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Abstract
The control of human balance involves an interaction between the human motor, cognitive, and sensory systems. The dynam-
ics of this interaction are yet to be fully understood, however, work has shown the performance of cognitive tasks to have a 
hampering effect on motor performance, while additive sensory noise to have a beneficial effect. The current study aims to 
examine whether postural control will be impacted by a concurrent working memory task, and similarly, if additive noise 
can counteract the expected negative influence of the added cognitive demand. Postural sway of healthy young adults was 
collected during the performance of a modified N-back task with varying difficulty, in the presence and absence of auditory 
noise. Our results show a reduction in postural stability scaled to the difficulty of the cognitive task, but this effect is less 
prominent in the presence of additive noise. Additionally, by separating postural sway into different frequency bands, typi-
cally used to assess the exploratory vs feedback-driven stabilizing dynamics of sway, we found a differential effect between 
the cognitive task and additive noise, thus demonstrating that both frequency regimes of postural sway are sensitive to high 
cognitive load and increased sensory information.
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Introduction

The ability to stand upright for extended periods of time 
is often taken for granted. With the majority of the human 
body’s mass located in the head, arms, and trunk, the human 
body is inherently unstable, often analogous to an inverted 
pendulum. The goal of the postural control system is to 
maintain stability within this variable paradigm as the sur-
rounding environment shifts and changes. This results in 
two significant dynamics of the postural control system: 
static and dynamic equilibrium. Static equilibrium involves 
maintaining a stable position under the influence of grav-
ity alone while dynamic equilibrium concerns the body’s 
segmental adjustments in response to external stimuli (e.g., 

uneven surfaces, changing sensory input, cognitive load, 
etc.) (Lalonde and Strazielle 2007).

Postural stability constitutes an essential element within 
the human body’s motor control and coordination system. 
It is imperative for the execution of both static and dynamic 
activities (Wikstrom et al. 2005) and is supported by two 
distinct levels of processing: higher “controlled” process-
ing (Raftopoulos 2005; Boisgontier et al. 2013), involving 
the basal ganglia-cortical loop (Jacobs and Horak 2007), 
and lower "automatic" processing, underpinned by brain-
stem synergies (Honeycutt et al. 2009). However, the motor 
synergies that govern basic coordination patterns, such as 
standing and walking, are considered autonomous organiza-
tions (Morasso et al. 2019), not requiring conscious effort or 
cognitive demand. Which leads us to the question at hand, 
if these basic coordination patterns that govern upright sta-
bility are considered subcortical/supraspinal, how do they 
interact with subsequent motor tasks, cognitive demands, or 
alterations in the environment? Before we attempt to answer 
this question, it would serve us well to clarify some of the 
more nuanced dynamics of postural control.
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What is postural control and why is it important

Maintaining postural control and stability is essential for 
task success in most of our daily lives. Postural stabili-
zation is not an end in itself; rather, it is valuable to the 
extent that it facilitates the achievement of countless goals 
throughout the human lifespan (Riccio and Stoffregen 
1988). Although it may appear simple, postural stability 
is more complex than many realize.

Falling under the purview of the postural control sys-
tem, stability relies on the integration of sensory informa-
tion and cognitive processing of the task at hand (Duarte 
and Freitas 2010). Through the processing of this infor-
mation, the postural control system is able to effectively 
maintain the position of the center of mass (CoM) through 
the control of the center of pressure (CoP) and thus pre-
serve stability during upright standing and task comple-
tion. An active process that humans have learned to autom-
atize relatively effectively (unless a perturbation were to 
arise). However, as stated previously, automaticity does 
not imply simplicity, the postural control system remains 
a highly complex system comprised of multiple interacting 
elements required for success.

While posture is inherently unstable, human stability 
is rarely threatened under quiet or static conditions. Yet, 
human stability becomes threatened when a secondary 
task is performed during upright standing, whether that 
task be cognitive or motor related. Performing a cognitive 
task while standing is common in everyday life, such as 
reading a list at a grocery store or recalling and sharing 
information with a coworker in the breakroom. Although 
these may seem like simple tasks, their execution during 
standing alters the performance of both the cognitive task 
and the stability of standing.

Posture and cognition

Historically, researchers have focused on the superordinate 
organization of tasks concerning postural control (Stoffre-
gen et al. 1999), often neglecting the influence that pos-
tural control may exert on concurrent tasks and vice versa. 
Typically, supra-postural mechanisms have been studied 
without considering the changes in postural dynamics that 
may occur during the performance of secondary tasks 
(Stoffregen et al. 2000). Given that falls are a significant 
cause of injury-related deaths among older adults (Horn-
brook et al. 1994; CDC 2024), understanding the interac-
tion between the postural system and the performance of 
concurrent tasks is of paramount importance. The motor 
synergies responsible for basic coordination patterns, such 
as standing and walking, have been studied as autonomous 

organizations that underpin balance, safety, and locomo-
tion (Morasso et al. 2019). However, past research has 
often overlooked the coexistence of these synergies with 
perceptual-cognitive functions beyond balance and move-
ment, which are crucial in facilitating suprapostural func-
tions (Stoffregen et al. 1999, 2000).

Research indicates that maintaining posture against exter-
nal perturbations requires the same cognitive processes for 
mentally demanding tasks (Quant et al. 2004, 2005). Behav-
ioral studies examining the modulating effects of postural 
and cognitive activities simultaneously provide evidence that 
postural control and cognitive tasks share common resource 
requirements (Fraizer and Mitra 2008). Additionally, mul-
tiple studies have demonstrated a possible interaction effect 
between the performance of postural control and cognitive 
tasks (Wollacott and Shumway-Cook 2002). This interaction 
may seem surprising, as posture and balance are typically 
considered spinal or subcortical processes, while cognition 
is viewed as a cortical process. However, this distinction 
is not entirely accurate, as the cerebellum plays a role in 
both sensory processing and cognition (Morton and Bastian 
2004) and cortical involvement has been shown in postural 
reflexes and adaptation (Johansson et al. 1994; Raftopoulos 
2005; Boisgontier et al. 2013).

The performance of concurrent cognitive tasks has been 
shown to interact with postural control, typically in an unfa-
vorable way. Maylor and Wing (1996) previously found 
that older adults were more strongly affected by cognitive 
task performance than younger adults. In a digit recall task 
involving spatial memory, they observed increased sway in 
older adults compared to conditions without a cognitive task 
when compared to younger populations. However, the nature 
of this relationship and the influence cognition has on pos-
tural control remains unclear. Continued work has attempted 
to better understand this interaction more thoroughly through 
specifying the task constraints: verbal vs. visual stimuli 
(Ramenzoni et al. 2007), comparing age groups (Maylor and 
Wing 1996), encoding vs. retrieval phases of tasks (Maylor 
et al. Wing 2001), and assessing clinical populations (Pel-
lecchia 2003; Redfern et al. 2001).While this body of work 
was able to show this interaction effect, the understanding 
of why it occurs still remains unknown.

Multiple theories have attempted to explain the interfer-
ence effect seen between posture and a concurrent cogni-
tive task. A common theory is the ‘posture first’ principle 
which suggests that individuals prioritize maintaining bal-
ance when performing a cognitive task, potentially leading 
to decreased cognitive performance (Andersson et al. 2002). 
However, this theory presupposes that reduced postural sway 
amplitude correlates with increased stability, a notion chal-
lenged by Stoffregen et al. (1999), who argued that postural 
control serves as an adaptive or prepatory behavior rather 
than an end in itself. Suggesting that a decrease in sway 
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may not directly imply an increase in stability, but a more 
general alteration in the sway dynamics. Stability is more 
complex than an increase or decrease in the amplitude of 
sway. Nevertheless, it is assumed that cognition has a nega-
tive effect on postural sway dynamics, and there is a need 
to discover why this interaction occurs, and possibly how to 
counteract it. Similarly, limited attentional availability theo-
ries have posited that the mind only has enough resources to 
properly perform a single task at a time, and the more tasks 
performed, the higher degree of decrement is seen in each of 
the tasks. Today, the interaction effect is still unknown, with 
multiple theories being used to explain this effect to no avail.

Posture and noise

Successful postural control relies on sensory feedback and 
predictions from somatosensory, vestibular, visual, and 
auditory modalities (Dozza et al. 2007). Even with ample 
sensory information, postural sway remains sensitive to 
feedback from any of these modalities (Yeh et al. 2010). 
Increased sensory information availability can reduce the 
multidirectional variability of sway, thereby improving bal-
ance and enhancing adaptability to potential perturbations 
(Carey et al. 2023, 2024; Ross et al. 2015, 2016a, b). The 
multisensory nature of postural control necessitates system 
adaptability; as environmental conditions change, so does 
the reliance on different sensory systems. For instance, when 
visual information is limited (e.g., at dusk or night), indi-
viduals rely more on tactile, vestibular, or auditory inputs 
to maintain stability and navigation.

Moreover, introducing noise stimulation, particularly in 
the auditory or tactile modalities, can enhance the stabil-
ity of these systems. For example, sub-sensory mechani-
cal noise applied to the soles of the feet has been shown to 
reduce postural sway in healthy young adults (Priplata et al. 
2002), healthy older adults, and individuals with central and 
peripheral sensorimotor deficits (Priplata et al. 2003, 2006). 
Recent studies have demonstrated strong stabilizing effects 
of auditory noise on postural sway variability (Ross and 
Balasubramaniam 2015; Ross et al. 2016a, b; Carey et al. 
2023, 2024), although earlier research yielded mixed results 
(Hegeman et al. 2005). Further investigation suggests that 
the acoustic properties of auditory stimuli may be more criti-
cal in reducing sway than whether the signal provides veloc-
ity or position information (Hegeman et al. 2005; Dozza 
et al. 2007), which may explain the previously mixed find-
ings. For example, Deviterne et al. (2005) observed reduced 
sway when participants listened to prolonged speech, but not 
when listening to a single sustained tone.

Previous literature has established that the postural 
control system depends on sensory information, cognitive 
demands of the environment, and the motor capabilities 
of the individual. Cognitive tasks can decrease postural 

stability, while sensory noise can enhance it (Ross et al. 
2015; Carey et al. 2024). This presents an opportunity to 
use the beneficial effects of additive sensory noise to coun-
teract the negative impact of cognitive demands on stability. 
This study aims to evaluate the effect of a modified n-back 
cognitive task on postural stability while also employing 
additive auditory noise to mitigate the cognitive interfer-
ence. We hypothesize that while cognitive performance will 
reduce stability, the addition of noise will restore stability 
to levels comparable to those observed in quiet conditions.

Methods

Participants

Twenty-eight healthy young adults, 12 female and 16 males, 
(mean age = 23.18 ± 4.27) of varying heights (66.50 ± 3.69 
inches) and weights (152.93 ± 28.31 lbs.) were recruited 
from the University of California, Merced student popula-
tion. Self-reported screeners were used to exclude partici-
pants with hearing impairments, arthritis, orthopedic con-
ditions, or neurological disorders (Carey et al. 2023, 2024; 
Ross and Balasubramaniam 2015; Ross et al. 2016a, b). No 
participants reported recent injuries or skeletomuscular dis-
orders, and all could stand unassisted for the duration of the 
experiment. The experimental protocol was carried out in 
accordance with the Declaration of Helsinki, reviewed by 
the UC Merced IRB, and all participants gave informed and 
written consent prior to testing.

Protocol

Participants were instructed to stand on a force platform in 
a relaxed, comfortable standing position with their arms at 
their sides and feet shoulder width apart while wearing head-
phones. Upon initially stepping onto the force plate, a box 
was taped around the external perimeter of the participants 
feet as to maintain consistency of base of support after each 
trial and break. Participants were given breaks periodically 
throughout the task, typically after 5–7 trials to sit down 
and rest their legs. Upon the continuation of the next block 
of trials, participants were instructed again to place their 
feet shoulder width apart and place their arms back at their 
sides. Participants performed a total of 30 trials, 10 trials 
of each condition (No Cognitive, Easy Cognitive, & Hard 
Cognitive). The easy and hard conditions were blocked with 
10 trials each, the No Task was broken into 3 blocks, with 4 
trials at the beginning and end, and 2 trials in the middle of 
the two easy and hard conditions. This spread was designed 
to gather a baseline, while also controlling for any possi-
ble fatigue the participants may experience throughout the 
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task. The easy and hard blocks were randomized between 
participants.

Amongst all the task conditions, noise was randomly 
played during half of the trials. Trials lasted 90 s and were 
either accompanied by white noise (intensity of 75 dB) or 
silence. The noise and silence conditions were presented in a 
randomized order with a total of 15 noise trials and 15 silent 
trials. Participants were exposed to the noise stimuli prior to 
the experiment to verify that the stimuli were not uncomfort-
able. No participants reported discomfort at these intensities. 
Center of Pressure (CoP) was sampled at 200 Hz with an 
AMTI Force and Motion platform (Optima BP400600-2000 
GEN 5; AMTI Force & Motion, Watertown, MA, USA). All 
data were collected in a single session. The auditory noise 
stimulus was generated using MATLAB to be random sig-
nals with a constant spectral density.

Task

While standing, participants performed a modified N-back 
task of two difficulty levels: Easy and Hard. Each trial lasted 
90 s with a total of 10 trials of each difficulty level of the 
task. The task was presented on a projector screen 210 cm 
in front of the participants, with the middle of the screen 
being adjusted for each participant to be at eye height. No 
participants reported difficulty reading or seeing the letters 
clearly during the task.

Capitalized letters appeared on the screen in a random 
order, with a fixation cross appearing between each letter. 
The letters appeared on the screen for 0.5 s while the fixation 
cross lasting for 2.0 s, and this pattern repeated for a total of 
90 s, alternating between the letters and fixation cross. Each 
trial started and ended with a fixation cross, a total of 34 let-
ters were presented during each trial and 35 fixation crosses. 
The letter “X” was excluded from the task presentation due 
to its similarity to the shape of the fixation cross “ + ,” all 
other letters within the alphabet were used.

The goal of the EASY condition was to count the 
number of times any letter was repeated after a single 
fixation cross. For example, if the following sequence 
of letters were to appear on the screen in the order of: 
A + A + F + K + R + R + T + P etc., there would be a total 
count of 2, one for the letter A being repeated and one for 
the letter R being repeated. At the end of each trial, the 
participants would self-report the count of repeated letters 
they saw. For the HARD conditions, the same presentation 
format was used, but now it represented an N-2 type task 
where the repetitions no longer counted following a single 
fixation cross, but with a single random letter between the 
repetitions and two fixation crosses. For example, if the fol-
lowing sequence was presented: A + R + A + K + T + R + T 
+ P + F + P, etc., the count would be 3, for the A, T, and P 
being repeated.

At the end of each session, the absolute error count was 
calculated as the difference between the expected value and 
the self-reported value across all trials for the easy and hard 
conditions. Participants were instructed to not utilize their 
hands or fingers to keep the count of repetitions during the 
trial to account for possible offloading of the cognitive task 
(Fig. 1).

Analyses

All CoP was analyzed using custom scripts in MATLAB 
(MathWorks, Natick, MA, USA). The first 4 s of each trial 
were removed to eliminate any potential startle response the 
participants might have had to stimulus onset. Radial sway 
(RS) of the CoP was calculated for each sample (i) using 
the anterior–posterior (A–P; x) and medial–lateral (M–L; y) 
components of sway following (Lafond et al. 2004):

Average RS was calculated for each trial and was used to 
assess bidirectional variability in CoP during trials (Lafond 
et al. 2004). There are multiple other measures of postural 
stability that are efficient and effective when studying pos-
tural sway, including mean velocity, median power–fre-
quency, RMS distance and sway area (Lin et al. 2008). 
While RS is not a direct metric of stability, it utilizes the 
multidirectional variability of sway to offer a more robust 
understanding of the sway dynamics that may lead to stabil-
ity, compared to a unidirectional metric like the standard 
deviation of CoP magnitude or velocity (Lafond et al. 2004). 
Trial outliers were determined as trials with trial averages 
of ± 2 standard deviations from that subject’s mean within 
condition and were removed. We removed an average of X% 

RSi =

√

x2
i
+ y2

i

Fig. 1   Example format of the presentation of the modified n-back 
task
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of the total trials (X out of the total X trials). No subject had 
more than 2 trials (out of 10) removed per condition.

The statistical analysis was then repeated using the 
filtered high and low frequency RS separately to assess 
changes in slower and faster timescales of postural control 
(following the methods of Yeh et al. 2010, 2014). We used 
low- and high-pass Butterworth filtering routines, as in Yeh 
et al. 2014, to decompose sway into low (0.3 Hz) -frequency 
sway. The filter cutoff was chosen based on van den Heuvel 
et al. (2009) to separate into sensory feedback-related sway 
and spontaneous/exploratory sway.

Finally, detrended fluctuation analysis (DFA) was used 
to quantify the sway dynamics over time (Delignières et al. 
2003; Collins and Luca 1994). DFA is used to study the 
behavior of the timeseries of CoP. This method, first intro-
duced by Peng et al. (1994), is a scaling analysis method 
that provides a scaling exponent, which offers information 
concerning the correlational properties of the CoP signal. 
When the DFA value exists between 1 < α < 1.5, the postural 
sway is considered antipersistent. This means that the sway 
moves in successive steps in random directions (a semi- ran-
dom walk) and does not trend toward the same direction. 
Antipersistent radial sway dynamics is commonly described 
in healthy postural sway. This analysis was completed as 
in (Blázquez et al. 2010) using the same parameters. See 
Blázquez et al. (2010) and Delignières et al. (2003) for more 
details on the DFA method.

All statistical analyses were performed using R (Version 
1.3.1093). Linear mixed-effects (LME) regression models 
were fitted using the lme4 package (Bates et al. 2015). To 
analyze Radial sway, we utilized LME models which explic-
itly accounted for the variation in our data contributed to 
by each condition and participant. Corrections for multiple 
comparisons were calculated using the Tukey’s method. 
Estimated marginal means and pairwise comparisons with 
associated confidence intervals were extracted from the lin-
ear regression and computed for each condition using the 
emmeans R package (Lenth 2022).

Results

Radial Sway

The fixed effects of the model revealed several significant 
findings. The intercept was estimated at 5.726 (SE = 0.357, 
t = 16.044, p < 0.001), indicating the baseline level of Radial 
Sway. The main effect of noise was significant, with addi-
tive noise resulting in a decrease in RS (Estimate =  – 1.273, 
SE = 0.203, t =  – 6.281, p < 0.001). For the Cognitive task, 
the Easy level did not significantly differ from the baseline 
(Estimate = 0.144, SE = 0.199, t = 3.786, p = 0.486) (Fig. 2), 
however, Hard condition was significantly different, with 

an increase in RS when the hard task was performed (Esti-
mate = 0.7532, SE = 0.1980, t = 3.786, p < 0.0001). The 
interaction between Noise and Cognitive task was also 
examined. There was a significant interaction between noise 
and the Easy task (Estimate = 0.831, SE = 0.282, t = 2.945, 
p = 0.003), suggesting a combined effect of these conditions 
on RS. However, there was no interaction effect between 
noise and the Hard task (Estimate = 0.458, SE = 0.282, 
t = 1.624, p = 0.105).

In summary, the model indicates that both Stimulus and 
Condition significantly influence Radial Sway, with nota-
ble interaction effects. The inclusion of random effects for 
subject’s accounts for individual variability, enhancing the 
robustness of the findings.

To further investigate the effects of different levels of 
Noise and Cognitive Condition on RS, post hoc comparisons 
were performed. These comparisons compared various com-
binations of Noise and Cognitive Condition using Tukey’s 
method for multiple comparisons with degrees of freedom 
calculated using the Kenward-Roger method (Table 1). The 
following significant findings were observed:

These results indicate that both Stimulus and Condition 
significantly influence RS, with notable differences between 
specific levels of these factors. The use of Tukey’s method 
for multiple comparisons ensures that the reported p-values 
are adjusted for the family-wise error rate, providing robust 
statistical inference.

High‑frequency Radial Sway

The fixed effects of the model revealed several sig-
nificant findings. The intercept was estimated at 2.6099 

Fig. 2   Radial Sway is significantly reduced with the introduction of 
auditory noise in the No-Cognitive and Hard-Cognitive Conditions 
and increased with the introduction of a Hard Cognitive task. Box 
and whiskers plot with the solid black line representing the median, 
the solid black dot representing the mean, and the extending lines 
showing the maximum and minimum values
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(SE = 0.1502, t = 17.367), representing the baseline level 
of High-Frequency RS when all predictors are at their ref-
erence levels. The additive noise had a significant effect 
on High-Frequency RS (Estimate =  – 0.3472, SE = 0.0767, 
t =  – 4.527, p < 0.001), indicating that the presence of 
additive noise substantially decreases High-Frequency RS. 
Similarly, The Hard cognitive condition was associated 
with a significant increase in High-Frequency RS (Esti-
mate = 0.3232, SE = 0.0760, t = 4.251, p < 0.001). In con-
trast, the Easy condition did not show a significant effect 
on High-Frequency RS (Estimate =  – 0.0182, SE = 0.0755, 
t =  – 0.242, p = 0.809). These results suggest that while 
the Easy condition does not alter High-Frequency RS,, 
the Hard condition leads to an increase in High-Frequency 
RS dynamics compared to baseline (Fig. 3), indicating 
a differential effect of cognitive load on postural sway 
dynamics.

The interaction effect revealed that the interaction 
between additive noise and the Easy condition trended 
toward significance (Estimate = 0.1900, SE = 0.1068, 
t = 1.863, p = 0.063), suggesting a potential moderating 
effect of the Easy condition on the impact of noise on High-
Frequency RS. However, the interaction between Noise and 
the Hard condition was not significant (Estimate = 0.1575, 
SE = 0.1071, t = 1.472, p = 0.142), indicating that the hard 
condition does not influence the effect of noise on High-
Frequency RS.

In summary, the analysis indicates that noise signifi-
cantly reduces High-Frequency RS, particularly in the Hard 
condition, which shows an increase in High-Frequency RS 
compared to the baseline. The Easy condition does not sig-
nificantly alter High-Frequency RS, and its interaction with 
noise is marginally significant. These findings contribute to 
our understanding of sensory processing and balance control 
under different environmental conditions, highlighting the 
differential impacts of noise and task difficulty on postural 
sway.

To further investigate the effects of different levels of 
Noise and Cognitive Condition on RS, post hoc comparisons 
were performed. These comparisons compared various com-
binations of Noise and Cognitive Condition using Tukey’s 
method for multiple comparisons with degrees of freedom 
calculated using the Kenward-Roger method (Table 2). The 
following significant findings were observed:

Low‑frequency Radial Sway

The fixed effects of the model revealed several significant 
findings (Fig. 4). The intercept was estimated at 4.330 
(SE = 0.252, t = 17.182, p < 0.001), indicating the baseline 

Table 1   Post-Hoc Comparisons of significance. For the entirety 
of the post-hoc comparisons for Radial Sway, see Supplementary 
Table 1

Contrasts Estimate SE T-Ratio P Value

None Silent – Hard Silent – 0.7532 – 0.199 – 3.786 0.0023
None Silent – None Noise 1.2728 0.203 6.281  < 0.0001
Easy Silent – Hard Silent – 0.6087 0.195 – 3.144 0.0234
Easy Silent – None Noise 1.4172 0.200 7.095  < 0.0001
Hard Silent – None Noise 2.0259 0.200 10.133  < 0.0001
Hard Silent – Easy Noise 1.0510 0.196 5.356  < 0.0001
Hard Silent – Hard Noise 0.8145 0.196 4.151 0.0005
None Noise – Easy Noise – 0.9749 0.201 – 4.862  < 0.0001
None Noise – Hard Noise – 1.2115 0.201 – 6.035  < 0.0001

Fig. 3   High-Frequency Radial 
Sway is significantly reduced 
with the introduction of audi-
tory noise and increased with 
the introduction of a Hard 
Cognitive task. Box and whisk-
ers plot with the solid black line 
representing the median, the 
solid black dot representing the 
mean, and the extending lines 
showing the maximum and 
minimum values
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level of Low-frequency Radial Sway. The main effect of 
noise was significant, with the introduction of noise result-
ing in a decrease in Radial Sway (Estimate =  – 1.073, 
SE = 0.184, t =  – 5.826, p < 0.001). For Cognitive Condition, 
the Easy level did not significantly differ from the quiet base-
line condition (Estimate =  – 0.087, SE = 0.181, t =  – 0.479, 
p = 0.632), while the Hard condition was associated with 
a significant increase in RS (Estimate = 0.524, SE = 0.180, 
t = 2.903, p = 0.004). Similarly, the interaction between 
Noise and Cognitive Condition was examined. There was 
a significant interaction between Noise and the Easy Cog-
nitive (Estimate = 0.655, SE = 0.257, t = 2.549, p = 0.011), 
but no interaction effect between Noise and the Hard Cog-
nitive Condition (Estimate = 0.200, SE = 0.256, t = 0.782, 
p = 0.434).

In summary, the model indicates that both Stimulus and 
Cognitive Condition significantly influence RS, with nota-
ble interaction effects, The inclusion of random effects for 

subject’s accounts for individual variability, enhancing the 
robustness of the findings (Fig. 4).

To further investigate the effects of different levels of 
Noise and Cognitive Condition on RS, post hoc comparisons 
were performed. These comparisons compared various com-
binations of Noise and Cognitive Condition using Tukey’s 
method for multiple comparisons with degrees of freedom 
calculated using the Kenward-Roger method (Table 3). The 
following significant findings were observed:

Detrended Fluctuation Analysis

Detrended Fluctuation Analysis showed that RS exhib-
its anti-persistent fractional Brownian motion (fαm, 
1 < α < 1.5). This semi-random walk pattern is character-
istic of postural sway (Blázquez et al. 2010; Delignières 
et al. 2003; Collins and De Luca 1994). Within this 1–1.5 
range, there are differences between subjects in α. The 

Table 2   Post-Hoc Comparisons of significance. For the entirety of 
the post-hoc comparisons for High-Frequency RS, see Supplementary 
Table 2

Contrasts Estimate SE T-Ratio P Value

None Silent – Hard Silent – 0.3232 0.0760 – 4.251 0.0004
None Silent – None Noise 0.3472 0.0767 4.527 0.0001
Easy Silent – Hard Silent – 0.3414 0.0746 – 4.578 0.0001
Easy Silent – None Noise 0.3290 0.0755 4.357 0.0002
Hard Silent – None Noise 0.6704 0.0760 8.816  < 0.0001
Hard Silent – Easy Noise 0.4896 0.0749 6,537  < 0.0001
None Noise – Hard Noise – 0.4807 0.0758 – 6.344  < 0.0001
Easy Noise – Hard Noise – 0.3000 0.0747 – 4.016 0.0009

Fig. 4   Low-Frequency Radial 
Sway is significantly reduced 
with the introduction of audi-
tory noise in the No-Cognitive 
and Hard-Cognitive Conditions 
and increased with the introduc-
tion of a Hard Cognitive task. 
Box and whiskers plot with the 
solid black line representing 
the median, the solid black dot 
representing the mean, and the 
extending lines showing the 
maximum and minimum values

Table 3   Significant post-hoc comparisons for Low-Frequency RS, for 
the full set of post-hoc comparisons, see Supplementary Table 3

Contrasts Estimate SE T-Ratio P Value

None Silent – Hard Silent – 0.5236 0.180 – 2.903 0.0441
None Silent – None Noise 1.0728 0.184 5.826  < 0.0001
Easy Silent – Hard Silent – 0.6103 0.178 – 3.437 0.0082
Easy Silent – None Noise 0.9860 0.182 5.418  < 0.0001
Hard Silent – None Noise 1.5963 0.181 8.814  < 0.0001
Hard Silent – Easy Noise 1.0283 0.178 5.764  < 0.0001
Hard Silent – Hard Noise 0.8730 0.177 4.928  < 0.0001
None Noise – Easy Noise – 0.5680 0.183 – 3.107 0.0241
None Noise – Hard Noise – 0.7234 0.182 – 3.983 0.0011
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fixed effects of the model revealed several significant 
findings for Detrended Fluctuation Analysis (Fig. 5). The 
intercept was estimated at 1.293 (SE = 0.017, t = 76.207, 
p < 0.001), indicating the baseline level of Alpha. The 
main effect of Noise was significant with additive noise 
resulting in a decrease in Alpha (Estimate =  – 0.098, 
SE = 0.012, t =  – 8.363, p < 0.001). For the cognitive 
task, the Easy difficulty level did not significantly dif-
fer from quiet standing (Estimate =  – 0.020, SE = 0.011, 
t =  – 1.695, p = 0.090), however, the Hard condition 
did significantly differ from baseline standing (Esti-
mate =  – 0.031, SE = 0.012, t =  – 2.687, p = 0.007).

There was also an interaction effect between Noise 
and Cognitive task. Both Noise and the Easy Condition 
(Estimate = 0.063, SE = 0.016, t = 3.824, p < 0.001) had a 
significant interaction, as did the additive Noise and the 
Hard Condition (Estimate = 0.073, SE = 0.016, t = 4.422, 
p < 0.001), suggesting that these combinations signifi-
cantly affect Alpha levels during standing. In summary, 
the model indicates that the Stimulus “Noise” signifi-
cantly decreases Alpha, and this effect is further influ-
enced by the Condition, the inclusion of random effects 
for subject’s accounts for individual variability, enhancing 
the robustness of the findings.

To further investigate the effects of different levels 
of Noise and Cognitive Condition on RS, post hoc com-
parisons were performed. These comparisons compared 
various combinations of Noise and Cognitive Condition 
using Tukey’s method for multiple comparisons with 
degrees of freedom calculated using the Kenward-Roger 
method (Table 4). The following significant findings were 
observed:

Discussion

We show a reduction in the multi-directional postural sway 
variability with the addition of auditory white noise in 
healthy young adults when compared to silence, further 
solidifying the beneficial effect noise can have on postural 
stability (Carey et al. 2023, 2024; Ross et al. 2015, 2016a, 
b). Furthermore, we found an increase in postural sway 
variability with the addition of a 90 s working memory 
task. However, this increase in sway was only found in the 
Hard condition, not in the Easy condition, implying that 
the degree of cognitive load differentially effects postural 
dynamics during dual-tasking performance.

The low and high frequency components of sway were 
similarly influenced by these added sensory inputs and 
cognitive demands. Slower timescales of sway are thought 

Fig. 5   DFA Alpha is signifi-
cantly reduced with the intro-
duction of auditory noise in the 
No-Cognitive and Hard-Cogni-
tive Conditions and increased 
with the introduction of a Hard 
Cognitive task. Box and whisk-
ers plot with the solid black line 
representing the median, the 
solid black dot representing the 
mean, and the extending lines 
showing the maximum and 
minimum values

Table 4   Significant post-hoc comparisons for DFA of RS, for entire 
post-hoc analysis, see Supplementary Table 4

Contrasts Estimate SE T-Ratio P Value

None Silent – None Noise 0.09826 0.0117 8.363  < 0.0001
None Silent – Easy Noise 0.05501 0.0116 4.738  < 0.0001
None Silent – Hard Noise 0.05669 0.0116 4.899  < 0.0001
Easy Silent – None Noise 0.07878 0.0116 6.766  < 0.0001
Easy Silent – Easy Noise 0.03553 0.0115 3.102 0.0243
Easy Silent – Hard Noise 0.03721 0.0114 3.259 0.0148
Hard Silent – None Noise 0.06718 0.0117 5.735  < 0.0001
None Noise – Easy Noise  – 0.04325 0.0118  – 3.681 0.0034
None Noise – Hard Noise  – 0.04157 0.0117  – 3.546 0.0055
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to reflect drift of the inertial mass of the body (Winter 
et al. 1998) and are more susceptible to changes in sen-
sory feedback (Yeh et al. 2010, 2014; van den Heuvel 
et al. 2009). While faster timescales are interpreted as 
smaller adjustments around the center of mass that are 
more directly related to join rigidity and muscle activa-
tion (Kiemel et al. 2005; van den Heuvel et al. 2009). Our 
results show that the introduction of a hard cognitive task 
increases the variability of the high- and low-frequency 
components of Radial Sway, decreasing the stability, and 
while additive noise is effective in decreasing RS in the 
baseline quiet condition and in the low-frequency com-
ponent of sway, it was not effective in the high-frequency 
component.

Interestingly, the DFA scaling exponent was impacted 
by the introduction of the noise. Stability can be understood 
as the co-adjustment of local variability and serial correla-
tional properties (Blázquez et al. 2010). In this study, the 
DFA values revealed a lower scaling coefficient (α) when 
noise was introduced in the baseline and easy cognitive task 
condition, but an interaction effect was seen for the hard 
condition when compared to baseline. When comparing the 
baseline to the hard task condition with no noise, the scaling 
coefficient decreased, similar to the cases of noise. However, 
when comparing the baseline to the hard condition under 
noise stimulation, the DFA coefficient increased eliciting 
this interaction effect. A higher α indicates more persistence, 
or more correlation between successive points of sway, and a 
lower α indicates more anti-persistence in sway. Anti-persis-
tence can be interpreted as the postural sway becoming more 
tightly controlled, or less resistant to perturbations/changes 
in CoP directional movement, which reflects adaptability of 
the signal to change (Ducharme and van Emmerik 2018).

Our results contribute to the knowledge about variability 
and adaptability by suggesting that the reduction in sway 
variability with the introduction of noise is accompanied 
by a potential increase in adaptability of the postural con-
trol system. Importantly, however, we emphasize that α 
was between 1 and 1.5 in all conditions; sway remained 
anti-persistent and the differences between conditions only 
appeared between the degree of anti-persistence within this 
range. Added auditory noise and cognitive load did not inter-
fere with the random walk property of sway, but it may have 
influenced the adaptability as well as variability leading to a 
decrease in postural sway during noise stimulation.

This work was able to show the differential influences 
of both sensory input and cognitive demand on the dynam-
ics of postural sway while offering insight into the possible 
utilization of additive sensory noise in environments where 
postural stability may suffer. These results were able to show 
the negative influence of cognitive load on postural sway, 
with higher cognitive load resulting in a decrease in stabil-
ity. However, with the additive white noise, we were able to 

return stability back to baseline-like levels, implying that 
additive noise makes the body more stable even when per-
forming a destabilizing task.

Cognitive load was predicted to increase sway variability 
regardless of the level of difficulty applied, while auditory 
noise was predicted to then reduce the variability back to 
normal levels, but this hypothesis was only partially true. 
The explanation behind our findings is unclear, but the 
implications are important. Noise interventions for improv-
ing balance may be relevant and effective regardless of the 
subsequent task at hand. If cognitive load causes an increase 
in sway variability, this additive auditory noise is able to 
reduce the sway back to normal settings seen prior to cogni-
tive load. This may be critical in at risk populations, such 
as those with neurological disorders or ageing populations, 
to help aid in maintaining their motor performance during 
daily living.

Current theoretical explanation for this phenomenon of 
cognition and posture is lacking. However, for the influ-
ence of noise on postural sway, the theory of Stochastic 
Resonance (SR) is typically discussed. The theory of SR 
explains the amplification of information-carrying signals 
through the addition of broad-spectrum uncorrelated noise 
in a threshold-based system, such as and including the nerv-
ous system (Hanggi 2002). A commonly held view of noise 
is that it obscures information within a signal and requires 
a filtering to increase the signal to noise ratio. However, 
evidence shows that noise can contribute to signal optimi-
zation in threshold-based systems specifically (Benzi et al. 
1981; Hanggi 2002). However, there is also the possibility 
that additive noise increases the attentional arousal during 
stimulation, which could lead to an increase in stability 
during standing. Cluff et al. (2010) showed that adding a 
cognitive task during standing leads to more automaticity 
in the balance process, which may improve stability due to 
the attention being shifted from the motor control of posture 
to the cognitive task at hand. This theory nevertheless has 
been disputed with work by Deviterne et al. (2005) in which 
they introduced a passive listening task of a single sustained 
auditory tone and found no effect of the stimuli on postural 
control.

As for the influence of cognitive load on the motor sys-
tem, multiple ideas exist positing how there are a limited 
attentional resource available within the mind that must be 
allocated to the tasks that are being performed. When the 
more tasks performed, the less attentional resources each 
task is given, resulting in a reduction in performance of the 
tasks being performed simultaneously (Abou Khalil et al. 
2020). Similarly, there are older psychological explanations 
that posit that there exists a predetermined limit and pathway 
of attention, and when multiple tasks are performed con-
currently, a bottleneck occurs within the brain causing the 
interference effect we see in the behavioral data. Similarly, 
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work by Abou Khalil et al. (2020) suggests that there is a 
preferential organization of the body for the optimization of 
cognitive performance, with walking having the most benefit 
for memory activity and sitting preferred for mental arithme-
tic. This work has led to an understanding of how the human 
sensory modalities influence cognitive attentional demands 
and how the change in attentional demands may interact with 
postural control dynamics. Past work has shown that any 
shift in conscious-controlled attention toward postural con-
trol increases the likelihood of disrupting coordination and 
stability (Masters and Maxwell 2008; Wulf et al. 2001). This 
disruption is commonly posited to be a consequence of rein-
vestment theory (Masters and Maxwell 2008; Masters 1992), 
which suggests that relatively automated motor processes 
can be disrupted if they are being consciously accessed, 
using task-relevant declarative knowledge (Masters 1992).

This theory also suggests that aging and neurological 
disorders cause an increase in reinvestment (Masters and 
Maxwell 2008; Schaefer et al. 2015). This was shown by 
Seidler et al. (2010), who found that physiological changes 
with aging and injury are due to loss in the gray and white 
matter within the CNS, resulting in differential-reorganized 
cortical activation (Ghai et al. 2017). Which led the authors 
to suggest that differential cortical activity within the higher 
neural centers can affect task prioritization, further allowing 
increased conscious attention while performing secondary 
motor or cognitive tasks (Talelli et al. 2008). The original 
hypothesis of our study was not determined based off any 
pre-existing theory, but in the end our results do support the 
theory that added dual-cognitive task performance decreases 
postural stability, implying an attentional constraint within 
our paradigm.

For healthy adults, standing is so over-practiced that it 
often seems automatic (Bernstein 1996; Fitts and Posner 
1967). However, postural control is far from simple—it 
demands the coordination of nearly all major muscle groups. 
This coordination is thought to be achieved by forming a 
postural synergy (Bardy et al. 1999; Latash 1998), which 
operates under the guidance of multiple perceptual systems. 
Furthermore, postural control must adapt to suprapostural 
activities (Riccio and Stoffregen 1988) and be prepared to 
resist unexpected perturbations. Considering these factors 
and the potential involvement of cortical processes, postural 
control is a complex, high-level neurocognitive feat.

Since postural control involves task-specific interactions 
between central processes, perception–action coupling, 
behavioral constraints, and environmental context, any of 
these factors can influence the composition and organization 
of postural synergies. Cognitive load, perceptual demands, 
suprapostural behaviors, and environmental conditions (such 
as the rigidity of the support surface) can all affect the emer-
gence of task-specific postural synergies. This suggests a 
hypothesis regarding the relationship between cognition 

and postural control. Rather than cognitive load diminishing 
postural control by diverting attentional resources needed 
to manage postural synergies, it may instead constrain the 
organization of those synergies (see Jeka 1995; Mitra et al. 
1998; Riley and Turvey 2002, for related discussions on 
perceptual constraints in coordination and synergies). The 
neural processes involved in postural sway may also be acti-
vated during the performance of a cognitive task, causing the 
interference effect seen when performing concurrent tasks. 
Previous work by Stoodley (2012) used functional imaging 
data to support and extend anatomical and clinical findings 
of the involvement of different cerebro-cerebellar loops in 
overt sensorimotor and higher-level cognitive tasks, as well 
as within-task differences in the engagement of these loops 
(e.g., for working memory). This perspective can explain 
both increases and decreases in postural stability under 
cognitive load—something the resource allocation model 
struggles to do, particularly when explaining increases in 
stability during standing. This hypothesis aligns with Pel-
lechia’s (2003) suggestion that concurrent postural and cog-
nitive tasks may reflect higher-order coordination between 
the two activities (see Neumann 1996). The coordination of 
postural and cognitive activities could introduce constraints 
on the organization of postural synergies.
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