predictions for expanding and
contracting vection could arise because multisensory processing during expanding
and contracting optic flow differs; the postural adjustments for the two different
types of real-world situations (for instance, falling forwards compared to falling
backwards) may rest on different sensory weightings and different levels of
feedback between sensory systems.

Expanding flow occurs during forward motion, which is key for moving around
the environment and thus requires very fine control. Contracting flow occurs
during backward motion or falling, which are rare and may require fast, reflex-like
responses involving more coarse processing. If falling backwards is dealt with by
systems optimised for reaction speed and not precision, they may depend more on
vestibular input and less on visual input. Vestibular information is easier to
process than visual information, so much so that it instigates the Moro reflex to
lack of support in newborns [63]. Fast processing may thus attend more to the
vestibular system, explaining the lack of correlation between vection and sway
under contracting optic flow.

Overall, it is clear that non-linear dynamical analysis (RQA) of postural sway
during quiet stance can provide useful predictions about an individual’s
likelihood of experiencing illusions of self-motion. This could prove a useful tool
for evaluating individuals before participation in virtual reality experiments, flight
simulation training, and so on. In future, it would be fascinating to explore the
possibility of classifying individual EEG data during vection compared to no-
vection states, to explore whether RQA could be equally useful in examining
neural state changes related to vection.
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Materials and Methods
Participants

Participants were 13 healthy third-year undergraduate students who volunteered
as part of a course assignment. Mean age was 20.9, mean height 171.7 cm, and
mean mass 75 kg; three participants were male. (Full demographic data is
available at http://dx.doi.org/10.6084/m9.figshare.1126648).

We note that, though gender was not evenly balanced, it has been reported that
there are no gender differences in vection [64]; indeed, we confirmed this finding
across a combined sample of this dataset and a previously published experiment
[22] (N=33, n(male) =7); neither verbal nor throttle measures, nor any of the
sway measures, were significantly different between genders (all p-values>.1),
though expected measures such as height (p<<.001) and foot length (p<<.001) did
show highly significant gender differences, indicating that there was sufficient
power to detect any differences.

Ethics Statement

The experiments were approved by the Human Ethics Committee of the
University of Wollongong (approval number HE10/120). All participants gave
informed written consent and were free to withdraw from the study at any time if
they experienced discomfort or motion sickness. The study conformed to the
guidelines set out in the Declaration of Helsinki.

Apparatus

CoP acquisition

Postural sway data was measured with a Bertec Balance Plate, using Bertec
Acquire 4 software (Version 4.0.11.312) connected to a Dell Optiplex GX620
computer, running Windows XP. The data were sampled at 1000 Hz and
recorded in a Matlab file; for analysis, the data were smoothed with an order 5
Butterworth filter to remove low-frequency artefacts. During the quiet stance and
standing vection conditions, the plate was positioned 65 cm from the screen.

Seated vection ratings

During the seated vection conditions, subjects viewed stimuli through black-lined
viewing tube fronted by a rectangular black cardboard frame, to give a field of
view of 44 degrees horizontally and 26 degrees vertically, and were seated in front
of the tube. The viewer was positioned 153 cm from the screen, with his or her
face aligned with the back of the viewing tube. During these conditions, as well as
giving verbal ratings at the end of each vection trial, participants rated the strength
of vection using a USB throttle device (CH Pro USB throttle), which sampled its
position at a rate of 100 Hz.
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Stimuli

Optic flow stimuli were generated and displayed separately using Matlab version
R2009b, running on a Mac Pro computer (Mac Pro 3.1, Quad-Core Intel Xeon
2.8 GHz) and the Psychophysics Toolbox [65, 66], and displayed using a
Mitsubishi Electric colour data projector (Model XD400U) back-projected onto
large (1.48 m wide by 1.20 m high) screen mounted on the lab wall. Stimuli were
random clouds consisting of 1000 blue circular dots, moving in a radially
expanding or contracting fashion (see Movies S1 and S2), within a virtual
“world”, 30 by 30 by 80 m in virtual units. The dot cloud moved at a simulated
self-motion speed of 6 m/s, and either expanded towards or contracted away from
the observer in separate sessions (see Procedure).

Procedure

Before the main experiment, participants filled in some basic demographic
information and completed the first part of Kennedy’s Simulator Sickness
Questionnaire [67]. After this, a few basic physiological measures (height, weight,
foot length, foot width) were taken. We then obtained CoP recordings without
and with vection, followed by vection ratings from a seated position.

During the initial quiet stance conditions, the room was brightly lit to ensure
ample visual cues for postural control, but the screen remained blank.

During the optic flow conditions, the room was darkened and external sources
of light were minimised by turning off the external monitor, all other lighting
sources, and, during seated vection conditions, covering the participant’s head
with a black cloth draped around the viewing tube.

At the end of the experiment, participants filled out the last section of
Kennedy’s Simulator Sickness Questionnaire, to give a post-experiment measure
of motion sickness.

CoP acquisition

Participants were asked to stand on the balance plate with their ankles aligned
with the plate markings, with their feet together. Foot position on the plate was
marked with erasable marker to ensure position was maintained if participants
needed to step off the plate between sessions. They were instructed to stand with
hands folded in front of them and gaze straight ahead. Then participants were
instructed to stand as still as possible with eyes either closed or open (this was
counterbalanced to eliminate order effects) while their CoP movement was
recorded for 60 seconds.

After a break, participants returned to the balance plate, standing in the same
position as in the quiet stance trials, delineated by the markings on the plate. The
observer was now 65 cm from the screen, giving a field of view of 66 by 62 degrees
of visual angle, and the stimuli were adjusted accordingly. There were two
sessions, again with expanding and contracting stimuli blocked. Each session
consisted of a 30 s blank period, followed by 30 of the optic flow stimulus, 30
seconds of a blank screen, and 30 seconds of a simple fixation screen with
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instructions to continue standing steady; this sequence was repeated three times,
and postural sway was again recorded for the entire session as outlined above.

Seated vection ratings

Following this, the seated vection conditions were run. Participants were seated on
a raised architect’s chair, with feet resting on a metal ring at the base of the chair,
and head just inside the viewing tube as described above. After being given a basic
description of vection, participants were asked to move the throttle forwards
during the vection display, if and when they felt that they were moving, to rate the
extent to which they felt they were moving (and specifically not the speed of their
self-motion), and to move it back if they felt they were moving less or had stopped
moving; the device had tactile marking points (small raised bumps at 0, 50 and
100% positions), to assist participants in rating vection strength. The computer
was programmed to require the throttle to be reset to 0 before the next trial could
proceed. After each trial, participants were also asked to also give a verbal rating of
their vection experience, from 0 (no self-motion) to 100 (complete self-motion);
this was followed by a blank period of 5 seconds to help reduce any residual effects
of adaptation. Each participant completed 8 trials of each stimulus type
(expanding or contracting), and these were blocked and counterbalanced between
participants to avoid order effects.

Supporting Information

Movie S1. A demo movie of the expanding vection-inducing optic flow
stimulus. Note that this does not precisely represent the size and optic flow speed
of the stimulus due to refresh rate and screen size differences. The original
stimulus was presented on a large wall-sized screen.
doi:10.1371/journal.pone.0113897.s001 (MOV)

Movie S2. A demo movie of the contracting vection-inducing optic flow
stimulus. Note that this does not precisely represent the size and optic flow speed
of the stimulus due to refresh rate and screen size differences. The original
stimulus was presented on a large wall-sized screen.
doi:10.1371/journal.pone.0113897.s002 (MOV)

Acknowledgments

This research was funded by Australian Research Council grant no. DP0772398 to
A/Prof Palmisano. We would also like to thank Emeritus Professor Robert
Gregson for his helpful discussions on non-linear dynamics and chaos theory.

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 18 /22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0113897.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0113897.s002

@'PLOS | ONE

Chaos in Balance

Author Contributions

Conceived and designed the experiments: DA SP. Performed the experiments: DA.
Analyzed the data: DA EN. Contributed reagents/materials/analysis tools: DA FN.
Wrote the paper: DA FN SP.

References

1. Lishman JR, Lee DN (1973) The autonomy of visual kinaesthesis. Perception 2: 287-294.

2. Berthoz A, Pavard B, Young LR (1975) Perception of linear horizontal self-motion induced by
peripheral vision (linearvection) basic characteristics and visual-vestibular interactions. Experimental
Brain Research 23.

3. Ramdani S, Tallon G, Bernard PL, Blain H (2013) Recurrence quantification analysis of human
postural fluctuations in older fallers and non-fallers. Annals of Biomedical Engineering 41: 1713—-1725.

4. Jeka J, Allison L, Saffer M, Zhang Y, Carver S, et al. (2006) Sensory reweighting with translational
visual stimuli in young and elderly adults: the role of state-dependent noise. Experimental Brain
Research 174: 517-527.

5. Mitchell SL, Collin JJ, De Luca CJ, Burrows A (1995) Open-loop and closed-loop postural control
mechanisms in Parkinson’s disease: increased mediolateral activity during quiet standing.
Neuroscience.

6. Schmit JM, Riley MA, Dalvi A, Sahay A, Shear PK, et al. (2006) Deterministic center of pressure
patterns characterize postural instability in Parkinson’s disease. Experimental Brain Research 168: 357—
367.

7. Maurer C, Mergner T, Peterka RJ (2006) Multisensory control of human upright stance. Experimental
Brain Research 171: 231-250.

8. Peterka RJ (2002) Sensorimotor integration in human postural control. Journal of Neurophysiology 88:
1097-1118.

9. Peterka RJ, Loughlin PJ (2004) Dynamic regulation of sensorimotor integration in human postural
control. Journal of Neurophysiology 91: 410-423.

10. Masson G, Mestre DR, Pailhous J (1995) Effects of the spatio-temporal structure of optical flow on
postural readjustments in man. Experimental Brain Research 103.

11. Lestienne F, Soechting J, Berthoz A (1977) Postural readjustments induced by linear motion of visual
scenes. Experimental Brain Research 28: 363-384.

12. Palmisano S, Pinniger GJ, Ash A, Steele JR (2009) Effects of simulated viewpoint jitter on visually
induced postural sway. Perception 38: 442-453.

13. Creath R, Kiemel T, Horak F, Peterka R, Jeka J (2005) A unified view of quiet and perturbed stance:
simultaneous co-existing excitable modes. Neuroscience Letters 377: 75-80.

14. Maurer C, Peterka RJ (2005) A new interpretation of spontaneous sway measures based on a simple
model of human postural control. Journal of Neurophysiology 93: 189-200.

15. Wei K, Stevenson IH, Kérding KP (2010) The uncertainty associated with visual flow fields and their
influence on postural sway: Weber’s law suffices to explain the nonlinearity of vection. Journal of Vision
10: 4.

16. Alais D, Burr D (2004) The ventriloquist effect results from near-optimal bimodal integration. Current
Biology 14: 257-262.

17. Ernst MO, Banks MS (2002) Humans integrate visual and haptic information in a statistically optimal
fashion. Proceedings of the Royal Society B: Biological Sciences 415: 429-433.

18. Tanahashi S, Ujike H, Kozawa R, Ukai K (2007) Effects of visually simulated roll motion on vection and
postural stabilization. Journal of NeuroEngineering and Rehabilitation 4: 1-11.

19. Guerraz M, Bronstein AM (2008) Mechanisms underlying visually induced body sway. Neuroscience

Letters 443: 12-16.

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 19/ 22



@'PLOS | ONE

Chaos in Balance

20.

21.

22,

23.

24,

25,

26.

27.

28.

29,

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Smart Jr LJ, Stoffregen TA, Bardy BG (2002) Visually induced motion sickness predicted by postural
instability. Human Factors: The Journal of the Human Factors and Ergonomics Society 44: 451-465.

Kuno S, Kawakita T, Kawakami O, Miyake Y, Watanabe S (1999) Postural adjustment response to
depth direction moving patterns produced by virtual reality graphics. The Japanese Journal of
Physiology 49: 417-424.

Palmisano S, Apthorp D, Seno T, Stapley PJ (2014) Spontaneous postural sway predicts the strength
of smooth vection. Experimental Brain Research: 1-7.

Kim G, Ferdjallah M, Harris G (2009) Fast computational analysis of sway area using center of
pressure data in normal children and children with cerebral palsy. American Journal of Biomedical
Sciences: 364-372.

Oliveira LF, Simpson DM, Nadal J (1996) Calculation of area of stabilometric signals using principal
component analysis. Physiological measurement 17: 305-312.

Zbilut JP, Webber Jr CL (1992) Embeddings and delays as derived from quantification of recurrence
plots. Physics Letters A 171: 199-203.

Duarte M, Freitas SMSF (2010) Revision of posturography based on force plate for balance evaluation.
Revista Brasileira de Fisioterapia 14: 183—192.

Kiemel T, Oie KS, Jeka JJ (2002) Multisensory fusion and the stochastic structure of postural sway.
Biological Cybernetics 87: 262-277.

van der Kooij H, Peterka RJ (2011) Non-linear stimulus-response behavior of the human stance control
system is predicted by optimization of a system with sensory and motor noise. Journal of Computational
Neuroscience 30: 759-778.

Kirchner M, Schubert P, Schmidtbleicher D, Haas CT (2012) Evaluation of the temporal structure of
postural sway fluctuations based on a comprehensive set of analysis tools. Physica A: Statistical
Mechanics and its Applications 391: 4692—4703.

Duarte M, Zatsiorsky VM (2000) On the fractal properties of natural human standing. Neuroscience
Letters 283: 173-176.

Riley MA, Clark S (2003) Recurrence analysis of human postural sway during the sensory organization
test. Neuroscience Letters.

Donner RV, Zou Y, Donges JF, Marwan N, Kurths J (2010) Recurrence networks - a novel paradigm
for nonlinear time series analysis. New Journal of Physics 12: 033025.

Chagdes JR, Rietdyk S, Haddad JM, Zelaznik HN, Raman A, et al. (2009) Multiple timescales in
postural dynamics associated with vision and a secondary task are revealed by wavelet analysis.
Experimental Brain Research 197: 297-310.

Kantelhardt JW, Koscielny-Bunde E, Rego HHA, Havlin S, Bunde A (2001) Detecting long-range
correlations with detrended fluctuation analysis. Physica A: Statistical Mechanics and its Applications
295: 441-454.

Kantelhardt JW, Zschiegner SA, Koscielny-Bunde E, Havlin S, Bunde A, et al. (2002) Multifractal
detrended fluctuation analysis of nonstationary time series. Physica A: Statistical Mechanics and its
Applications 316: 87-114.

Marwan N, Romano MC, Thiel M, Kurths J (2007) Recurrence plots for the analysis of complex
systems. Physics Reports-Review Section of Physics Letters 438: 237-329.

Becker K, Schneider G, Eder M, Ranft A, Kochs EF, et al. (2010) Anaesthesia Monitoring by
Recurrence Quantification Analysis of EEG Data. PLoS ONE 5: e8876.

Hamadene W, Peyrodie L, Vasseur C (2005) Exploring the nonlinear dynamics of EEG signals.
Canadian Conference on Electrical and Computer Engineering, 2005: 354-357.

Huang L, Wang W, Singare S (2006) Recurrence Quantification Analysis of EEG predicts responses to
incision during anesthesia. In: Neural Information Processing, Berlin, Heidelberg: Springer Berlin
Heidelberg.. pp. 58-65.

Mesin L, Costa P (2014) Prognostic value of EEG indexes for the Glasgow outcome scale of comatose
patients in the acute phase. Journal of Clinical Monitoring and Computing 4: 377-385.

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 20/ 22



@'PLOS | ONE

Chaos in Balance

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Talebi N, Nasrabadi AM (2010) Recurrence plots for identifying memory components in single-trial
EEGs. In: Brain Informatics, Berlin, Heidelberg: Springer Berlin Heidelberg. pp.124-132.

Zhu T, Huang L, Zhang S, Huang Y (2008) Predicting epileptic seizure by Recurrence Quantification
Analysis of single-channel EEG. In: Advanced Intelligent Computing Theories and Applications. With
Aspects of Theoretical and Methodological Issues, Berlin, Heidelberg: Springer Berlin Heidelberg. pp.
438-445.

Tallon G, Blain H, Seigle B, Bernard PL, Ramdani S (2013) Dynamical and stabilometric measures are
complementary for the characterization of postural fluctuations in older women. Gait & posture 38: 92—
96.

Trulla L, Giuliani A, Zbilut J, Webber Jr C (1996) Recurrence quantification analysis of the logistic
equation with transients. Physics Letters A 223: 255-260.

Riley MA, Balasubramaniam R, Turvey MT (1999) Recurrence quantification analysis of postural
fluctuations. Gait & posture 9: 65-78.

Hasson CJ, Van Emmerik R, Caldwell GE (2008) Influence of embedding parameters and noise in
center of pressure recurrence quantification analysis. Gait & posture 27: 416—422.

Marwan N (2011) How to avoid potential pitfalls in recurrence plot based data analysis. International
Journal of Bifurcation and Chaos 21: 1003—1017.

Oliveira LF, Simpson DM, Nadal J (1996) Calculation of area of stabilometric signals using principal
component analysis. Physiological measurement 17: 305-312.

Schmit JM, Regis DI, Riley MA (2005) Dynamic patterns of postural sway in ballet dancers and track
athletes. Experimental Brain Research 163: 370-378.

Tootell RB, Reppas JB, Kwong KK, Malach R, Born RT, et al. (1995) Functional analysis of human
MT and related visual cortical areas using magnetic resonance imaging. The Journal of neuroscience:
the official journal of the Society for Neuroscience 15: 3215-3230.

Morrone MC, Tosetti M, Montanaro D, Fiorentini A, Cioni G, et al. (2000) A cortical area that responds
specifically to optic flow, revealed by fMRI. Nature Neuroscience 3: 1322-1328.

Liu S, Angelaki DE (2009) Vestibular signals in macaque extrastriate visual cortex are functionally
appropriate for heading perception. Journal of Neuroscience 29: 8936—-8945.

Cardin V, Smith AT (2011) Sensitivity of human visual cortical area V6 to stereoscopic depth gradients
associated with self-motion. Journal of Neurophysiology 106: 1240—1249.

Pitzalis S, Sereno MI, Committeri G, Fattori P, Galati G, et al. (2010) Human v6: the medial motion
area. Cerebral Cortex 20: 411—424.

Wall MB, Smith AT (2008) The representation of egomotion in the human brain. Current biology 18:
191-194.

Pitzalis S, Sdoia S, Bultrini A, Committeri G, Di Russo F, et al. (2013) Selectivity to translational
egomotion in human brain motion areas. PLoS ONE 8: e60241.

Chen A, DeAngelis GC, Angelaki DE (2010) Macaque parieto-insular vestibular cortex: responses to
self-motion and optic flow. Journal of Neuroscience 30: 3022—-3042.

Cardin V, Smith AT (2010) Sensitivity of human visual and vestibular cortical regions to egomotion-
compatible visual stimulation. Cerebral Cortex 20: 1964—1973.

Smith AT, Cardin V (2011) Combination of optic flow fields and stereoscopic depth fields in the encoding
of self-motion. Journal of Vision 11: 740-740.

Doyle TL, Newton RU, Burnett AF (2005) Reliability of traditional and fractal dimension measures of
quiet stance center of pressure in young, healthy people. Archives of physical medicine and
rehabilitation 86: 2034-2040.

Mazaheri M, Negahban H, Salavati M (2010) Reliability of recurrence quantification analysis measures
of the center of pressure during standing in individuals with musculoskeletal disorders. Medical
engineering & Physics 32: 808-812.

Negahban H, Salavati M, Mazaheri M, Sanjari MA (2010) Non-linear dynamical features of center of
pressure extracted by recurrence quantification analysis in people with unilateral anterior cruciate
ligament injury. Gait & Posture 31: 450-455.

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 21122



@'PLOS | ONE

Chaos in Balance

63.

64.
65.
66.

67.

68.

Ronngqvist L (1995) A critical examination of the moro response in newborn infants—symmetry, state
relation, underlying mechanisms. Neuropsychologia 33: 713-726.

Seno T (2013) No sex differences in vection. In: ECVP Abstract Supplement. volume 42, p. 173.
Brainard DH (1997) The Psychophysics Toolbox. Spatial Vision 10: 433—436.

Pelli DG (1997) The VideoToolbox software for visual psychophysics: Transforming numbers into
movies. Spatial Vision 10: 437-442.

Kennedy RS, Lane NE, Berbaum KS, Lilienthal MG (1993) Simulator Sickness Questionnaire: An
enhanced method for quantifying simulator sickness. The International Journal of Aviation Psychology 3:
203-220.

Schinkel S, Marwan N, Kurths J (2009) Brain signal analysis based on recurrences. Journal of
Physiology 103: 315-323.

PLOS ONE | DOI:10.1371/journal.pone.0113897 December 2, 2014 2222



	Figure 1
	Figure 2
	TABLE_1
	Figure 3
	Figure 4
	TABLE_2
	Figure 5
	Figure 6
	Figure 7
	TABLE_3
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68

