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Abstract

On land, the spatial magnitude of postural sway (i.e., the amount of sway) tends to be greater when participants look at the horizon
than when they look at nearby targets. By contrast, on ships at sea, the spatial magnitude of postural sway in young adults has
been greater when looking at nearby targets and less when looking at the horizon. Healthy aging is associated with changes in the
movement patterns of the standing body sway, and these changes typically are interpreted in terms of age-related declines in the
ability to control posture. To further elucidate the mechanisms associated with these changes we investigated control of posture in a
setting that poses substantial postural challenges; standing on a ship at sea. In particular, we explored postural sway on a ship at
sea when older adults looked at the horizon or at nearby targets. We evaluated the kinematics of the center of pressure in terms of
spatial magnitude (i.e., the amount of sway) and multifractality (a measure of temporal dynamics). We found that looking at the
horizon significantly affected the multifractality of standing body, but did not systematically influence the spatial magnitude of sway.
We discuss the results in terms of age-related changes in the perception and control of dynamic body orientation.
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Introduction

Healthy aging is associated with an increase in the spatial magnitude of standing body sway [1-3]. In plain terms, older adults tend
to sway more than younger adults. Traditionally, this age-related increase in sway has been interpreted as a decrease in the
stability of postural control [4]. In part, this interpretation is based on the fact that aging also is associated with an increased risk of
falling. Many researchers have assumed that the age-related increase in falling is caused, in part, by the age-related increase in
body sway [5]. This logical link appears to be simple and straightforward, but it is complicated by two facts. First, healthy older
adults are able to modulate the amount of their own body sway. Second, the amount of sway differs qualitatively from the temporal
structure of sway [2]. These facts raise questions about the traditional interpretation of age-related increases in the spatial
magnitude of body sway as an overall decrease in the stability of postural control [6-8]. In the present study, we evaluated both the
spatial magnitude and the temporal dynamics of postural sway in healthy older adults. We did this on a ship at sea, a setting that
powerfully influences the control of posture in younger adults. Our results provide novel and naturalistic support for new
interpretations of postural control and postural stability in older adults.

Task-related modulation of sway

Standing upright is rarely the sole activity in which a person engages. While standing, we look, listen, manipulate objects, or simply
think. The goal of postural control is to maintain the body’s center of mass over the base of support (the feet), but the goals of non-
postural tasks often differ qualitatively. For example, if we read while standing, the success of reading is defined in terms of reading
rate or comprehension, which differs qualitatively from the position or motion of the center of mass. Activities that co-occur with



stance but have different goals are referred to as supra-postural tasks [9]. Extensive research has made it clear that properties of
supra-postural tasks routinely influence the amount of sway [4]. As one example, postural sway during reading typically has
reduced the amount of sway, relative to sway when looking at a blank target [9—10]

As another example, in healthy young adults the spatial magnitude of sway is greater when looking at more distant visual targets
than when looking at nearby visual targets [11-13]. This same effect occurs among healthy older adults, despite the fact that the
overall magnitude of sway was greater for older adults than for younger adults [3]. Effects of supra-postural tasks suggest that
healthy older adults retain the ability to modulate their postural sway, and are not readily compatible with the traditional idea that the
increased postural sway of older adults represents uncontrolled instability [7—8]. In the present study, we varied the distance of
visual targets and evaluated the effects of this manipulation on the standing body sway of healthy older adults in a novel setting; a
ship at sea.

Postural control on a moving surface

Assessments of postural activity often focus on situations in which there were no external perturbations to posture, sometimes
referred to as the quiet stance paradigm [4]. Posture must also be controlled in the presence of perturbations, that is, sources of
motion outside the body, often referred to as the perturbation paradigm [14]. In the laboratory, perturbations to posture often take
the form of motion of the surface upon which the person is standing [15]. This paradigm has been very productive, but it has
fundamental limitations. Among these are limits on the magnitude and complexity of perturbations that can be applied. Laboratory
devices typically can move less than 1 m, with motion that is brief (1 s or less), and limited to a single axis. Outside the laboratory it
is possible to identify situations that feature larger, more complex, and more persistent displacements. Postural activity in the
presence of complex, long-duration perturbations can have implications for general theories of perceptual-motor control [16-17].

One example of non-laboratory perturbation that has proved generative for research on postural control is the motion of ships at
sea. Motion of the surface of the sea (i.e., waves and swell) displaces ships, leading to oscillatory ship motion in 6 degrees of
freedom (Fig 1), which commonly is on the order of meters, and which persists across hours and days. Ship motion is a powerful
constraint on control of the body, a fact that has been known anecdotally for millennia [18]. Experimental research has confirmed
anecdotal accounts, and has provided insight into quantitative details about how postural control can be adapted to life on moving
surfaces.
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Fig 1. lllustration of ship motion, showing roll, pitch, and yaw, the three rotational degrees of freedom.

The three translational degrees of freedom are surge, sway, and heave, which are motions along the roll, pitch, and yaw axes,
respectively.

https://doi.org/10.1371/journal.pone.0166900.g001

We can evaluate the impact of ship motion on postural control by considering measures of effect size relating to variations in ship
motion. One common measure of effect size is partial r]2, which ranges from 0.0 to 1.0. Cohen [19] suggested that values of partial
n2 greater than 0.26 are “large.” Variations in ship motion have yielded statistically significant effect sizes ranging from 0.60 to 0.99
[20—24], which are exceptional within the behavioral sciences, and which testify to the powerful effects of ship motion on the control
of the body.

The role of the horizon: Land versus sea.

As noted above, the spatial magnitude of postural activity is related to the egocentric distance of visible targets. The logical limit of
this relationship occurs when people look at the horizon. On land, the spatial magnitude of postural sway is greater when looking at
the visible horizon than when looking at nearby targets, in both younger and older adults [11, 16, 25]. Typically, these effects are
stronger for postural sway in the body’s anterior-posterior (AP) axis than for sway in the body’s mediolateral (ML) axis. The
influence of the visible horizon on the spatial magnitude of postural sway has been referred to as the Grand Canyon effect [21].

The most common interpretation of the Grand Canyon effect relies on the projective geometry of the optical consequences of body
sway in relation to the visible surroundings [12, 26—28]. A given amplitude of body sway creates greater change in optic flow arising
from nearby objects and surfaces, and less change in optic flow arising from distant objects and surfaces. For objects and surfaces
at very large distances, body sway should yield optical changes that are too small to be detected by the visual system. Accordingly,
nearby visual targets should play a greater role than the horizon in the control of body posture. This analysis appears to imply that
viewing of the horizon should not stabilize body posture at sea. Specifically, this view would predict that, at sea, posture should be
more stable when looking at the ship than when looking at the horizon.

The terrestrial Grand Canyon effect contrasts with phenomena that are associated with sea travel. Stretching back over several
millennia, anecdotal reports suggest that standing on the open deck and looking at the nautical horizon (the rim of the world) can
improve both subjective stability and the control of body sway. That is, anecdotal evidence suggests that the effect of the visible
horizon at sea is exactly the opposite of what it is on land. Recent experiments have confirmed the anecdotal reports. On ships at
sea, when standing on the open deck the spatial magnitude of standing body sway is reduced when participants look at the



horizon, relative to sway when looking at nearby targets on the ship. This effect has been observed among experienced maritime
crewmembers [16], and in young adult maritime novices [21]. These nautical effects raise questions about the traditional,
geometrical interpretation. In the present study, we asked whether the nautical horizon would affect the control of standing body
sway among healthy older adults on a ship at sea.

Multifractality in postural sway

The interpretation of movement variability has been profoundly affected by developments in dynamic systems theory, with special
emphasis on the temporal properties of behavior. One consequence of these developments is growing debate about the definition
of stability in the context of human movement, in general, and postural control, in particular [2, 7, 29]. Postural sway having a given
spatial magnitude can be more stable or less stable, depending on its temporal properties. In general, the spatial and temporal
structure of movement differ qualitatively, such that one cannot be reduced to (or deduced from) the other. For this reason, in the
present study, we separately assessed the spatial magnitude and the temporal dynamics of postural sway. We evaluated the spatial
magnitude of sway in terms of the positional variability, a widely used measure [9-10, 13], which is similar to the root mean square
of position [3, 30]. We evaluated temporal dynamics in terms of the multifractality of postural sway.

In early work, it was assumed that the degree of fractality was constant, for a given individual. More recent research has
demonstrated that the nature of fractality can change. Changes in fractality demonstrate multifractality. Multifractality has been
identified in both cognitive [31] and perceptual-motor processes [32—34]. Some scholars have suggested that multifractaility is a
fundamental aspect of animate behavior, in general [31], and of perceptual-motor behavior, in particular [32, 35]. That is,
multifractality should be an intrinsic property of the system and, in this sense, may differ from other aspects of temporal dynamics.
Several scholars have argued that measures of multifractality may be more meaningful than measures of other aspects of temporal
dynamics [31, 33, 36]. In this article, we do not recapitulate these arguments; rather, we use them to motivate the use of
multifractality as a measure of the temporal dynamics of body sway in our study.

Several studies have documented the existence of multifractality in standing body sway [32, 34, 37]. Ihlen et al. [32] and
Goldberger et al. [38] suggested that age-related changes in physiology and neurology might lead to a reduction in the
multifractality of movement. Munafo et al. [25] compared the multifractality of standing sway in younger and older healthy adults.
They confirmed the existence of an age effect; however, the degree of multifractality was greater in older adults than in younger
adults, directly contrary to the prediction of Goldberger et al.

Munafo et al. [25] also investigated the influence of the horizon on postural sway in younger and older adults. In addition to
evaluating the spatial magnitude of postural sway, they separately evaluated the multifractality of sway. They found a statistically
significant interaction between target distance and age groups, revealing that older adults systematically modulated the width of the
multifractal spectrum as a function of the distance of visual targets, while younger adults did not. That is, among older adults,
multifractality scaled negatively with target distance; that is, multifractality was greater for nearby targets, and was reduced for the
horizon. This effect was the first empirical demonstration that the distance of visual targets can affect the multifractality of postural
sway. However, the nature of the effect (that target distance affected the amount of sway of older adults but not younger adults)
does not appear to be compatible with the traditional assumption that the stability of postural control declines with age.

The present study

In the present study, we asked whether the nautical horizon would affect the spatial magnitude of standing body sway in older
adults in the same way that it affects standing body sway in younger adults [21]. In older adults, we predicted that the spatial
magnitude of postural sway would be reduced when looking at the nautical horizon, relative to sway when looking at a nearby
target. Second, we asked whether the nautical horizon would affect the multifractality of standing body sway in older adults. By
analogy with previous nautical research [16, 21], in which the effect of the horizon on land differed qualitatively from the effect of the
horizon at sea, we predicted that multifractality would be greater when looking at the nautical horizon than when looking at a nearby
target. Finally, following previous studies, we predicted that effects of the horizon would be greater for sway in the body’s AP axis
than for sway in the body’s ML axis.

Materials and Methods

We sought to maximize the extent to which our study of older maritime novices would be comparable to previous studies of younger
adult maritime novices. For this reason, the present study was conducted in the same location on the same ship as the study of
Stoffregen et al.] 21], departing from the same port in the same season and under similar sea conditions. With respect to our
variation in the distance of visual targets, we used a within-participants design. With respect to our variation in testing days, our
design was between-participants.

Ethics Statement

The experimental protocol was approved in advance by the University of Minnesota IRB, and informed consent was obtained from
each participant in writing.

Participants

Participants were 18 adults (11 males, 7 females) ranging in age from 56 to 78 years (M = 66.16 years), who were paying
passengers on an Enrichment Voyage operated by the Institute for Shipboard Education (www.semesteratsea.com). We did not
formally assess health status. Participants were healthy in the sense that they were bi-pedally ambulatory (i.e., they walked without
support or assistance), were sufficiently independent that they had elected to embark upon a sea voyage, and were willing and able
to stand on the open deck for the duration of our protocol. On Day 1, there were 6 men and 5 women and the age range was 5672
years, with a mean of 65.1 years. On Day 2, there were 5 men and 2 women and the age range was 56-78 years, with a mean of
67.3 years.



Apparatus and experimental setting

The study was conducted on the M/V Explorer, which was 86 m long, with a 16 m beam and displacing 25,000 tons. During testing,
the ship travelled at approximately 13 knots. The experiments were conducted on the aft end of deck 4, an open space
approximately 20 m wide by 10 m deep. This was the same space used by Stoffregen et al. [21]. A safety railing surrounded the
perimeter; otherwise, the area provided an unimpeded view of the ocean from the ship’s stern.

We evaluated postural activity during stance on a force plate (Accusway, AMTI, Watertown, MA), which was sampled at 50 Hz in
the AP and ML axes. This device was one of two force plates used by Stoffregen et al. [21].

Procedure

The ship departed Nassau, The Bahamas, on the evening of December 18 2013 for a 3-week cruise. We collected data during the
first two full days at sea (December 19 and 20). The experimental setting is illustrated in Fig 2. Data were collected in the same
physical location on the same ship, in the same waters, in the same season, and using the same force plate as in Stoffregen et al.
[21].

Fig 2. Experimental setting.
A. Near target condition. B. Far target (horizon) condition.
https://doi.org/10.1371/journal.pone.0166900.g002

Participants were tested while wearing their shoes. The participants wore loafers or athletic shoes. We did not recruit individuals
who were wearing high heels. The procedure was the same as Experiment 2 from Stoffregen et al. [21]. Participants stood on
marked lines on the force place such that there were 17 inches between heels and the feet were at an angle of 10° relative to each
other. In the near target condition participants were asked to keep their gaze on a tripod head, located 50 cm in front of the
participant’s heel. In the far target condition, the tripod was removed and the participant was instructed to look straight ahead at the
horizon. Individual trials were 60 s in duration. Each participant completed three trials in the near target condition and three in the
far target condition, with condition order counter-balanced across participants. Each day, data were collected from 9:00-11:30 and
13:00-16:00.

Data analysis

We evaluated the amount, or spatial magnitude of body sway, and we separately evaluated the temporal dynamics of body sway.
The spatial magnitude of body sway can be assessed in many ways, including its range, area [2]. To enable direct comparison with
certain previous studies, we evaluated the spatial magnitude of sway in terms of the positional variability of the center of pressure,
which we defined operationally as the standard deviation of center of pressure positions [9, 13, 16, 21]. For each trial, we computed
the standard deviation of the center of pressure time series. These standard deviations were the data used in our inferential
statistics. Thus, the means that we report for positional variability are the means (across conditions) of these per-trial standard
deviations.

We evaluated the multifractality of sway in terms of multifractal detrended fluctuation analysis, or MF-DFA. MF-DFA is an extension
of detrended fluctuation analysis [2], which provides access to a qualitatively different type of information. Traditional DFA yields a,
the scaling exponent, but assumes homogenous fluctuations in a time series [31]. For this reason, traditional DFA cannot be used
to assess the existence or degree of multifractality in time series data. Multifractal fluctuations are interdependent and
heterogeneous. The range of the singularity exponent, h(q), can be used as an index of the degree of multifractality in a time series
[39-40]. The range of h(q) values is known as the singularity spectrum, or simply the spectrum. The wider the multifractal spectrum,
the more multifractal is the movement [36]. For each trial, we computed h(q) using open source code for MATLAB (MFDFA1[39]),
set to a minimum scale of g = -10, increasing incrementally by 1 to g = 10, and a polynomial trend fit set to 3. We selected a
minimum scaling range of 16 data points with 19 evenly spaced increasing segment sizes to a maximum of the length of the time
series. Each time series comprised 3000 data points.

MF-DFA is a novel technique, particularly in relation to the analysis of human movement. Researchers have argued that
multifractality may be an inherent component of animate movement, including but not limited to the kinematics of postural sway [31,
33, 36]. Yet the same researchers have acknowledged that, due to its novelty, the interpretation of data on multifractality often is not
straightforward. In the present study, our use of and predictions about MF-DFA were based on published derivations of the analytic
technique, and on published empirical studies showing that MF-DFA can be influenced by a variety of behaviorally relevant
independent variables [25, 32-34, 37].

For each dependent variable, we conducted separate 3-factor ANOVAs on target distance (Near vs. Far), body axis (AP vs. ML),
and days (Day 1 vs. Day 2). Target distance and body axis were within-participants factors, while days was a between-participants
factor. We report only effects that reached statistical significance. Munafo et al. [25] directly evaluated relations between the two
dependent variables, and found them to be orthogonal to each other. For this reason, in the present study we did not deem it
necessary to conduct a multivariate ANOVA to control for a relationship between our dependent variables.



Results

Ship motion

The weather was partly cloudy with occasional squalls of rain. We estimated sea state using the Beaufort scale [41], on which 1 =
flat calm, and 10 = hurricane. On Day 1, the sea state was approximately 3.5 on the Beaufort scale. On Day 2, the sea state
gradually increased from 2 to 3. For comparison, in Experiment 2 from Stoffregen et al. [21], the sea state was 4 on the first day of
testing, and 5 on the second day. Variations in sea state can affect the kinematics of standing body sway [42]. Accordingly, the
conditions in the present study were not identical to those of Stoffregen et al. [21]. For post-hoc tests from statistically significant
interactions, the criterion alpha was set at .005.

Postural sway

In our analysis of the positional variability of the center of pressure, the main effect of body axis was significant, F(1,16) = 59.66, p <
.01, partial r]2 = 0.79. Positional variability was greater in the body’s ML axis (mean = 1.83 cm, SD = 0.09 cm) than in its AP axis
(mean = 1.12 cm, SD = 0.04 cm). The main effect of days was significant, F(1,16) = 23.48, p < .01, partial r] = 0.60. Positional
variability was greater on Day 2 (mean = 1.75 cm, SD = 0.08 cm) than on Day 1 (mean = 1.24 cm, SD = 0.07 cm). In addition, the
condition x body axis x days interaction was significant, F(1,16) = 9.23, p < .01, partial r|2 =0.37 (Fig 3). Post-hoc tests revealed
only one significant contrast involving target distance: On Day 2, positional variability in the AP axis was greater during viewing of
the horizon than during viewing of the nearby target, #6) = 5.69, p = .0013.
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Fig 3. Positional variability of the center of pressure, illustrating the statistically significant condition x body axis x days interaction.
The error bars represent the 95% confidence interval of the mean.
https://doi.org/10.1371/journal.pone.0166900.g003

Positional Variability (cm)

Pasitional Variability (cm)
-

=

For the width of the multifractal spectrum, the main effect of axis was significant, F(1,16) = 47.20, p < .01, partial r] =0.75.
Spectrum width was greater for sway in the body’s ML axis (mean = 0.69, SD = 0.01), than for sway in the body s AP axis (mean =
0.60, SD = 0.01). In addition, the main effect of conditions was significant, F(1,16) = 10.54, p = .01, partial r| = 0.40. Spectrum
width was greater when looking at the horizon than when looking at the nearby target (Fig 4). These main effects were modulated
by a significant conditions x axis interaction, F(1,16) = 6.61, p = .02, partial r] =0.29 (Fig 5). Post-hoc tests of this interaction
revealed that several significant contrasts. Our variation in target distance affected spectrum width for postural activity in the AP
axis, t(17) = 4.64, p < .001, but not in the ML axis, #{(17) = 1.25, p = .11. When looking at the horizon, spectrum width was greater in
the ML axis than in the AP axis, {(17) = 5.14, p < .001. Also, spectrum width in the ML axis was greater than in the AP axis when
viewing the nearby target, #(17) = 8.700020043 p < .001. Finally, during viewing of the nearby target, spectrum width was greater in
the ML axis than in the AP axis, #(17) = 8.64, p < .001.

&
w

&
N

oy
£

n

= Near

Spectrum Width (W)
=

* o o o e
Mo

,_.

o

Fig 4. The width, W, of the multifractal spectrum, illustrating the statistically significant effect of target distance.
The error bars represent the 95% confidence interval of the mean.



https://doi.org/10.1371/journal.pone.0166900.g004
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Fig 5. The width, W, of the multifractal spectrum, illustrating the statistically significant interaction between conditions and body axis.
The error bars represent the 95% confidence interval of the mean.
https://doi.org/10.1371/journal.pone.0166900.g005

Comparisons between studies

To evaluate effects of age on postural sway at sea, we compared data from the present study with data from Days 1 and 2 from
Stoffregen et al. [21], which was conducted in the same location on the same ship at the same season in the same waters under
similar sea conditions. As noted earlier, these comparisons are of limited value, given that there were differences in sea states
between the two studies. For positional variability of the center of pressure the Grand Mean in the present study (1.50 cm, SD =
0.21 cm) did not differ from the mean reported by Stoffregen et al. (1.66 cm, SD = 0.11 cm), {(40) = 0.73, p = .24.

To evaluate the effects of ship motion on postural sway in older adults, we compared the Grand Mean of positional variability in the
present study versus the mean of the Near and Far conditions for older adults from Munafo et al. [25], who were tested in a
terrestrial outdoor setting. The Grand Mean of the present study (1.50 cm, SD = 0.21 cm) was greater than the mean for older
adults in Munafo et al. [25] (0.43 cm, SD = .21 cm), #(30) = 4.58, p < .001, consistent with the finding that the spatial magnitude of
body sway is greater at sea than on land [21].

To address effects of ship motion on the multifractality of sway among older adults, we compared the Grand Mean of spectrum
width in the present study (0.64, SD = .04) versus the mean for older adults from Munafo et al. [25] (0.51, SD = .06). These means
differed significantly, t{(30) = 7.72, p < .001, confirming that effects of ship motion on postural control extend to the multifractality of
sway.

Discussion

On a ship at sea, healthy older adults looked at the horizon, or at a nearby target on the ship. Looking at the horizon influenced the
spatial magnitude and the multifractality of postural sway. However, the nature of these effects differed from previous studies of
younger adults at sea, and from previous studies of older adults on land.

Effects of the horizon

The horizon had relatively little effect on the spatial magnitude of sway, as reflected in the positional variability of the center of
pressure. The absence of a significant main effect of conditions contrasts with younger adults in a previous study on the same ship
[21]. The statistically significant 3-way interaction between conditions (near target vs. horizon), body axis, and days (Fig 3) confirms
that the horizon did not have a consistent effect on positional variability. Indeed, post-hoc tests revealed a significant difference
between looking at the near target and looking at the horizon only on Day 2, and only for positional variability in the AP axis; and in
that case the direction of the effect was opposite to what has been observed in previous research at sea [16, 21]. These results
suggest that, in terms of the spatial magnitude of postural activity the effects of the nautical horizon differ markedly between
younger and older adults.

In the present study, as in the study of Stoffregen et al. [21], data were collected during the first two days of the voyage, that is,
during the period in which passengers were getting their sea legs. It may be that the process of adapting to ship motion (that is, the
process of getting one’s sea legs) may take longer in older adults than in younger adults. Age-related delays in perceptual-motor
learning have been documented in some contexts [43—44], but not in others [45]. It might be that the relatively weak effects of the
nautical horizon on the positional variability of older adults’ postural sway were related to a more protracted process of getting one’s
sea legs. This hypothesis could be tested by monitoring the postural sway of older adults over longer periods at sea; perhaps a
week.

In contrast to the spatial magnitude of postural activity, we found that the nautical horizon had robust effects on the multifractality of
sway, as reflected in the width of the multifractal spectrum. The more distant visual target (the horizon) was associated with
increased spectrum width, relative to the nearby target (Fig 4). This pattern of results differs qualitatively from effects observed on
land, where more distant visual targets were associated with reduced spectrum width, relative to nearby targets [25]. The effect of
target distance was concentrated in the body’s AP axis (Fig 5), a finding that is consistent with both terrestrial and nautical research
[16, 21, 25]. Taken together, the results indicate that the visible horizon primarily affects postural activity in the body’s AP axis, but
that the nature of these effects differs qualitative between nautical and terrestrial settings.



With respect to the qualitative difference in the effects of the horizon on postural sway at sea versus on land, our older adult
participants resembled younger adults [16, 21]. We conclude that the nautical horizon is an important factor in the control of
standing body posture on ships in both younger and older adults. In future research, it will be interesting to consider the role of the
horizon in development. Many vacation cruise companies cater to families with children, even to the extent of providing daycare for
infants. On such ships it would be possible to evaluate the role of the horizon in the control of body posture for infants, children, and
adolescents.

Effects of age

As noted above, our study was conducted on the same ship, and in the same waters, as Stoffregen et al. [21], who studied younger
adults. In addition, the sea state reported by Stoffregen et al. [21] (4 on Day 1, and 5 on Day 2) was similar to that in the present
study. Accordingly, it is reasonable to compare the present results, obtained with older adult maritime novices, with postural sway in
younger adult maritime novices on Days 1 and 2 [21]. The Grand Mean of positional variability in the present study did not differ
from the mean reported for Days 1 and 2 by Stoffregen et al. [21]. This nautical finding contrasts with postural control on land,
where many studies have shown that the spatial magnitude of postural sway is greater among older adults than among younger
adults [3]. The results of the present study, together with those of other nautical studies [20, 23—24] suggest that ship motion may
be such a powerful constraint on control of the body that it can eliminate age-related variations in the spatial magnitude of postural
sway. This finding must be regarded as tentative, due to our between-voyages comparison, yet the possibility motivates future
research in which younger and older adults are compared, using within-participants designs, both before and during a sea voyage.

Stoffregen et al. [21] found that younger adult maritime novices used the nautical horizon to reduce the spatial magnitude of
postural sway after only 24 hours at sea. In the present study, our older adult maritime novice participants had not made a similar
change after 48 hours at sea. It is possible that older adults do learn to use the nautical horizon to modulate the spatial magnitude
of postural sway, but that they do so more slowly than younger adults. This question could be resolved by monitoring the postural
sway of older adults over the course of a longer sea voyage.

Effects of ship motion

In the present study, the positional variability of sway was greater in the ML axis than in the AP axis. This result differs from
terrestrial studies using the same stance width, in which positional variability typically is greater in AP than in ML, in both younger
and older adults [6, 13, 16, 21, 25, 46]. The terrestrial effect has been interpreted as arising from biomechanical factors [47], but
more recent evidence suggests that it may be related to functional demands of supra-postural tasks [20, 48]. The finding that our
participants were able to reverse the relationship between sway in the AP and ML axes highlights the adaptability of older adults in
the face of ship motion. Because ships typically are longer than they are wide, ship motion in roll tends to be greater than in pitch.
When facing the stern (as in the present study), sway in the body’s ML axis will be affected by ship motion in roll, while sway in the
body’s AP axis will be affected by ship motion in pitch. Thus, the observed increase in ML sway may have been an adaptive
response to the magnitude of roll motion. A similar effect was observed by Munafo et al. [49], who found, among older adults at sea,
that performance in the standing Romberg test was better when facing port or starboard (where performance was primarily
influenced by ship motion in pitch) than when facing fore-aft (where performance was primarily influenced by ship motion in roll).

Testing on different days

Postural activity differed between Day 1 and Day 2. Motion of the ship differed between days, and daily variations in ship motion are
known to affect postural sway in younger adults [22, 42]. However, in the present study the differences between days that we
observed cannot be interpreted as simple effects of daily variations in ship motion. The reason is that we used a between-
participants design in which each individual was tested on only one day. The age of our participants did not differ between days.
However, the distribution of male and female participants did differ across days. On Day 1 the number of male and female
participants was equal, while on Day 2 there were more men than women. Many studies have shown that there exist reliable
differences in postural sway between the sexes [50], including among older adults [51-52], but no previous studies have compared
the sexes on ships at sea. These issues can be resolved only through future research.

The multifractality of postural activity did not differ between testing days. In positional variability, the effect size for the main effect of
days was very large (0.60). Taken together, the results underscore the independence of positional variability and multifractality, that
is, the independence of the spatial magnitude versus the temporal dynamics of movement.

The meaning of multifractality

Due to its qualitative novelty, researchers have acknowledged that the interpretation of multifracality in terms of functional outcomes
is not self-evident [33]. The evaluation of multifractality in relation to known outcomes can help scientists to understand the meaning
of these metrics. As one example, the postural control of older adults is widely (perhaps universally) understood to be less stable
than that of young adults. Thus, age-related variations may make it possible to interpret certain values of multifractality in terms of
stability and instability. Yet overall interpretation is likely to be complex. Multifractality varies with age, but it also varies with
variations in visual tasks, as demonstrated in Munafo et al. [25], and in the present study. Palatinus et al. [33] found that the
multifratality of torso movement varied as a function of “perceptual intent”, that is, whether participants were attempting to detect
the whole length or the partial length of an unseen rod that was attached to their shoulders. Finally, Koslucher et al. [53] found, in
young adults, that the multifractality of standing body sway differed between participants who proved to be susceptible to visually
induced motion sickness and those who did not become sick. Much additional research will be required to identify reliable links
between patterns of multifracality in human movement and particular states, situations, conditions, or diagnoses of the individuals
involved.

Aging and the stability of postural control

Healthy aging is associated with an increase in the spatial magnitude of standing body sway [2]. Traditionally, this common finding
has been interpreted as indicating an age-related decline in the ability to stabilize the body [4, 6]. The results of the present study,
together with results from other recent research, raise questions about this traditional interpretation. While healthy older adults do



sway more, this increase in the spatial magnitude of sway is not involuntary, or inescapable. In a terrestrial laboratory setting, Prado
et al. [3] varied the distance of visual targets. Overall postural sway was greater among healthy older adults than among healthy
younger adults, replicating the common finding. Yet both age groups modulated the spatial magnitude of sway in response to the
variation in the distance of visual targets, and the effects of target distance did not differ between age groups. That is, healthy older
adults retained the ability to modulate the spatial magnitude of their postural sway, and their use of this ability did not appear to be
affected by age.

The logical limit for the distance of visual targets is the visible horizon. The influence of the visible horizon on postural control has
been evaluated in outdoor settings. On land, the spatial magnitude of standing body sway is greater when looking at the visible
horizon than when looking at nearby targets for healthy younger adults, and for healthy older adults [25]. These effects are
compatible with the hypothesis that healthy older adults retain the ability to modulate postural activity to support the performance of
supra-postural tasks [7-8, 54]. To the extent that this hypothesis is correct, then the increased risk of falls among healthy older
adults must have a cause other than age-related changes in the control of stance.

Conclusion

On land, the spatial magnitude of standing body sway is influenced by the distance of visual targets, in both younger and older
healthy adults [3]. Among younger adults on ships at sea, the relation between visual target and the spatial magnitude of sway is
qualitatively reversed [16, 21]. In the present study, we asked whether the kinematics of standing body sway of healthy older adults
would be influenced by the distance of visual targets. On a ship at sea, we measured the kinematics of standing body sway as
healthy older adults looked at a nearby visual target, or at the nautical horizon. This variation in visual target distance had no
systematic effect on the spatial magnitude of postural sway. However, the distance of visual targets had significant effects on the
temporal dynamics of sway, as revealed by our analysis of the width of the multifractal spectrum. The results demonstrate that the
nautical horizon, the rim of the world, can influence the kinematics of standing body sway in healthy older adults, but the nature of
these effects differs between older and younger adults.

The role of the nautical horizon in the control of stance has special importance among older adults. Ageing in associated with
changes in the control of standing body posture and with an increased risk of falling [6, 55]. Therefore, it might be expected that
older adults would choose to avoid situations that increase the risk of falls. Motion of ships on the open sea is continuous, complex,
multidimensional, and often on the order of several meters. Experimental studies demonstrate that ship motion poses significant
challenges for the control of posture. Cohen [19] suggested that values of partial n“ greater than 0.26 are “large”. Accordingly,
effects in the present study, which ranged in effect size from 0.29 to 0.79, can be interpreted as being substantial, confirming the
powerful influence of ship motion on control of the body [20, 23—24], and extending this effect to the domain of healthy older adults.
Despite the dramatic influence of ship motion, millions of older persons choose to take sea voyages. Each year, millions of older
persons embark upon sea voyages [56], paying large sums of money with the understanding that they will be exposed to
unpredictable variations in ship motion. There may be an influence of self-selection, yet the popularity of vacation cruises suggests
that, among healthy older adults, ship motion is not viewed as a threat to posture and locomotion. Together with Munafo et al. [49],
our study provides the first controlled, experimental demonstrations of how healthy older adults modulate their postural activity to
maintain upright stance under the challenging conditions of life at sea.
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