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No role of working memory in
the relation between mental
rotation and postural stability

Philipp Hofmann*, Markus Siebertz and Petra Jansen

Faculty of Human Sciences, University of Regensburg, Regensburg, Germany

This study investigated the relationship between mental rotation ability and
postural stability, with a focus on the role of the visuospatial sketchpad of
working memory, as it has been found to be correlated with both concepts.
A total of 87 healthy young adults completed a postural stability task on
a force plate, a mental rotation task, and both spatial and object working
memory tasks in a counterbalanced order. Bayesian correlations revealed
weak positive correlations between mental rotation and postural stability, as
well as a correlation between mental rotation and spatial working memory.
A weak association was also observed between mental rotation and object
working memory. No correlation was found between the working memory
components and postural stability. Furthermore, the results showed that spatial
working memory did not play a crucial role in predicting postural stability.
We conclude that the visuospatial sketchpad, particularly the spatial working
memory component, cannot explain the relationship between mental rotation
and postural stability.

KEYWORDS

mental rotation, postural stability, visuospatial sketchpad, working memory, center of
pressure

1 Introduction

In the past, cognitive and motor functions were regarded as distinct processes
(Georgopoulos, 2000). However, contemporary consensus posits that motor actions
necessitate interaction with other processes, including action, perception, and cognition.
Over the years, many dual-task-studies revealed a connection between cognitive and basic
motor tasks like maintaining postural stability, i.e., controlling the body’s center of gravity
in relation to the supporting surface (Woollacott and Shumway-Cook, 2002; Shumway-
Cook and Woollacott, 2007). In 1985, Kerr et al. (1985) conducted a study that initially
revealed how spatial tasks, as opposed to verbal tasks, disrupt postural control when
undertaken concurrently with cognitive and postural tasks. They concluded that postural
regulation relies on neural mechanisms also employed in the cognitive processing of spatial
tasks. A special role within spatial abilities is occupied by mental rotation ability (Linn and
Petersen, 1985; Uttal et al., 2013).

Mental rotation is imagining how an object would look if it were rotated from its
original position. There are two types of mental rotation tasks: object-based and egocentric
tasks (Zacks et al.,, 2000). Shepard and Metzler (1971) first described the classical object-
based paradigm. Here, two items are presented on a screen, with the right stimulus rotated
and mirrored or non-mirrored. The participant must decide whether both stimuli are
“the same,” i.e., not mirrored, or “different,” i.e., mirrored. In contrast, egocentric mental
rotation tasks require participants to decide between right or left. Typically, a rotated
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figure with either a right or left arm extension is shown, and
the participant must decide which arm is being presented. Both
types of mental rotation are distinguished by the relationship of
the observer to the environment. In object-based mental rotation,
the observer position remains fixed, and the two stimuli are
rotated relative to each other. In egocentric mental rotation, the
observer’s perspective is assumed to change as they imagine rotating
themselves to solve the task (Kessler and Rutherford, 2010).

In general, for the relationship between the visuospatial ability
mental rotation and motor function it has been assumed that motor
and mental rotations share common processes (Wohlschlager and
Wohlschlager, 1998), in other words the mental rotation process
can be considered as a covert motor rotation (Wexler et al,
1998). Moreover, motor capabilities seem to be involved in mental
rotation processes, because motor experts perform better in mental
rotation test than non-motor experts (Steggemann et al., 2011;
Pietsch and Jansen, 2012; Voyer and Jansen, 2017) and motor
training has positive effects on mental rotation ability in children
(Jansen et al., 2011; Bliichel et al., 2013; Pietsch et al., 2017).
Dual-task paradigms have consistently shown a stabilizing effect of
mental rotation tasks on postural stability in healthy young adults
(Dault et al., 2001; Burcal et al., 2014; Budde et al., 2021; Hofmann
and Jansen, 2023; Hofmann et al., 2023). Other studies suggest that
mental rotational ability is even a predictor of postural stability.
For example, Kawasaki et al. (2014) conducted egocentric mental
rotation tasks after postural stability measurements in single leg
stance and found lower body sway values significantly correlated
with faster reaction times in following mental rotation tasks with
foot stimuli. Hofmann et al. (2023) identified reaction time in
egocentric and object-based mental rotation tasks as a significant
predictor for a more stable center of pressure (CoP) course. To
measure postural stability, the CoP can be calculated with a force
plate (Rhea et al., 2014). During standing, the CoP is the point
representing the weighted average of the sum of the vertical ground
reaction forces exerted by both feet onto the force plate (Winter,
1995). Although there are approaches that understand a variable
CoP signal as a functional component of postural control (Haddad
et al., 2013), it is common (Rhea et al., 2015) to refer to a tighter
CoP signal as a more stable stance (Palmieri et al., 2002). First
indications of posture-stabilizing training effects by mental rotation
are provided by Kawasaki and Higuchi (2016), who have shown
evidence for positive short-term effects (up to 60 min) of mental
rotation on postural stability. The key question is how mental
rotation and postural stability are related, and whether there is a
common mechanism that can explain this relationship.

One possible candidate mechanism is working memory, which
despite having various definitions (Cowan, 2017), for example
generic working memory (Cowan, 1988) or the attention-control
working memory (Engle, 2002), is widely understood according
to Baddeley and Hitch (1974) multicomponent model (Baddeley
et al., 2021). This model includes four interacting components,
with the two working memory storage systems, the phonological
lopp and the visuospatial sketchpad. The phonological loop is
postulated to retain verbal and auditory data through the utilization
of a transient storage mechanism and an articulatory rehearsal
system. Meanwhile, the visuospatial sketchpad is posited to retain
visuospatial information and can potentially be subdivided into
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distinct visual, spatial, and, conceivably, kinaesthetic components
(Baddeley, 2000). They are controlled by the central executive.
Information from those three components is coordinated with
the information of the episodic buffer, a temporary storage with
limited capacity (Baddeley et al., 2021). The episodic buffer is
capable of integrating information from various sources and long-
term memory. Moreover, the central executive comprises a set of
processes responsible for managing the flow of information in and
out of the different stores (Baddeley, 2000; Cowan, 2017).

Generally, working memory is assumed to play an essential
role during a mental rotation task. A mental rotation task includes
the following stages: perceptual stage (perceptual processing,
identification and discrimination of stimuli, identification of
orientation), stages of the rotation process (mental rotation and
judgment of parity), and the decision process. This last process
includes the response selection and the execution phase (pressing
a key) (Heil and Rolke, 2002). Especially in the stage of the
rotation process, participants must keep the object in the working
memory until they can complete a judgment of parity. For this,
the information about the object and the spatial arrangement
is essential. Different visual-spatial working memory buffers are
used for storing spatial and object information (Smith et al,
1995). There is already evidence that these two systems may be
related to mental rotation. These two buffers are referred to in the
following as spatial working memory, a system in which spatial
information is stored (concerned with object location), and object
working memory (concerned with the non-spatial properties of
the objects, such as color and shape). On the one hand, there
are findings suggesting the connection between mental rotation
and object working memory (Hyun and Luck, 2007). Applying
a dual-task design, the participants performed mental rotation
tasks both during a task involving object working memory and
during a task involving spatial working memory. The results show
a rotation-dependent interference between mental rotation and
object working memory, in terms of lower mental rotation accuracy
in the dual-task condition than the single task condition as well
as lower accuracy in the object working memory task, where
this effect was more enhanced for higher rotation angles in the
mental rotation task. They could not show specific interference
between mental rotation and spatial working memory. On the other
hand, there are also indications for the connection between mental
rotation and spatial working memory (Kaufman, 2007). The author
investigated the relationship between working memory capacity
and gender differences in mental rotation and spatial visualization.
Among other things, they show a significant correlation between
spatial working memory and mental rotation.

Furthermore, many dual-task studies address the relationship
between working memory and postural stability. In addition to
some findings linking different areas of working memory and
postural stability (Shumway-Cook and Woollacott, 2007; Bhatt
et al, 2016; Fujita et al,, 2016), the connection between the
visuospatial sketchpad and postural stability is of particular interest
in the context of this study. Here, tasks involving the visuospatial
sketchpad were shown to have higher postural-cognitive dual-task
costs in older subjects (Maylor and Wing, 1996). They showed that
in elderly people postural stability is more affected by cognitive
tasks, requiring the visuospatial sketchpad, than in middle aged
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people. Similar findings were seen for other locomotor tasks, such
as gait (Menant et al., 2014). Additionally, correlations were shown
between patients’ balance deficits and visuospatial sketchpad tasks
(Smulders et al., 2013; Brecl et al., 2019). The nature of the
relationship between spatial working memory and postural stability
is discussed: VanderVelde et al. (2005) investigated the role of both
visual-spatial working memory systems (object working memory
and spatial working memory) in postural stability in healthy young
adults. They showed that difficult posture tasks (independent
variable) resulted in significant deterioration in spatial working
memory tasks but not in object working memory tasks (dependent
variables). They concluded that the interaction of visual-spatial
working memory and postural control is due to the spatial domain.
This result was confirmed by Chen et al. (2018), because postural
control has more influence on spatial working memory tasks than
on non-spatial working memory tasks. On the other hand, there
are also results that show that spatial working memory has an effect
on postural stability. Useros Olmo et al. (2020) demonstrated in a
dual-task design that spatial working memory tasks (independent
variable) stabilize posture (dependent variable) in patients and
healthy controls. Taken together, these studies suggest that visual-
spatial working memory may play a role in the relationship between
mental rotation and postural stability.

2 Aim of the study

This study aims to investigate the relation of mental rotation,
postural stability and the two components of visual-spatial working
memory, namely object, and spatial working memory, in healthy
young adults, by using standardized procedures. Therefore, the
following hypotheses are examined:

1. Mental rotation ability correlates positively with postural
stability (Dault et al., 2001; Burcal et al., 2014; Kawasaki et al.,
2014; Budde et al., 2021; Hofmann and Jansen, 2023; Hofmann
et al., 2023).

2. The spatial working memory is related to mental rotation ability
(Kaufman, 2007) and postural stability (VanderVelde et al., 2005;
Useros Olmo et al., 2020).

3. The object working memory is only related to mental rotation
ability (Hyun and Luck, 2007) but not to postural stability
(VanderVelde et al., 2005).

4. Exploratively: because spatial working memory is assumed to be
related to mental rotation ability and postural ability, it is the
best predictor of postural stability.

3 Methods
3.1 Participants

The needed sample size was calculated for detecting a small to
medium effect (f2 = 0.0989) of the regression coefficient of spatial
working memory in a linear multiple regression model to predict
postural stability with the three predictors: mental rotation ability,
spatial working memory ability and object working memory ability.
An a-priori G*Power analysis (Faul et al., 2007) with an alpha-level
of alpha = 0.05 and a desired power of 1-beta = 0.9 resulted in
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a total sample size of N = 89. Participants had to be at least 18
years old and received course credit for participation. Exclusion
criteria were diseases or injuries affecting the balance. The study
was performed in line with the principles of the Declaration of
Helsinki. Participants were informed about the goal of the study
and the privacy policy concerning the data. All participants gave
their written informed consent before participating in this study.
The study was approved by the Ethical Board of the University
of Regensburg and was preregistered (https://osf.io/2kn8p). Any
significant deviation from the preregistration is noted at the end
of this study. A total of 91 subjects were sampled, because two
participants had to interrupt the experiment early due to technical
problems. In addition, two further subjects had to be excluded
because their performance in the mental rotation test was below
chance level. Therefore, the resulting sample size consists of 87
healthy sports science students from the study-subject “Applied
Movement Science” of the University of Regensburg. The 42 female
students had a mean age of 21.6 years (SD: 1.9 years) and a mean
height of 168.5 cm (SD: 6.9 cm). The 45 male students had a mean
age of 23.2 years (SD: 2.8 years) and a mean height of 181.7 cm (SD:
6.8 cm). All participants had normal or corrected to normal vision.
None of the participants could read Chinese characters.

3.2 Postural stability measurement

Each participant completed three trials of a one-legged stance
task on a force plate (AMTI OR6-7-2000; 1000 Hz) using their
preferred leg. The duration of each trial was 70 s, and a sitting break
of at least 90s was taken between trials to prevent fatigue. The
experimenter placed the participant in a standardized position on
the force plate using a taped “T” and provided instructions to stand
upright and remain as still as possible. Participants were instructed
to keep their arms hanging relaxed at their sides and their non-
standing foot raised in the air. A fixation cross was displayed on
a laptop at eye-level, as shown in Figure 1, and participants were
instructed to face it directly. To ensure barefoot conditions while
maintaining hygiene standards, all participants were required to
wear disposable socks.

3.3 Mental rotation task

Mental rotation tasks were presented on a laptop, using the
software OpenSesame (Mathot et al., 2012). The task involved
presenting two cube figures, which were either the same or
mirrored, rotated relative to each other (see Figure 2). The figure on
the left side was always in the non-rotated state (0°). Participants
were required to decide whether the right stimulus was the same
or a mirrored version of the left stimulus. If both stimuli were the
same, the participant had to press the left mouse button, while
if both stimuli were mirrored to each other, the participant had
to press the right mouse button. A total of three different cube
figures (Jost and Jansen, 2020) were displayed rotated in 60° steps
(0°, 60°, 120°, 180°, 240°, 300°) in the image plane. Each angle of
each figure was displayed 3 times in non-mirrored and 3 times in
mirrored form, resulting in a total of 108 trials (3 x 6 x 2 x 3).
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Prior to the main trials, practice runs were conducted, during which
feedback was provided in the form of a green check mark for correct
answers or a red cross for incorrect answers. During the main trials,
however, no feedback was given, but a fixation cross was displayed
between the single trials.

3.4 Spatial working memory task

For measuring the spatial working memory component the
gold standard test (Baddeley, 2003), the corsi block tapping
test was performed on a laptop using the software Psychology
Experiment Building Language (PEBL) (Mueller and Piper, 2014).
The computerized version displayed 9 blue squares unevenly
distributed on the screen, as shown in Figure 2. The task began
with a sequence of two blocks lighting up yellow in a specific order,
and the participant had to replicate the sequence by clicking on

10.3389/fcogn.2023.1298371

the blocks with the mouse. Two trials were presented per block
sequence length, and the participant had to correctly replicate at
least one of the two trials to progress to the next block sequence.
The task continued until the participant made two consecutive
errors at the same block sequence length or until all nine blocks
had been correctly replicated. In total, the Corsi block tapping test
was repeated three times. The first round used the original block
sequences (Kessels et al., 2000) and the sequences for the further
two rounds were created using a random number generator. The
square’s position was according to Kessels et al. (2000).

3.5 Object working memory task

The task was performed on a laptop, using the software
OpenSesame (Mathot et al., 2012) and was based on a cognitive
test used in Klauer and Zhao (2004). For 18 trials six white

+ Laptop at
eye-level
Height
adjustable
tripod
L L
3 movable -
sight barriers
Force plate
FIGURE 1
Exemplary postural stability set-up.
1 &
b . 2
Vi )
o . AV

FIGURE 2

working memory task.

Exemplary pictures for the cognitive tasks. From left to right: exemplary images of the spatial working memory task, mental rotation task and object
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Chinese characters were presented in sequence, each for 500 ms
(interstimulus interval 500ms) on a black background. This
was followed by a 500 ms white mask, where the whole screen
turned white. Subsequently, the six presented characters and six
distractors, also Chinese characters, were shown in a 3 x 4 field,
see Figure 2. Participants were instructed to identify as many
previously shown characters as possible by selecting six characters
for each answer. The task was not timed. Prior to the study, all
Chinese characters used in the task, were selected subjectively by
the main author to have a similarly complex structure, indicated by
the number of lines of the letter. Each trial showed an unique set
of targets and distractors and all participants were shown the same
order of trials.

3.6 Procedure

The experimental sessions lasted about 1 h, and all sessions were
done in the same laboratory. Each subject received all four tests
in counterbalanced order and additionally a short demographic
questionnaire at the end of the measurement.

3.7 Data processing

All data was processed in Matlab (The MathWorks Inc, 2023).

Postural stability was interpreted via CoP course over time.
First, raw CoP-data was low-pass filtered by a 4th order Butterworth
filter and a 10Hz cutoff frequency. Then, the following linear
parameters were used to describe body sway: Mean Amplitude
(MA) (mm) (Prieto et al, 1996), Sway Velocity (SV) (mm/s),
which is the total sway path length divided by whole-trial time.
A lower value in Mean Amplitude or in Sway Velocity is
interpreted as higher postural stability. Furthermore, the structural
parameter sample entropy (Ramdani et al., 2009) was calculated
(Martinez-Cagigal, 2018) for the CoP course in anterior-posterior
(SampEn_AP) and medio-lateral (SampEn_ML) direction. Sample
entropy is a measure of regularity in time series data, where a higher
sample entropy indicates more irregularity. Literature associates
this with a more effective strategy of postural control (Borg and
Laxdback, 2010; Kedziorek and Blazkiewicz, 2020). For the sample
entropy analysis, the original data were down sampled to 100 Hz
(Rhea et al., 2011; Koltermann et al., 2018). The input parameters
m and r were chosen to be m = 3 and r = 0.2 times the standard
deviation of the CoP data (Rhea et al., 2011). Reliability analyses
revealed for the parameter MA: McDonalds Omega = 0.81, for
the parameter SV: McDonalds Omega = 0.96, for the parameter
SampEn_AP: McDonalds Omega = 0.77 and for the parameter
SampEn_ML: McDonald’s Omega = 0.87.

To analyze the performance on mental rotation tasks, the
reaction time (s) was measured. Only non-mirrored tasks that were
answered correctly (on average: 91.4%) were evaluated (Jolicceur
et al., 1985). Within a person, all values of a specific angular
disparity that were above or below three standard deviations of
the mean value of the respective angle were considered as outliers
and excluded. An average was taken across all means per angle,
with a lower value associated with better mental rotation ability.
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In addition to the preregistered parameters, the accuracy (%)
parameter was also calculated. This indicates the percentage of tasks
that were solved correctly. A higher value indicates a better mental
rotation ability. Reliability analyses revealed for the parameter
reaction time: McDonalds Omega = 0.94, and for the parameter
accuracy: McDonald’s Omega = 0.86.

For analyzing the Corsi block tapping test, the Corsi Span,
which is the number of blocks in the last correctly repeated block
sequence, was calculated (Kessels et al., 2000). Since there were
three trials, a mean value was calculated over all trials for Corsi
Span. A higher mean Corsi Span is interpreted as better spatial
working memory ability. Reliability analysis revealed McDonald’s
Omega = 0.69.

For analyzing the object working memory task, the total
number of correctly remembered Chinese characters was counted.
A higher value is interpreted as better object working memory
ability. Reliability analysis revealed McDonald’s Omega = 0.80.

3.8 Statistical analysis

Frequentist statistical analyses were performed using the
software SPSS (IBM SPSS Statistics; version: 28.0.0.0) and Bayesian
analyses were done with the software JASP (version 0.17) (JASP
Team, 2023). In addition to the preregistered analyses, Bayesian
correlations with 95% credible intervals were performed to answer
hypotheses 1-3. Bayesian analyses were chosen as they provide
more informative results by avoiding the binary acceptance or
rejection of the null hypothesis and compare the data’s support
for the null and the alternative hypotheses. For hypotheses 1-3, a
bidirectional non-informative prior was used when the magnitude
of the association could not be estimated precisely (Nuzzo, 2017;
Wagenmakers et al., 2018). When having assumptions about the
direction of the association, a one directional non-informative prior
was used. To state at what point the data become sufficiently more
supportive of a hypothesis, the bounds of 1/3 and 3 were used,
which say that a Bayes factor between 1/3 and 3 is considered
indecisive (Dienes, 2019). However, even with indecisive results,
the Bayes factor can still be interpreted as indicating the amount
the data is more likely under one hypothesis than under the
other. Thus, trends can also be shown and quantified. For
answering hypothesis 1- 3, the parameter accuracy was added to
the preregistered parameters, to measure mental rotation ability
as well. To predict postural stability using the mental rotation
and working memory tasks, hierarchical linear multiple regressions
were performed for each postural sway parameter. The predictors
included mental rotation ability (parameter: reaction time), spatial
working memory ability (parameter: Corsi Span), and object
working memory ability. Two regression models were presented
for each postural sway parameter: Model 1, a linear multiple
regression with all three predictors, and Model 2, where the spatial
working memory component was removed, and the change in R2
was considered. In addition, this was repeated with the mental
rotation parameter accuracy. The analyses then refer to Model
3 and Model 4. The significance level for detecting a change in
R2 in the hierarchical regressions was Bonferroni-corrected for
the four dependent postural sway parameters and two mental
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rotation parameters, resulting in a significance level of alpha
= 0.0063.

4 Results

4.1 Relationships between the different
tasks

To give a comprehensive overview of the relationship between
the concepts, the correlations are presented. Figure 3 shows
the correlations between the different cognitive tasks. For the
relationship between OWM = “object working memory” and
SWM =
factor is reported because no hypothesis was formulated about

»
>

“spatial working memory (corsi span),” no Bayes
this relationship. Since there were no hypotheses regarding the
relationships between different postural parameters, no Bayes
factors are presented. The Pearson’s correlation values between
the parameters can indicate the direction in which a parameter
should be interpreted when discussing improved postural control
or increased stability.

4.2 Prediction of postural sway parameters

For each postural stability parameter, a linear hierarchical
multiple regression with two steps was calculated. Model 1 used
the three independent variables MR = “mental rotation (reaction
time),” SWM and OWM. In Model 2, only the variable SWM was
removed to see how much relevance it had for each dependent
variable. Since the mental rotation task has two parameters, this
procedure was also repeated with the independent variable mental
rotation (accuracy). Model 3 used the three independent variables
MR = “mental rotation (accuracy)," SWM and OWM. In Model 4,
only the variable SWM was removed.

Mean Amplitude could not be predicted by either Model 1,
F(3.83) = 0.857, p = 0.467, or Model 2, F g4 = 1.116, p = 0.333.
Model 1 explained 3% of the variance in the Mean Amplitude and
Model 2 explained slightly less at 2.6%. It is assumed that neither
model predicts the parameter Mean Amplitude better than the
other, due to a non-significant change in the R2 value between the
two models, R2 = —0.004, Fchange(1,83) = 0.356, p = 0.552. In both
models, none of the predictors significantly predicted the parameter
Mean Amplitude.

Mean Amplitude could not be predicted by either Model 3,
Fags) = 0983, p = 0.405, or Model 4, Fpgy = 1.487, p =
0.232. Model 3 and Model 4, both explained 3.4% of the variance
in the Mean Amplitude. Neither model predicts the parameter
Mean Amplitude better than the other, due to a non-significant
change in the R2 value between the two models, R2 = 0.000,
Fchange(1,83) = 0.011, p = 0.917. In both models, none of the
predictors significantly predicted the parameter Mean Amplitude.
The exact values of the individual variables in each model are shown
in Table 1.

Sway velocity was not predicted by either Model 1, F(383) =
1.488, p = 0.224, or Model 2, F(p 84 = 1.806, p = 0.171. Model 1
explained 5.1% (model 1) and 4.1% (model 2) of the variance in
sway velocity, respectively, and were not significantly different from
each other, R2 = —0.010, Fchange(1,83) = 0.859, p = 0.357.
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Sway velocity was not predicted by either Model 3, F(353) =
0.584, p = 0.627, or Model 4, F( 84y = 0.661, p = 0.519. Model
1 explained 2.1% and Model 2 1.5% of the variance in sway
velocity, respectively, and were not significantly different from each
other, R2 = —0.005, Fchange(1,83) = 0.440, p = 0.509. None of the
predictors significantly predicted SV, see Table 2.

The sample entropy of the CoP data in the anterior-posterior
direction could not be predicted by either model. While model 1,
F3,83) = 0.336, p = 0.800, resolved 1.2% of the variance, model 2,
F,84) = 0.234, p = 0.792, resolved slightly less variance at 0.6%.
Both models did not differ, R2 = —0.006, Fchange(1,83) = 0.541, p
= 0.464.

The sample entropy of the CoP data in the anterior-posterior
direction could not be predicted by either model. Model 3, F(3 g3y =
0.242, p = 0.867, resolved 0.9% of the variance, model 4, F(; 34y =
0.154, p = 0.858, resolved less variance at 0.4%. Both models did not
differ, R2 = —0.005, Fcpange(1,83) = 0.419, p = 0.519. Table 3 shows
that none of the predictors significantly predicted SampEn_AP.

Similarly, for the parameter SampEn_ML neither model 1,
F(s.83) = 1.323, p = 0.272, nor model 2, F(y g4y = 1.497, p = 0.230,
significantly predicted SampEn_ML. The two models did not differ,
R2 = —0.005, Fchange(1,83) = 0.476, p = 0.492. Model 1 resolved
5.9% of the variance of SampEn_ML and model 2 resolved 5.3%.

Also, neither model 3, F(353) = 1.730, p = 0.167, nor model
4, F.84) = 2.372, p = 0.100, significantly predicted SampEn_ML.
The two models did not differ, R2 = —0.011, Fchange(1,83) = 0.977,
p = 0.326. Model 3 resolved 4.6% of the variance of SampEn_ML
and model 4 resolved 3.4%. None of the predictors in either model
showed a significant result, see Table 4.

5 Discussion

The study aimed to investigate the role of the two visual-
spatial working memory components, spatial and object working
memory, for the relationship between mental rotation and postural
stability. The study also aimed to provide an overview of these
individual processes using standardized methods. The results
showed that the postural stability parameters were weakly positively
related to mental rotation ability (Hypothesis 1), but with Bayes
factors in an indecisive range. Spatial working memory was
found to be positively related to mental rotation ability, but not
to postural stability, partially confirming Hypothesis 2. Object
working memory was descriptively weakly positively related to
mental rotation ability, but with a Bayes factor in an indecisive
range. As expected, object working memory was not related to
postural stability (Hypothesis 3). The assumption that spatial
working memory is the best predictor of postural stability was
rejected (Hypothesis 4).

5.1 Relationship between mental rotation
and postural stability

Different results are shown in this study regarding the relation
of reaction time in mental rotation tasks and postural stability.
For the parameter describing postural sway in the anterior-
posterior direction, there are no correlations with mental rotation
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FIGURE 3
Correlational relationships between mental rotation ability, the visuospatial sketchpad and postural stability. MR.RT, Mental Rotation: Reaction Time
(ms); MR.Accuracy, Mental Rotation: Accuracy (%); SWM, Spatial Working Memory; OWM, Object Working Memory; MA, Mean Amplitude (mm); SV,
Sway Velocity (mm/s); SampEnAP, Sample Entropy anterior-posterior direction; SampEnML, Sample Entropy medio-lateral direction. The Bayes
factor indicates how much more likely the data are under the alternative hypothesis compared to the null hypothesis.

parameters. For the remaining parameters, the Bayes factor moves
in a range considered indecisive. Descriptively, weak to moderate
correlations were found there. However, one might ask why no
stronger or clearer correlations were found since the association
has already been shown frequently in dual-task studies (Dault
et al., 2001; Burcal et al., 2014; Budde et al., 2021; Hofmann and
Jansen, 2023; Hofmann et al., 2023) and explicitly in a correlation
study for egocentric mental rotation of body parts by Kawasaki
et al. (2014). Tt is possible that the findings from dual-task designs
resulted because of attentional capacity limits rather than specific
processes that are stimulated during mental rotation (Woollacott
and Shumway-Cook, 2002; Pellecchia, 2003). The results from
Dault et al. (2001) and Hofmann and Jansen (2023) support this
explanation, as both studies showed no difference in sway between
different cognitive tasks. However, to clarify this definitively for
the mental rotation task, more dual-task studies that control
systematically for different cognitive tasks and collect more than
global sway parameters would need to be conducted. It is possible
that mental rotation and postural stability share common processes,
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but interference between the two does not necessarily imply a
high correlation when considered individually. To demonstrate a
relationship between mental rotation ability and postural stability,
this needs to be examined in an intervention study where the effect
of mental rotation on postural stability could be clarified. The
study presented here looked at non-embodied stimulus material
with cube figures in an object-based mental rotation task, which
is most comparable to the correlation between single-leg stance
and egocentric mental rotation of (non-embodied) car stimuli of
Kawasaki et al. (2014). Descriptively, this study shows even a higher
correlation compared to Kawasaki et al. (2014). Despite significant
results, it must be critically noted that only 24 subjects were
examined by Kawasaki et al. (2014), which may limit the validity
of their results (Brysbaert, 2019). But in general, it may be possible
that the assumed effect size for the correlations in this study were
too high. A possible idea for future studies is provided by the result
that descriptively, the tendency could be seen that especially the
postural sway parameters in the medio-lateral direction correlate
more with mental rotation than those in the anterior-posterior
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TABLE 1 Two step regression results for the parameter “mean amplitude.”

10.3389/fcogn.2023.1298371

Variable 95% Cl for B
LL UL
Model 1 0.030 0.030
Constant 6.407 3.190 9.624 1.618
MR (RT) 0.155 —0.077 0.388 0.117 0.146
OWM —0.008 —0.041 0.024 0.016 —0.056
SWM 0.076 —0.177 0.329 0.127 0.065
Model 2 0.026 —0.004
Constant 6.855 4.017 9.693 1.427
MR (RT) 0.152 —0.079 0.383 0.116 0.143
OWM —0.008 —0.040 0.025 0.016 —0.051
Model 3 0.034 0.034
Constant 5.195 1.160 9.229 2.028
MR (Acc) 2.615 —0.943 6.173 1.780 0.164
OWM —0.012 —0.044 0.020 0.016 —0.083
SWM 0.014 —0.249 0.276 0.132 0.012
Model 4 0.034 0.000
Constant 5.227 1.264 9.190 1.993
MR (Acc) 2.668 —0.725 6.060 1.706 0.168
OWM —0.012 —0.044 0.019 0.016 —0.082

Model 1 shows the full model with MR (RT = reaction time), OWM and SWM as predictors. Model 2 checks for the importance of SWM and displays the results when SWM is removed. Model
3 shows the full model with MR (Acc = accuracy), OWM and SWM as predictors. Model 4 checks for the importance of SWM and displays the results when SWM is removed.

direction. From a biomechanical point of view, it is reasonable
to assume that in this study, the body sway in the medio-lateral
direction is more prominent since the base of support is smaller
in this direction due to the single-leg stance (Duarte and Freitas,
2010).

5.2 The relevance of visual-spatial working
memory for the relationship between
mental rotation and postural stability

One possible explanation for the general relationship between
mental rotation and postural stability was visual-spatial working
memory (VanderVelde et al., 2005; Hyun and Luck, 2007; Smulders
et al., 2013). However, no relationship was found between the
classical chronometric mental rotation measure reaction time and
the two components of the visual-spatial working memory. For
spatial working memory, the Bayes factor is six times more in
favor of no relationship to mental rotation than in favor of one.
Given the moderate to strong correlation in Kaufman (2007),
this is initially surprising. However, the study demonstrated this
relationship in a paper and pencil test. In these tests, reaction
time cannot be measured, but an overall score is formed by how
many individual items one solves correctly. In a chronometric test,
this corresponds to the parameter accuracy (Voyer et al., 2006).
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Considering this, our data, showing a positive correlation of the
accuracy in mental rotation tasks with spatial working memory,
aligns with the previous findings from Kaufman (2007). Regarding
the relationship between object working memory and mental
rotation, the correlation with reaction time indicates a weak to
moderate correlation (Cohen, 1988), with the Bayes Factor ranging
in an indecisive area. With accuracy, no correlation was shown.
Because previous findings on this relationship come from only one
dual-task-interference study with a small number of participants
(Hyun and Luck, 2007), the point estimate of the correlation
with reaction time provides an interesting reference point, which
could be used for power analyses for further research on this
relationship. Irrespective of the question of the connection between
mental rotation and postural stability, the explorative analysis of
the relationship between the two forms of working memory did not
show any connection. This supports the differentiation of an object
and a spatial working memory buffer (Smith et al., 1995) and is in
line with the differentiation of the visual-spatial sketchpad in the
working memory model of Baddeley et al. (2021).

Based on the results of this study, the correlation between
visual-spatial working memory and postural stability must
be rejected. Regarding spatial working memory, none of the
correlations suggests a relationship to postural stability. Also,
when comparing the two regression models, there is no significant
difference from zero for either model nor is there a difference
between the models when the spatial working memory parameter
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TABLE 2 Two step regression results for the parameter “sway velocity.”

10.3389/fcogn.2023.1298371

Variable 95% Cl for B
LL UL
Model 1 0.051 0.051
Constant 28521 6.871 50.170 10.885
MR (RT) 1.343 —0.223 2.908 0.787 0.186
OWM —0.072 —0.291 0.147 0.110 —0.071
SWM 0.793 —0.909 2.494 0.855 0.100
Model 2 0.041 —0.010
Constant 33.201 14.042 52.359 9.634
MR (RT) 1.310 —0.252 2.872 0.785 0.181
OWM —0.064 —0.282 0.154 0.110 —0.063
Model 3 0.021 0.021
Constant 30.610 2.969 58251 13.897
MR (Acc) 6.083 —18.292 30457 12.255 0.056
OWM —0.107 —0.325 0.112 0.110 —0.106
SWM 0.600 —1.200 2.400 0.905 0.075
Model 4 0.015 —0.005
Constant 32.018 4.797 59.239 13.688
MR (Acc) 8.378 —14.923 31.678 11.717 0.077
OWM —0.100 —0317 0.117 0.109 —0.099

Model 1 shows the full model with MR (RT = reaction time), OWM and SWM as predictors. Model 2 checks for the importance of SWM and displays the results when SWM is removed. Model
3 shows the full model with MR (Acc = accuracy), OWM and SWM as predictors. Model 4 checks for the importance of SWM and displays the results when SWM is removed.

is removed. Previous studies found associations between spatial
working memory and postural stability in healthy participants
either in interference designs (VanderVelde et al., 2005) or in
neural studies (Chen et al., 2018). Results from pure correlation
designs can only be found in patient studies (Smulders et al,
2013; Brecl et al., 2019). Therefore, it is interesting that, according
to the results of this study, this correlation does not seem to
be pronounced in healthy young participants. As expected, no
correlations with postural stability were found regarding the object
working memory (VanderVelde et al, 2005). Only a correlation
with the parameter sample entropy in the medio-lateral direction
is within an indecisive range but is clearly more in favor of the null
hypothesis. Overall, the regression models never showed more than
a 6% explanation of the total variance of the respective postural
stability parameter. This may emphasize the small contribution
of the chosen cognitive variables to postural stability, or it is an
indication that the cognitive tests have not sufficiently engaged the
visual-spatial working memory. To examine this in more detail,
it could be helpful to explicitly clarify the role of spatial working
memory in postural stability in an intervention study.

In future studies that collect various postural sway parameters,
an overall figure, such as Figure 3, should also be provided. Usually,
with each postural stability measure, there is some indication of
associated postural stability or postural control. Thus, for global
postural stability parameters, one assumes that a lower value
implies better postural stability (Palmieri et al., 2002) and, for
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example, for sample entropy, one implies better postural control
for a larger value, even if this mathematically means more chaotic
data (Borg and Laxaback, 2010; Kedziorek and Blazkiewicz, 2020).
When looking at Figure 3, it is noticeable that the parameter sway
velocity is descriptively positively correlated with both parameters
of sample entropy. Possibly this is an indication that, at least
in this study, a higher sway velocity relates to better postural
control or a higher sample entropy for more stability. Findings
like this may be interesting for the interpretation of a study. For
example, results by Budde et al. (2021) have shown that during
egocentric mental rotation, the range of CoP values but also the
sway velocity of CoP values is reduced compared to object-based
mental rotation. They interpret this, as is typical, as postural
stabilization. However, the decreased sway velocity (see Table 3)
may also be interpreted as lower postural control. Both Budde et al.
(2021) and Hofmann and Jansen (2023) compared the process of
egocentric mental rotation to the kinesthetic perspective of motor
imagery. Both studies assumed that egocentric mental rotation
could elicit more body sway because of the assumption that here
the participant has to imagine a rotation of the own body to solve
the task (Kessler and Rutherford, 2010). Both studies did not prove
that, but it may be conceivable that the reduction of the sway
velocity in Budde et al. (2021) could also be interpreted as reduced
control due to the mental rotation of the own body. However,
this is purely speculative but may provide an interesting hint for
further research.
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TABLE 3 Two step regression results for the parameter “sample entropy in anterior-posterior direction.”

10.3389/fcogn.2023.1298371

Variable 95% Cl for B
LL UL
Model 1 0.012 0.012
Constant 0.021 —0.004 0.046 0.013
MR (RT) 0.001 —0.001 0.002 0.001 0.067
OWM —6.531%¢ ¢ 0.000 0.000 0.000 —0.006
SWM —0.001 —0.003 0.001 0.001 —0.081
Model 2 0.006 —0.006
Constant 0.017 —0.005 0.039 0.011
MR (RT) 0.001 —0.001 0.002 0.001 0.071
OWM —1.425%¢73 0.000 0.000 0.000 —0.012
Model 3 0.009 0.009
Constant 0.027 —0.005 0.059 0.016
MR (Acc) —0.004 —0.032 0.024 0.014 —0.034
OWM —2.089*¢™° 0.000 0.000 0.000 —0.018
SWM —0.001 —0.003 0.001 0.001 —0.074
Model 4 0.004 —0.005
Constant 0.026 —0.006 0.057 0.016
MR (Acc) —0.007 —0.034 0.020 0.013 —0.055
OWM —2.808*¢™° 0.000 0.000 0.000 —0.024

Model 1 shows the full model with MR (RT = reaction time), OWM and SWM as predictors. Model 2 checks for the importance of SWM and displays the results when SWM is removed. Model

3 shows the full model with MR (Acc = accuracy), OWM and SWM as predictors. Model 4 checks for the importance of SWM and displays the results when SWM is removed.

6 Limitations

There are a few limitations to note in this study. The sample
with healthy young sports students represents a very special sample
for studies on motor control and mental rotation, as it is already
known that there are relationships (Pietsch and Jansen, 2012;
Voyer and Jansen, 2017). However, the motor task was made
more difficult for this purpose by conducting the single-leg stance,
which created more challenging motor conditions than a normal
bipedal stance would do. However, since no level of difficulty was
checked in the participants, it cannot be completely ruled out
that the task was still too easy for the athletic sample to cause
enough variance in the sway data. Additionally, the choice of
cognitive tests can be questioned. While the Corsi block tapping
test is considered the gold standard for measuring spatial working
memory (Baddeley, 2003), it was originally designed primarily for
everyday clinical use. Nevertheless, its suitability for non-clinical
studies is evident, given its widespread usage in such research.
However, we find a reliability value for McDonald’s Omega =
0.69. This may imply that statements regarding spatial working
memory need to be interpreted with caution. For testing the object
working memory, the adaption, according to Klauer and Zhao
(2004), was conclusive, but the test is not an established object
working memory test. The test was chosen based on the premise
that solving the task necessitates minimal spatial information,
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though such determination is inherently subjective. Concerning the
distinction between spatial and object-related working memory,
one could posit that either a task with a comparable structure,
such as a visual pattern test, should have been chosen alongside
the Corsi block tapping test, or that both metrics from Klauer and
Zhao (2004) could have been included. Their spatial component
test measured the memory of dot locations. Therefore, the selection
of tests may have the potential to influence this study’s outcomes.
However, it is essential to underscore that, even if the selection of
tests might have been suboptimal, both chosen tests are highly likely
to gauge the corresponding working memory buffer. Consequently,
strong effects are not anticipated, regardless of the specific test
chosen. Moreover, there is a strong relationship between attentional
control and working memory (Baddeley et al, 2021). In the
current study, only specific task instructions and a disturbance-
free experimental environment controlled for this. In the future,
it would be desirable to use eye-tracking devices to at least get a
first impression of attentional control by monitoring gaze behavior.
Further, some Bayes factors are in an indecisive range for the
correlations. Even this might be better than simply reporting
non-significant p-values, especially with Bayes factors, a so-called
adaptive sampling can be used, in which the data is collected
until conclusive Bayes factors are reached. However, due to a
preregistered power analysis and for reasons of economy, the
sample size was maintained.
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TABLE 4 Two step regression results for the parameter “sample entropy in medio-lateral direction.”

Variable 95% Cl for B
LL UL
Model 1 0.059 0.059
Constant 0.016 —0.027 0.060 0.022
MR (RT) —0.002 —0.005 0.001 0.002 —0.157
OWM 0.000 0.000 0.001 0.000 0.133
SWM 0.001 —0.002 0.005 0.002 0.074
Model 2 0.053 —0.005
Constant 0.023 —0.015 0.061 0.019
MR (RT) —0.002 —0.005 0.001 0.002 —0.160
OWM 0.000 0.000 0.001 0.000 0.139
Model 3 0.046 0.046
Constant 0.023 —0.032 0.077 0.027
MR (Acc) —0.023 —0.071 0.025 0.024 —0.106
OWM 0.000 0.000 0.001 0.000 0.162
SWM 0.002 —0.002 0.005 0.002 0.111
Model 4 0.034 —0.011
Constant 0.027 —0.027 0.081 0.027
MR (Acc) —0.016 —0.062 0.030 0.023 —0.075
OWM 0.000 0.000 0.001 0.000 0.172

Model 1 shows the full model with MR (RT = reaction time), OWM and SWM as predictors. Model 2 checks for the importance of SWM and displays the results when SWM is removed. Model

3 shows the full model with MR (Acc = accuracy), OWM and SWM as predictors. Model 4 checks for the importance of SWM and displays the results when SWM is removed.

7 Conclusion

The study aimed to show the relationships between mental
rotation, the two components of visual-spatial working memory,
spatial working memory and object working memory, and postural
stability. Additionally, it was aimed to verify whether spatial
working memory is the actual predictor of postural stability.
As spatial working memory could not be shown to be an
essential predictor for postural stability, to date it is not assumed
that spatial working memory explains the relationship between
mental rotation and postural stability. However, further dual-
task or intervention studies must be performed to definitively
clarify this. The aim is to investigate the connections between
mental rotation, postural stability and working memory using
standardized methods, modern statistical methods and sufficient
power. The correlation tables in this study provide interesting
insights into the relationships between all measured concepts
and will provide realistic estimators for effect sizes for future
research. Even if the correlation between postural stability and
mental rotation was smaller than expected, it is still worth further
investigation as it is interesting why the results differ from those of
dual-task design studies. So, future studies should clarify whether
the relationship in dual-task studies is only due to increased dual-
task costs or due to true relationships between mental rotation and
postural stability. If the relationship between mental rotation and
postural stability becomes clearer in the future, this may offer an
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interesting tool in the rehabilitation of individuals with impaired
postural control.

Author’s note
Deviation to preregistration:

e Hypothesis 4 is explorative.

e No CoP-frequency parameters are examined.

e Bayesian correlations are calculated for displaying all
relationships between variables.

e Accuracy in mental rotation task is added as predictor.
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