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Abstract

This study investigated the role of arousal and effort costs in the cognitive benefits
of alternating between sitting and standing postures using a sit-stand desk, while
measuring executive functions, self-reports, physiology, and neural activity in a
2-h laboratory session aimed to induce mental fatigue. Two sessions were con-
ducted with a one-week gap, during which participants alternated between sit-
ting and standing postures each 20-min block in one session and remained seated
in the other. In each block, inhibition, switching, and updating were assessed.
We examined effects of time-on-task, acute (local) effects of standing versus sit-
ting posture, and cumulative (global) effects of a standing posture that general-
ize to the subsequent block in which participants sit. Results (N=43) confirmed
that time-on-task increased mental fatigue and decreased arousal. Standing (ver-
sus sitting) led to acute increases in arousal levels, including self-reports, alpha
oscillations, and cardiac responses. Standing also decreased physiological and
perceived effort costs. Standing enhanced processing speed in the flanker task,
attributable to shortened nondecision time and speeded evidence accumulation
processes. No significant effects were observed on higher-level executive func-
tions. Alternating postures also increased heart rate variability cumulatively over
time. Exploratory mediation analyses indicated that the positive impact of acute
posture on enhanced drift rate was mediated by self-reported arousal, whereas
decreased nondecision time was mediated by reductions in alpha power. In con-
clusion, alternating between sitting and standing postures can enhance arousal,

decrease effort costs, and improve specific cognitive and physiological outcomes.
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1 | INTRODUCTION

Humans are not physiologically suited to spend most
of their time sitting, thinking, and typing (Bonnet &
Cheval, 2023). However, in modern office jobs, people per-
form intense mental work in environments that encour-
age little physical activity. Occupational sitting is likely
the biggest contributor to overall daily sitting time, which
is a significant risk factor for obesity, diabetes, cardiovas-
cular disease, and mortality, even irrespective of physical
activity during leisure (Sui et al., 2019; Thorp et al., 2011;
van Uffelen et al., 2010). Therefore, it is important to de-
velop innovations that help reduce sitting time to mitigate
these poor health outcomes (Bonnet & Cheval, 2023).
One promising recent development in this regard is the
introduction of height-adjustable sit-stand desks in offices
worldwide. These desks enable office workers to alternate
between sitting and standing postures while doing of-
fice work (MacEwen et al., 2015; Sui et al., 2019; van der
Ploeg et al., 2014). By enabling office workers to break up
prolonged sitting with standing and movement, sit-stand
desks offer a simple and promising way to mitigate the
health risks associated with sedentary behavior.

While there is evidence that regularly breaking up sit-
ting sessions can reduce sedentary behavior and benefit
physical health (Chastin et al., 2015), whether and how
alternating between sitting and standing postures impacts
cognitive function remains unclear. One reason for this
knowledge gap, is that most studies so far have focused on
acute effects. These studies provided mixed findings. Some
lab studies have suggested that standing posture improves
attentional focus and working memory (Bhat et al., 2022;
Dodwell et al., 2019; Rosenbaum et al., 2017; Smith
et al., 2019), while others have failed to replicate these
effects (Caron et al., 2020; Ohlinger et al., 2011; Straub
et al., 2022). Other studies in work settings have suggested
that most performance measures remain unaffected by a
standing posture (Commissaris et al., 2014; Husemann
et al., 2009; Russell et al., 2016; Sui et al., 2019), or that
benefits are limited to performance speed (Vercruyssen &
Simonton, 2020).

In order to reveal effects that extend beyond the acute
effects of bouts of standing, it is imperative to use an ex-
perimental design where cognitive performance is also
measured following this bout, preferably in an alternat-
ing sitting-standing schedule that mirrors real work envi-
ronments. To the best of our knowledge, only one study
has combined such a schedule with repeated cognitive
measures. This study showed that short bouts of standing
accumulate into improved cognitive performance when
considering averaged performance over an entire work-
ing day (Mullane et al., 2017). However, their analysis
lacked the temporal resolution necessary to shed light on

the exact timing and progression of posture-induced cog-
nitive changes. Hence, further investigation is warranted
to unravel the specific cognitive alterations that occur im-
mediately and over time as individuals alternate between
sitting and standing.

The primary aim of the present study was to bridge this
gap by investigating how alternating between a standing
and sitting posture every 20 min over the course of 2 h of
intensive mental work affects performance on three com-
puter tasks assessing key components of executive func-
tion, namely inhibition, switching, and updating (Miyake
et al., 2000). As illustrated in Figure 1a, we compared these
effects to a prolonged sitting condition in which the same
participants, in a different session, performed the tasks
without adopting changes in posture. Assuming that per-
formance declines with time-on-task due to mental fatigue
in the prolonged sitting condition and that standing is ben-
eficial, we can anticipate two possible scenarios. Firstly, as
depicted in Figure 1b, if standing only provides temporary
improvements that do not carry over to later periods, we
might observe short-term effects during the standing in-
tervals. These effects would simply add to the impact of
time in the prolonged sitting condition. We refer to these
effects as local effects of posture, forming a zigzag pat-
tern. Secondly, as illustrated in Figure 1c, if the benefits of
standing not only manifest acutely but also extend beyond
the immediate timeframe, we should witness a carry-over
of this improvement to the subsequent sitting block. This
would counteract the time-related decline observed during
prolonged sitting. We refer to this change in the “time
slope” across sitting blocks as global effects of posture.

The second aim of our study was to understand the
mechanism that underlies the potential cognitive bene-
fits of standing. Our study therefore used a multi-method,
comprehensive approach and assessed arousal, mental fa-
tigue, and effort costs across various domains covering the
subjective, physiological, and neural level. Earlier work
has shown that prolonged sitting increases mental fa-
tigue and the perceived effort costs of mental work, while
it reduces arousal and hampers motivation and executive
functions, both in lab studies as well as in applied settings
(Baker et al., 2018; Blain et al., 2016; Boksem et al., 2005;
Boksem & Tops, 2008; Hopstaken et al., 2015a, 2015b; Lorist
et al., 2005; Thorp et al., 2011). Consistent with a benefi-
cial effect of posture-induced arousal hypothesized earlier
(Caldwell et al., 2003; Lambourne & Tomporowski, 2010),
a few studies have started to show that a standing body pos-
ture can counteract the accumulated mental fatigue and
effort costs associated with prolonged sitting, and prevents
declines in physiological and subjective arousal levels over
time (Ebara et al., 2008; Hasegawa et al., 2001). Indeed, it
is well known that changing from a sitting to a standing
posture sets in motion a complex cascade of physiological

85U8017 SUOWILIOD BAIEs.D 8|qed!(dde aLpy Aq peusenob a1e Sspe YO ‘8sN JO S9|nJ o} A%eiqT8UlUO A1 UO (SUONIPUOD-PUR-SWBIAL0D A8 | 1M Afe1q 1 Ul |UO//SdNL) SUORIPUOD Pue SWIe 18U} 89S *[7202/90/62] U0 AreiqiTaulluo A1 ‘SpUe|BUIBN 8URILd0D AQ #E9KT dAS/TTTT OT/I0p/ W00 A3 (1M Akeiq 1 jpuluoy/:Sdiy wolj pspeojumod ‘0 ‘9868697T



van STEENBERGEN ET AL.

3o0f21

(@

IPSYI:H(IPHYSII]L[]GYs e

(b) local effect

N =46 -
\'h. ‘
At
C A O A o—VA Block #
° o °
A h A
b | &1 &t (c) local + global effect
@ renpun@uunpes@uuupna@uusfsna@unguns
Preparation +
Training 1 2 3 4 5 6
carry-over
~ 80 min ~ 20 min ~ 20 min ~ 20 min ~ 20 min ~ 20 min ~ 20 min /\effect
. Self-
Flanker task Switch task 2-back task
report ®
Cardiac activity measured with ECG and ICG .' 20 ., . '
Frowning muscle activity measured with facial EMG : '.
Neural oscillations measured with EEG
1 2 3 4 5 6

Block #

FIGURE 1 (a)Study design. Participants performed the same set of executive function tasks under two conditions, tested in two

sessions separated by a week (counterbalanced order). After preparation

and practice of the tasks, participants performed all three tasks (in

counterbalanced order) during a 2-h testing period. During the Alternating Posture condition participants alternated between a sitting or

standing posture in each block; during the Prolonged Sitting condition they remained seated in all six blocks. Note that posture only differed

in the even-numbered blocks (2, 4, and 6). (b, c) Illustration of local and global effects of posture across the 2-h testing period spanning six
blocks. Sitting-posture blocks are represented by circles, while standing-posture blocks are represented by triangles.

changes to compensate for blood volume displacement,
resulting in increased sympathetic activity as visible in
heart-rate increases and increased low-frequency contribu-
tions to heart rate variability (Ebara et al., 2008; Houtveen
et al., 2005; Smith et al., 1994). This sympathetic activity, in
turn, activates the locus-coeruleus system and the release of
norepinephrine in the brain (Berridge & Waterhouse, 2003;
Robertson et al., 1979; Tulen et al., 1999), which has been
implied in cognitive changes via modulations of neural gain
(Aston-Jones & Cohen, 2005; Ferguson & Cardin, 2020;
Lambourne & Tomporowski, 2010; Thibault et al., 2014).
These modulations in neural arousal might also be visible
in scalp recordings of neural brain oscillations measurable
with electroencephalography (EEG). Indeed, some EEG
studies have observed effects of posture and mental fatigue
in the lower-frequency bands, although these findings are
not consistent (Boksem et al., 2005; Caldwell et al., 2003;
Labonté-LeMoyne et al., 2020; Thibault et al., 2014).
Sympathetic arousal increases might also reduce effort
costs associated with mental fatigue (Hockey, 1997; Massar
et al., 2019; Mlynski et al., 2021), and we therefore included
perceived effort ratings as well as facial electromyography
(fEMG) over the corrugator supercilii (frowning) muscle
as a physiological index of effort costs (Berger et al., 2020).

Our confirmatory two-step mediation analyses tested the
hypothesis that standing induces sympathetic arousal (heart
rate increase), which results in neural arousal that, in turn,
improves cognitive performance. To explore the potential re-
lationship between posture-induced changes in arousal and
effort costs measured at different levels, we conducted cor-
relational analyses, recognizing that they may represent dis-
tinct aspects of multidimensional constructs (Neiss, 1988;
Thomson & Oppenheimer, 2022). Finally, we ran explor-
atory mediation analyses to determine which measures me-
diated the posture-induced benefits on performance.

2 | METHODS
2.1 | Participants

In total, 69 volunteers participated in this experiment.
Inclusion criteria were: age between 18 and 30years, hav-
ing a higher professional or university education level,
fluent in Dutch, no dreadlocks or braids, no use of medi-
cation (excluding contraceptives and allergy medication),
no physical limitations that make sitting or standing pain-
ful or impossible, and no history of psychiatric illnesses
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or head injury (excluding minor concussion). Participants
were asked to not eat, drink, and sleep differently than
usual, but to have a meal before the sessions started. Data
was collected between October 2015 and March 2016. We
stopped collecting data after we obtained complete data-
sets for all modalities for at least 40 participants.

Due to space limitations, details about subject exclu-
sion are described in the supplement. A full overview of
all included data is available in Table S1.

A sensitivity analysis revealed that with the remaining
sample of 46 participants we were able to detect within-
subject effects with two-tailed ¢-tests of d =0.422 with 80%
power. This effect size approximates the average effect size
observed in the field of social psychology, which is r=.21
(equivalent to d=0.43) (Richard et al., 2003), and the effect
size of d=0.4 that has been described as typical for psy-
chological research (Brysbaert & Stevens, 2018). Note that
although we did not run formal simulations to determine
the power analyses, the mixed models we applied might
actually be more powerful than paired t-tests because they
have been argued to provide a better estimate of the ran-
dom effect structure (Bell et al., 2019). On the other hand,
the between-subject correlation-based analyses reported,
including the mediation analyses, were underpowered to
detect these relatively small effect sizes, because with 46
participants and 80% power the r would need to be .399.
Event-related analyses of the cardiac response to errors
during the Prolonged Sitting condition have been pub-
lished separately elsewhere (Spruit et al., 2018).

2.2 | Design

As shown in Figure 1, over the course of 2 h, participants
repeatedly performed three computer tasks assessing the
three key components of executive function, namely in-
hibition, switching, and updating (Miyake et al., 2000).
This relatively long period was chosen to induce arousal
reductions and mental fatigue, which are typically ob-
served in lab studies that combine time-on-task ma-
nipulations with prolonged sitting (Boksem et al., 2005;
Boksem & Tops, 2008; Hopstaken et al., 2015a, 2015b;
Lorist et al., 2005). Testing was preceded by substantial
pre-training to eliminate potential learning effects. All
participants practiced the tasks while seated, and this
took about 20 to 45min. Behavioral, physiological, and
neural changes were measured in six blocks lasting about
20min each. Participants came to the lab in two sessions
separated by a week: in one session, participants alter-
nated between sitting and standing (Alternating Posture
condition), whereas in the other session, participants
remained seated during the entire session (Prolonged

Sitting condition). The order was counterbalanced. The
Prolonged Sitting condition served as our control condi-
tion and was expected to induce mental fatigue and cog-
nitive decline over time, while the Alternating Posture
condition was expected to counteract these effects.

Mimicking office work settings, participants’ arms
were supported by the desk. This also avoided extra
physiological and motor demands involved in maintain-
ing balance, which have been shown to negatively im-
pact cognition (Bayot et al., 2018; Fraizer & Mitra, 2008).
The participants performed three tasks to assess inhibi-
tion, switching, and updating: a modified version of the
flanker task (Eriksen & Eriksen, 1974; Lorist et al., 2005),
a switch task (Rondeel et al., 2015), and a 2-back work-
ing memory task (Hopstaken et al., 2015a). The tasks
took about 6 min each and were performed in each of the
six blocks. The order of the tasks in each block stayed
constant for each participant but was counterbalanced
across participants.

During the practice block, the participant received vi-
sual feedback (average reaction time (RT) and accuracy)
and auditory feedback (male voice) after responding to
a target (“correct button”, “incorrect button” or “no but-
ton”). The experimenter repeatedly presented a practice
block for each task until participants reached a certain cri-
terion. For the 2-back working memory task, >85% correct
responses were required. The flanker task required >85%
correct responses and a mean RT <500 ms. The switch task
required >85% correct responses and a mean RT <1200 ms.
However, due to time constraints, when practice took lon-
ger than approximately 45min, participants started the
task proper even if they did not meet all criteria.

2.3 | Materials

E-Prime 2.0 was used to present the tasks. The flanker task
and switch task were described in detail elsewhere (Spruit
et al., 2018). The two-back working memory task was
modeled after an earlier study (Hopstaken et al., 2015a)
and consisted of 63 trials on which one of the letters B,
C,D,E G,J, P, T, or V was presented for 500 ms. These
letters all have similar sounds in Dutch, so it is impossi-
ble to use sound-related memory strategies. The letters
were presented in a font size of 40 points type Palatino
Linotype. The participants were to remember earlier pre-
sented letters and indicate if the one currently presented
matched the one seen two trials earlier. The maximum RT
allowed was 4000ms. Each block consisted of 15 targets
and 48 nontargets presented at a fixation point for a ran-
dom duration between 5000 and 5500 ms. The total time of
each task was 6 min.
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2.4 | Procedure

Participants were tested in two sessions that lasted ap-
proximately 3.5 to 4 h each. The experiment took place in
an EEG lab booth of approximately 2 X 2 m. Participants
started in a seated position in a conference chair at an elec-
trical, height-adjustable sit-stand desk on which the com-
puter screen (approximately 50 cm from the participant),
keyboard, and mouse were placed. Participants were in-
formed about the procedure of the experiment, provided
informed consent, and read the instructions of the affect
grid (Russell et al., 1989). This study was approved by the
local ethics committee. It was not preregistered.

After application of the ECG and ICG electrode
patches, participants started the practice block. To min-
imize potential learning effects, in each session, the
three cognitive tasks were practiced until the criteria
mentioned above were met. After the practice, the EEG,
fEMG, and EOG electrodes were applied. Participants
were instructed not to talk and to minimize movements
while performing the task. Each of the six test blocks
took about 18 min in which all three tasks were per-
formed. After each test block, four visual analog scales
(VAS) and the 9 x9 affect grid were presented on the
screen. The affect grid was also presented before the first
block, but these values were not included in the anal-
yses in order to keep the analysis the same for all de-
pendent variables. The VAS ranged from 0 (not at all) to
100 (extremely) and included the following items (see
also Hopstaken et al., 2015a): (1) You just performed
a task for 20 min. How tired do you feel now? (2) How
motivated did you feel to perform well during the last
block? (3) How much effort did you spend to perform
well during the last block? (4) How much aversion do
you feel to start the next block?

In between blocks, the researcher could enter the lab
booth to adjust the table or to optimize the physiological
recordings. In the first session, the researcher was blinded
to the condition the participant was in until the first block
had ended. After the third block, the researcher offered
each participant a glass of water. In total, it took about
2 h to complete the six blocks. At the end of the second
session, participants were given a written debriefing and
either received course credits or participated in a lottery to
receive monetary compensation.

2.5 | Data acquisition

The EEG and facial electromyography (fEMG) data were
acquired using BioSemi equipment. Signals were DC am-
plified and digitized at a sampling rate of 1024 Hz using

IPSYGHOPHYSIUI.OGY -

the ActiView705-Lores application. Brain activity was
measured at the midline locations Fz, FCz, Cz, CPz, and
Pz. The common mode sensor and driven right leg were
used as standard reference. To allow for correction of oc-
ular artifacts in the EEG data, we also obtained electrooc-
ulography (EOG) measures. To measure horizontal eye
movement, two electrodes were placed on the orbicularis
muscle on the edge of the eye socket. To measure verti-
cal eye movement, electrodes were placed just above the
left eyebrow and below the left eye on the edge of the eye
socket. In order to re-reference the data offline, we placed
two electrodes on the mastoids behind the ears. Finally,
to measure facial EMG, two electrodes were placed on
the corrugator muscle of the right eye.

Electrocardiography (ECG) and impedance cardiog-
raphy (ICG) signals were continuously measured using
a Biopac system. Details are described elsewhere (Spruit
et al., 2018).

2.6 | Data preprocessing

In order to obtain the dependent variables that were sub-
mitted to the statistical analyses (see Table 1 for an over-
view of all dependent variables), we applied preprocessing
for each modality, as specified below.

2.6.1 | EEG preprocessing

For the analysis of the total power, artifact-free segments
of EEG data with a length of 2 seconds were extracted from
the continuous ongoing EEG during the six task blocks. The
resulting segments were submitted to a fast Fourier trans-
form (FFT) to get power spectra with a spectral resolution
of 0.25Hz, which was then averaged across segments. The
power in the FFT was extracted for delta activity (1-4 Hz),
theta activity (4-8 Hz), alpha activity (8-12Hz), and beta
activity (12-30Hz). In the statistical analyses, we used the
log-transformed data to correct for the skew in the data we
observed during initial data screening.

2.6.2 | fEMG preprocessing

Facial EMG activity was analyzed using Brain Vision
Analyzer software. EMG data were high-pass filtered
at 20Hz and low-pass filtered at 500 Hz. Line noise was
removed using a 50-Hz notch filter. We calculated the
root mean square (RMS) of the facial EMG data for all
2-s artifact-free segments, averaged for each 1-min (six
in total) per block per task. Artifacts were detected for
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each 100-ms bin using an algorithm described in detail
elsewhere (Dignath et al., 2019). The average RMS value
was then exported. In the statistical analyses, we applied
square-root transformation to these values to correct
for the skew in the data we observed during initial data

Cardiac data preprocessing

Preprocessing was performed in MATLAB release 2012b
(The MathWorks, Inc., Natick, MA, USA) using the
PhysioData toolbox (v0.1.81; https://physiodatatoolbox.
leidenuniv.nl/). Details are described elsewhere (Spruit
et al., 2018). Heart rate variability was calculated using the
root mean square of successive differences. We exported
all cardiac metrics separately for each block and task for

Behavioral preprocessing

For the working memory task that prioritized accuracy,
we extracted measures of sensitivity (d-prime) based on
signal detection theory (Stanislaw & Todorov, 1999). In
the two speeded tasks (flanker task and switch task) we
extracted correct RT and error rate, separately for each
session, block, task, and task condition (congruent/in-
congruent, switch/repeat). The first trial of each block
and trials following an error were excluded. For the RT
analyses, we removed RTs that exceeded two standard
deviations around the mean, separately for each subject
and cell of the design. We then calculated mean overall
measures of RT and ER, as well as the corresponding con-
gruency effects and switch costs, which were exported for

Estimating drift diffusion modeling
parameters based on behavioral data

EZ-drift diffusion model
(Wagenmakers et al., 2007) to extract latent parameters
of drift rate, boundary separation and nondecision time.
This model fitted parameters based on average correct RT,
the variance in correct RT, and the proportion of correct
responses of the flanker task. We applied standard edge
correction for proportion correct values of 1 (minus half of
an error/n), .5 (minus half of an error/n), and 0 (plus half
of an error/n). Model fitting was done separately for each
subject, session, block, and level of congruency. The data
was then averaged across the two congruency levels and

van STEENBERGEN ET AL.
o) 2
E v « o o a I
A 0 — \O e \O ]
a, © S a
> & Y o Y
b
=
A AN D o Nel 7]
IS =) © © n O
a - X SC) 20 s
) g screening.
el
2 I T T g
a A INR=] =l S
=% < 2 2 8 o T
4 o < © < S E
8l 5 ¢ oo S 2 2.6.3 |
= &) — N - ©»
Q QL o = <t 2
51 x © 2 2 ) o =
a:: n = (=} o o =] =
o | & I [ Lo S 3B
=2 52 9 9o L 5
)] — =
(= (=]
= § S S S 3 S
— 0 < e @ Sl <
Ol= & 7 T S E
=
=
= 8
el g
\O S o —
\“:‘/ [ (=) % =]
a - 2 = | 2
%
2
=
Q
o o n o o £ ...
a = 2 g 8 a2 statistical analyses.
=
on
5
) ) o = |
= 8 0 _ 8 2.6.4
2 25 S Z =
8 = % T S ¢
1% ~ o A S E
sl = @ g S § ¢ =
=] [3) L) S (=) =}
- 2 3 -~ < S 8
131 IS o g N s 2 S
gl LT g 1 9T £
N = L ] — ED
R K
3|8 ¢S QS S £
el & ~ o S o S 5
S =R S 1 N
= 3
g - g z
= o S k=
Q M \% o
3+
=]
= 2
— [ (=] < Q
s2 V¥ 8¢
a2 - vV Q . E
o
~
a
a9}
T 2
n = = c .
S = Sz = 3 statistical analyses.
g S .S S
—_ ~ O (=] (=]
£€10 3 o € s - 3
N O = (=] (=] g
S|y 43 SRS S 3 2.6.5 |
o | B S = S > oo
© | & — 7 I T
8lg 8 €5 o B
2§ <« oS S o S o
g S & 2 S = S =
on O (=) (=] o .
é We implemented the
s o
Q - S
2 £
c g £
= ° g = s
3 3 < £ =2
> @ & S g s ©
= "a g o w2 ] % £
51 ~ 2 £ o @ 2 o
5 8 & E 3G % 13 B S
g ¢ K K g & 9 5 wd
= ) —_— — S w T - S wn
= = >
g 2 = & g ¥ & S vV o
o Q = ‘T o =} =
@) L L g 5 =3
N T > > & v = s <&
= 66 ET T % 2%
= B ] 3z 8
- < = 90 9 = un O
= o < v v Q ==
m S o o = —~ M o o
9 2 £ 2 g 8= =& 9=
| = = o (5] ==
2 = 3 g S S8 2 O7F
= 3 9 n S S
< — ] 3
Q O S @
I3 Z 3

exported for statistical analyses.
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2.7 | Statistical analyses

We first automatically detected potential outliers for each
cell of the design using the identify_outliers function in
the rstatix package version 0.7.2 (Kassambara, 2021).
Values above Q3+ 1.5XIQR or below Q1—1.5XIQR were
considered as outliers and replaced by missing values.

Because the order of sitting and standing blocks in
the Alternating Posture condition was fixed (alternating
order: i.e., sit-stand-sit-stand-sit-stand) rather than
randomly determined, the global and local effects of
posture were potentially confounded. We therefore used
a regression approach to statistically control for these
time-related effects. We applied linear mixed-effect mod-
els which allowed us to maximally use all available data,
even if some observations (on the dependent variable
under study) were missing. The same analysis pipeline in
R (version 4.3.0) was applied to all dependent variables in
a fully automatic way.

We applied a linear mixed model to the data where
outliers were replaced by missing values. To specify, we
built a model that took into account the linear effect of
Time across the six blocks (T: values ranged from —.5to .5
in 6 equal steps), the effect of Condition (C: Prolonged
Sitting condition=0; Alternating Posture condition=1),
and the effect of even-numbered versus odd-numbered
blocks (E: even=1; odd =0), all as within-subject predic-
tors. We also added the between-subject factor Order (O)
as numeric confound regressor (prolonged sitting during
session 1/alternating posture during session 2=—1; alter-
nating posture during session 1/prolonged sitting during
session 2=1).

Note that we carefully chose and coded the levels of the
predictors so that the effects of interest were estimated at
the correct reference level (value 0) of all other predictors.
To test the main hypotheses, our analysis focused on three
effects: (1) a local effect of standing versus sitting posture
in the Alternating Posture condition, over and above time-
related effects of even- versus odd-numbered blocks in the
Prolonged Sitting condition, as evidenced by the inter-
action effect of CxXE; (2) an effect of time-on-task in the
Prolonged Sitting condition, as evidenced by a significant
linear effect (slope) of T, estimated at the reference level
of prolonged sitting (C=0) and odd blocks (E=0); (3) a
global effect of alternating body posture versus continu-
ously sitting, revealed by a modulation of time-on-task-
related effects (i.e., modulation of the slope) considering
sitting blocks only, as evidenced by a significant inter-
action effect Tx C (estimated during the odd-numbered
blocks, E=0). Analyses of simulated data reported in the
Supplementary Material and Figure S1 confirmed that our
model could successfully capture these effects under dif-
ferent scenarios.

For all analyses, we a priori kept at least the following
terms in the model: the effects of T, C, E, and O, as well
as the two-way interaction effects of Tx C (reflecting the
global effect of posture), CXE (reflecting the local effect
of posture), TxO (reflecting the time slope during the
prolonged sitting session moderated by order), and Cx O
(which reflects a main effect of session given the nature of
our counterbalanced design).

We used a stepwise approach for model fitting. We
started fitting a model that included the intercept and all
combinations of effects and (higher-order) interactions.
As an initial step, we only added a random intercept (per
participant) to this model. Redundant fixed effects were re-
moved iteratively in the following way: we sorted all fixed
effects of the model by descending order (highest-order
interactions on top) and then by descending p-value, and
determined whether removing the first term in this order
significantly impaired the model fit of the model using a
likelihood ratio test (Chi-square of old versus new model
> .05). If the model fit was not significantly diminished,
we removed the effect from the model and repeated the
elimination steps above until the model could no longer
be simplified without significantly reducing explanatory
power. Essential terms (see above) were never considered
for elimination.

As a final step, we added several random slopes to the
model. Because all analyses were run on aggregated data
for each cell, the number of observations was limited and
although it has been recommended to keep the random
effects structure maximal (Barr et al., 2013), these mod-
els often result in overparameterized models that fail to
converge (Bates, Kliegl, et al., 2015). We, therefore, used
a random effects structure that only reflected the essen-
tial components used in the fixed effect structure without
including additional interaction terms that could poten-
tially lead to convergence failure. All models applied,
therefore, included random slopes for all effects T, C, E,
and O, as well as for the two-way interaction effects Tx C,
CXE, TxO, and Cx O. We report the parameter estimates
of this model.

For some dependent variables, one or two additional
within-subject categorical predictors (factors, abbre-
viated as f) were available, and these were included in
the model too using sum-coding (see full reports in the
Supplementary Material). For example, midline EEG was
recorded over five electrodes (f1 with five levels) and was
obtained separately for the three tasks (f2 with three lev-
els). In those cases, the initial model again estimated the
full-factorial design and included the intercept and all
combinations of effects and (higher-order) interactions,
and we used the same approach as described above.

In case the T, CX E and/or T x C terms were involved in
higher-order interactions with a factor (e.g., a significant
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TxCxO condition), models were fitted again, but now
separately for each level (e.g., for both levels of O sepa-
rately), again removing redundant terms and adding ran-
dom effects as described above. This approach allowed us
to test the three hypotheses indicated above for specific
subsets of the data (e.g., both order groups).

We used the lmer function from the Ime4 package
version 1.1.33 for all statistical analyses (Bates, Méchler,
et al., 2015). All reported p-values in the tables derive
from the anova function from the ImerTest package ver-
sion 3.1.3, applying type III analysis of variance using
Satterthwaite's method (Kuznetsova et al., 2017). Line
graphs show estimated marginal means and their confi-
dence intervals based on the predictors T, C, and E, and
their interactions. We used the ggemmeans function
of the ggeffects package version 1.2.2 to calculate these
(Liidecke, 2018). Model estimates and their 95% confi-
dence intervals were plotted using the plot_model func-
tion of the sjPlot package version 2.8.14 (Liidecke, 2021).

The significance levels were established at a two-tailed
alpha of .05. Given the mass univariate approach applied
in this study, we also calculated p-values corrected for
multiple comparisons to limit the chance of reporting
false positives, using the false discovery rate approach
(Benjamini & Hochberg, 1995). For each term in the
model, correction was applied separately to all dependent
variables that belong to the same clusters (see Tables 1 and
S1 for an overview of these clusters).

We also performed several focused correlational anal-
yses (see Results). These correlational analyses were ap-
plied on the estimated random slopes of the local and
global effects from the respective model. Prior to cor-
relational analyses, the data were deconfounded by cen-
tering the slopes separately for both order groups. In the
correlational analyses we also applied the FDR method
to correct for multiple comparisons. Finally we applied
within-subject mediation analyses using the SPSS macro
MEMORE v2.1 (using 10,000 samples to determine
bootstrap confidence intervals) based on the estimated
intercepts and random slopes of the local effects of the re-
spective variables (Montoya & Hayes, 2017).

3 | RESULTS

3.1 | Effects of time-on-task and the
effects of posture

An overview of the main findings for all dependent vari-
ables, clustered for self-report, facial EMG, cardiac, neu-
ral, behavioral, and computational modeling data, is
provided in Table 1. This table features the statistical tests
(Type III ANOVAs) of our three focal hypotheses, that

IPSYGHOPHYSIUI.OGY spr)’

is, regarding the effect of time-on-task (time), as well as
the local and global effects of posture. Table S2 provides a
complete overview of the significance level of all (interac-
tion) effects. In case a significant focal effect was moder-
ated by another factor in the model, such as order, this is
indicated in italics, and we then repeated the analysis for
each level of this moderator. These findings are discussed
in more detail in the supplementary materials. When ef-
fects of posture were significantly moderated by another
factor, we discuss these effects in the main text as well.
Descriptive descriptives for all dependent variables are
available in Tables S3-S8.

Below, we highlight the key findings for each cluster.
We focus on results that survived corrections for multiple
comparisons, using the false discovery rate (FDR) correc-
tion method that was applied within each cluster and for
each hypothesis separately.

3.1.1 | Self-report data

Replicating earlier work from lab studies on mental
fatigue, in the prolonged-sitting session, participants
reported increased task averseness and tiredness and
decreased task engagement and arousal over time (all
Peorrected < -001; Table 1). As Figure 2 shows, a standing
posture acutely improved arousal (p¢orrected = <-001) and
tiredness (Peorrecteq = -006). Self-reported effort required
to perform well on the cognitive tasks (effort costs)
was also reduced by a standing posture (Peorrected = -040;
Figure 3a). Note that for effort costs (Figure S2), tired-
ness (Figure S3), and task engagement (Figure S4),
time-on-task effects were significantly moderated by
order, and subsequent analyses for the first two only
revealed the time-on-task effect in the group of partici-
pants that underwent the Alternation Posture condition
in the earlier session, perhaps reflecting a transfer effect
from the first (more engaging) session (see supplemen-
tary text for more details). Credible global effects of pos-
ture were not observed.

3.1.2 | Facial electromyography of the
corrugator supercilii muscle

Consistent with the reduced effort costs observed at the
subjective level, activity of the corrugator supercilii mus-
cle, a physiological measure of effort costs measured
using facial EMG, was reduced locally (P orrecied = <-001;
see Table 1 for more details), that is, when participants
were standing in comparison to sitting (see Figure 3b).
In addition, EMG activity reduced with time on task

(pcorrected = '034)-
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(a) Self-reported arousal (1-9)

(b) Self-reported tiredness (0-100)
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FIGURE 2 Upper panels: Effects of the Prolonged Sitting condition (blue) and the Alternating Posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are

represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence

intervals of triangles for the three focal effects: (1) the linear effect of time across the six blocks in the Prolonged Sitting condition (time-on-

task effects; effect of Time in the model), (2) the acute effect of standing versus sitting in the Alternating Posture condition contrasted with

the effect of odd-numbered versus even-numbered blocks in the Prolonged Sitting condition (zigzag-shaped effects; effect of Condition x

Odd-Even Block in the model), and (3) the global effect of alternating versus prolonged sitting indicated by the change in the slope during

the sitting blocks (effect of Condition X Time in the model). FDR-corrected p-values are reported in Table 1.

3.1.3 | Cardiac activity
Cardiac data are presented in Figure 4. Time-on-task re-
duced heart rate (p.orecied = <-001; see Table 1 for details)
and increased heart rate variability (porrectea = <-001),
suggesting that sitting for 2 h diminished cardiac activ-
ity over time. Confirming earlier work, a standing pos-
ture acutely increased heart rate (P.gprectea = <-001) and
decreased heart rate variability (Peorrectea = <-001), hint-
ing at a combination of increased sympathetic and de-
creased parasympathetic activity. We also replicated the
increase in RZ interval during standing (p o rectea = <-001)
reported earlier (Houtveen et al., 2005), which should,
however, not be interpreted as reduced sympathetic
arousal because it is confounded by loading effects (i.e.,
it likely reflects an afterload effect due to mean arterial
pressure increases).

Posture was also shown to have a cumulative effect
on heart rate (Pooprectea=-031) and heart rate variability

(Deorrected = <-001). Heart rate variability showed a steeper
increase in the sitting (odd-numbered) blocks with time in
the Alternating Posture condition than in the Prolonged
Sitting condition, whereas the opposite pattern, though
numerically much smaller, was observed for heart rate.
This finding suggests that vagal tone increase during sit-
ting is more pronounced when participants stood in the
previous block (Figure 4c). The global effect of posture
on RZ-interval (Peorrecteq = <-001) was moderated by task
order and likely reflected a transfer effect from the first to
the second session (see Figure S5).

3.1.4 | Neural oscillations

In line with self-reported arousal levels, our analysis of
the neural oscillation data, obtained through Fourier
analyses of EEG data obtained at the midline during task
performance, consistently showed that the power of alpha
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FIGURE 3 Upper panels: Effects of the Prolonged Sitting condition (blue) and the Alternating Posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are

represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence

intervals of the three focal effects (for more details, see caption Figure 2). FDR-corrected p-values are reported in Table 1.

(8-12Hz) oscillations, which serves as an inverse indicator
of neural arousal, increased over time (p.grected = <-001;
see Table 1 for details), and acutely decreased when
participants were in a standing position (porected =-004;
Figure 5). Delta power (1-4 Hz) also showed an increase
with time-on-task (Peorrected=-028). No credible effects
were observed in the theta (4-8 Hz) and beta (12-30Hz)
ranges.

3.1.5 | Executive function and the general
performance

Effects on the main executive function outcomes are dis-
played in Figure 6. Working memory precision, inhibi-
tion (flanker interference effects), and cognitive flexibility
(task switch costs) were not strongly affected by time or
posture. The apparent zigzag effect of even versus odd-
numbered blocks is likely attributable to noise, and this ef-
fect was not significant in any of the measures (Table S2).
Critically, the only posture-related effect observed in be-
havior that reached significance was the acute standing-
induced improvement of overall performance speed on

the flanker task (i.e., collapsed across the two congru-
ency levels), as shown in Figure 7a (Degrrecied = <-001; see
Table 1 for details). This measure was also sensitive to
time-on-task (P.orrectea = <-001).

3.1.6 | Drift diffusion model parameters

To uncover the cognitive processes underlying flanker
speed improvement due to postural changes, we fitted
the drift diffusion model (Wagenmakers et al., 2007) to
our behavioral data. This approach considered RT, ac-
curacy, and their distributions, enabling us to disentan-
gle the effects on the speed of evidence accumulation
(represented by the drift rate parameter v), impulsiv-
ity (captured by the boundary-separation parameter
a), and other processes unrelated to the decision itself
(accounted for by the nondecision time parameter Ter).
As Figure 7b,c shows, results revealed that posture lo-
cally sped up nondecision time Ter (P.orected=-003;
see Table 1 for details), suggesting an overall improve-
ment in mere perceptual and/or motor processes unre-
lated to the decision itself. Critically, we also observed
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FIGURE 4 Upper panels: Effects of the Prolonged Sitting condition (blue) and the Alternating Posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are
represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence
intervals of the three focal effects (for more details, see caption Figure 2). FDR-corrected p-values are reported in Table 1.

(a) Global EEG delta power (In) (D) Global EEG alpha power (In)  (C) Global EEG theta power (In)  (d) Global EEG beta power (In)

13
1.25
28 12 06
26 ./A .0
L@ @
o
24
0.50
0.8 1.0
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Block # Block # Block # Block #
0.11* 0.17 *** 0.04 0.05
Time — Time —_— Time —_— Time —_—
-0.01 -0.10 *** -0.04 * -0.04
Local - Local — Local —_— Local —
0.10* 0.01 0.06 0.02
Global — Global —_— Global —_— Global —_—
-0.2 0.0 0.2 0.4 0.6 0.2 0.0 0.2 -0.1 0.0 0.1 0.2 02 01 0.0 0.1 0.2 03
Estimates Estimates Estimates Estimates

FIGURE 5 Upper panels: Effects of the Prolonged Sitting condition (blue) and the Alternating Posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are
represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence
intervals of the three focal effects (for more details, see caption Figure 2). FDR-corrected p-values are reported in Table 1.

an improvement in drift rate v (P.orrected =-007), sug-  observed during standing versus sitting. In addition, the
gesting enhanced speed of cognitive processing. Thus, drift rate parameter also significantly decreased with
these parameters together account for the decreased RT time-on-task (Porrected = <-001).
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FIGURE 6 Upper panels: Effects of the Prolonged Sitting condition (blue) and the Alternating Posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are

represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence

intervals of the three focal effects (for more details, see caption Figure 2). FDR-corrected p-values are reported in Table 1.

Flanker - Overall RT (ms)

(b)

Flanker - drift rate (v)

(c) Flanker - non-decision time (Ter)

510
0.38
0.384
500
0.36
490
0.374
0.34
480
470 0.32 0.36
460 0.30
0.354
450 4+—r T T T T T T T
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Block # Block # Block #
23.09 *** -0.07 *** 0.00
Time —_—— Time —_—— Time 1 —
-21.93 *** 0.02 ** -0.01 ***
Local —_— Local — Local —
-0.63 -0.00 -0.01
Global _— Global —_— Global { —_—
-40  -30 -2’0 -10 0 1‘0 20 30 40 -0.10 -0.05 0.00 0.05 -0.050 -0.025 0.000 0.025
Estimates Estimates Estimates

FIGURE 7 Upper panels: Effects of the prolonged sitting condition (blue) and the alternating posture condition (orange) across the 2-h
testing period spanning six blocks. Upper panels show estimated marginal means and 95% confidence intervals. Sitting-posture blocks are
represented by circles, while standing-posture blocks are represented by triangles. Lower panels show model estimates and 95% confidence
intervals of the three focal effects (for more details, see caption Figure 2). FDR-corrected p-values are reported in Table 1.

3.2 |

Confirmatory meditation analyses

via a two-step process involving heart rate increases

We tested two serial mediation models based on the hy-
pothesis that standing improves cognitive performance

(mediator 1), which in turn decreases alpha oscillations
(mediator 2). This mediation model was applied to both
drift rate and nondecision time. No significant mediation
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was observed for drift rate (indirect effect 1=-—0.0036,
SE=0.0082, 95% CI=[-0.0195, 0.0126], indirect effect
2=0.0131, SE=0.0103, 95% CI=[—0.009, 0.0317], indi-
rect effect 3=—0.0015, SE=0.003, 95% CI=[—0.0084,
0.0036]. sum of indirect effects=0.008, SE=0.0133, 95%
CI=[—-0.0194, 0.0333]). For nondecision time we ob-
served a link with alpha power reductions, but no other
mediations were observed (indirect effect 1=-—0.0005,
SE=0.0028, 95% CI=[—0.0057, 0.0054], indirect effect
2=-0.0127, SE=0.0057, 95% CI=[—0.023, —0.0018], in-
direct effect 3=0.0015, SE=0.0023, 95% CI=[—0.003,
0.0064], sum of indirect effects=—0.0117, SE=0.006, 95%
CI=[-0.022, 0.0009]).

3.3 | Exploratory correlational and
mediation analyses

In order to reveal whether the effects of posture at the dif-
ferent levels were related, we conducted a few targeted
exploratory correlation analyses. As illustrated in Figure 8
(purple overlay), we first tested whether the acute, local
effects of posture-induced arousal as measured at differ-
ent levels were related. We only revealed a significant
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correlations between self-reported and neural arousal ef-
fects, suggesting that arousal measured at different levels
reflect partially separable constructs. We repeated this ap-
proach to investigate the link between self-reported and
fEMG level of effort costs (Figure 8, green overlay). This
analysis revealed a positive correlation between acute pos-
ture effects on self-reported effort and tiredness. Third, we
tested whether individual differences in the local effects
on arousal and effort costs could predict the observed local
improvement of evidence accumulation and nondecision
time (Figure 8, orange overlay) to identify candidate me-
diating variables between our body posture intervention
and cognitive outcomes. We observed that self-reported
arousal increase predicted improved drift rate whereas
neural alpha power reductions predicted quicker nonde-
cision time. Finally, global effects on HRV (Figure 8, blue
overlay) were predicted by local effects on HRV, suggest-
ing that increased HRV over time by alternating posture
is more pronounced in individuals that show relatively
larger local posture-induced HRV reductions.

Based on the identified candidates for moderators in
the analysis above, we ran two additional data-driven,
exploratory within-subject mediation models. These
models tested (1) whether self-reported arousal mediated
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FIGURE 8 Targeted correlations on posture effects for arousal, effort costs, drift diffusion model parameters, and cardiovascular
activity. Colored cells indicate significant correlations based on uncorrected p-values. Correlations that survive FDR-correction are provided

in bold.
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the acute posture effects on improved drift rate and, (2)
whether alpha power reductions mediated the acute pos-
ture effects on reduced nondecision time. Self-reported
arousal indeed mediated the posture-driven increases
in drift rate (indirect effect=0.0115, SE=0.005, 95%
CI=[0.0016, 0.021]), in the absence of a direct effect
(direct effect=0.0111, SE=0.0064, 95% CI=[—0.0018,
0.024], 1(43)=1.7362, p=.0897; total effect=0.0226,
SE=0.0031, 95% CI=[0.0164, 0.0288], t(45)=7.3623,
p<.001). Likewise, alpha power reductions mediated the
posture-driven reduced nondecision time (indirect ef-
fect=—0.0108, SE=0.0049, 95% CI=[—0.0189, —0.0012])
in the absence of a direct effect (direct effect=—0.0019,
SE=0.0031, 95% CI=[—0.0082, 0.0043], t(42)=—0.6282,
p=.5333; total effect=-0.0127, SE=0.0014, 95%
CI=[—0.0155, —0.0099], £(44)=—9.2076, p <.001).

4 | DISCUSSION

This study used a comprehensive, multi-method approach
to investigate the potential beneficial cognitive effects of
using a sit-stand desk by studying the local and global ef-
fects of alternating between sitting and standing postures
compared to a prolonged sitting condition on multi-modal
measures of arousal, effort costs, and executive function.
Our main findings are that standing relative to sitting
yielded local (acute) (1) increases in arousal at the self-
report, neural, and cardiac level, (2) reductions in effort
costs at the physiological and subjective level, and (3)
improved cognitive performance in the flanker task, that
could be attributed to a facilitation of nondecision time
and the acceleration of evidence accumulation. In addi-
tion, we observed global, cumulative benefits of an alter-
nating body posture on cardiac activity. These effects were
observed in a task that induced task-related mental fatigue
throughout a testing period of 2 h in the prolonged sitting
condition, in which we replicated earlier reported subjec-
tive effects (Boksem et al., 2005; Hopstaken et al., 2015a;
Lorist et al., 2005). We did not find evidence supporting
the hypothesized link that posture-induced performance
improvements occurred via sympathetic arousal which in
turn should increase neural arousal (Thibault et al., 2014).
Exploratory correlation analyses revealed that posture ef-
fects on arousal and effort were not strongly related across
different levels. Exploratory mediation analyses revealed
that subjective arousal mediated drift rate improvements,
while neural arousal mediated nondecision time. Below,
we will discuss the scientific and practical implications of
our findings.

Our study revealed performance benefits of standing
that were limited to overall performance in the flanker
task (see also Abou Khalil et al. (2023)). Utilizing drift
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diffusion modeling, we revealed that this effect was re-
lated to reduced nondecision time, suggesting that a
standing posture speeds up perceptual or motor process-
ing. However, in addition to these effects, we observed
that a standing posture also increased drift rate, imply-
ing that posture also speeds up central decision-making
processes. Our exploratory mediation analysis suggested
that these drift rate increases were directly linked to
posture-related subjective arousal increases. This sug-
gests that arousal increases may play a causal role in
the speed of evidence accumulation in relatively simple
cognitive tasks. This conclusion is consistent with re-
cent findings that have linked posture-induced drowsi-
ness to decreases in the speed of evidence accumulation
in perceptual decision-making tasks (Jagannathan
et al., 2022). At the neural level, these effects could have
been driven by arousal-linked brain states. The observed
attenuation of global alpha power during standing in
our study is consistent with earlier work suggesting
that sleepiness and alpha power are related (Torsvall &
Akerstedt, 1987), and that indirect stimulation of the
LC-NE system increases pupil dilation and attenuates
alpha oscillations (Sharon et al., 2021). Animal work has
linked locomotion and arousal to gain modulation of
neurons in perceptual regions, which provides a mech-
anistic account for the observed effects (Aston-Jones
& Cohen, 2005; Ferguson & Cardin, 2020). However,
in our study, we failed to establish a clear connection
between neural oscillations and drift rate and instead
observed that alpha power mediated nondecision time.
Furthermore, our confirmatory two-step serial media-
tion analyses did not provide any evidence for a medi-
ating effect of alpha oscillations via heart rate increases.
This shows that it is difficult to directly relate sympa-
thetic arousal to neural arousal. One possible explana-
tion for this difficulty is that our study lacked sufficient
power to detect subtle differences between individuals.
Additionally, using heart rate as a proxy for sympathetic
arousal is problematic since it is also influenced by the
parasympathetic system. Moreover, posture-induced en-
hancement may involve other pathways, such as the ves-
tibular reflex (Caldwell et al., 2000). Therefore, future
research should incorporate additional physiological
measures (including blood pressure, see Cole, 1989) to
uncover the mechanisms underlying the positive effects
of posture on the decision-making process. In addition,
our correlational findings require independent replica-
tion in larger sample sizes.

Consistent with earlier suggestions that using sit-stand
tables do not negatively impact higher-level cognitive
function in workplace settings, we also did not find evi-
dence for impairment of executive function when partic-
ipants stand. This finding reinforces similar conclusions
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in a recent review (Sui et al., 2019). However, unlike some
earlier reports (Bhat et al., 2022; Dodwell et al., 2019;
Rosenbaum et al., 2017; Smith et al., 2019), we could not
identify beneficial effects of standing on executive func-
tions either. These null-findings are in line with recent
failures to replicate posture-related improvements in ex-
ecutive function (Caron et al., 2020; Ohlinger et al., 2011;
Straub et al., 2022). The absence of observed benefits in
executive functions associated with standing calls for fu-
ture studies with larger sample sizes and refined experi-
mental designs.

While our observations did not reveal improvements
in executive functions, it is important not to discount
the potential benefits associated with adopting an alter-
nating posture, as we did observe clear advantages at the
subjective and physiological levels. First, perceived effort
required to perform the cognitive tasks correctly as well
as self-reported mental fatigue were reduced when par-
ticipants were standing. Second, activity of the corruga-
tor supercilii (the “frowning muscle”) that is thought to
track negative affect (Larsen et al., 2003) and the costs
incurred by tasks requiring effortful control (Berger
et al., 2020; Boxtel et al., 1993; Devine et al., 2023), was
decreased while standing. Although we did not include
a control measurement recording activity of a different
facial muscle, it is unlikely that the fEMG effect merely
reflects a broad musculoskeletal effect on facial muscle
activity also observable outside the context of mental
work because earlier work did not observe this effect in a
resting state (Thibault et al., 2014). Taken together, these
findings suggest that a standing posture reduces effort
costs, possibly because of the upregulated arousal level
our manipulation induced (Massar et al., 2019). A recent
surge of findings has established the important functional
and neurocomputational role of effort costs as they may
govern the decision to engage in mental work (Boksem
& Tops, 2008; Kurzban et al., 2013; Massar et al., 2018;
Shenhav et al., 2017). Although we did not observe cred-
ible evidence for effects on task engagement in our study
using a relatively short time frame, it is likely that reduced
effort costs in the long term may help to stay engaged in
a task, which may explain the increase in productivity as-
sociated with the use of sit-stand tables observed in some
studies (Dupont et al., 2019; Sui et al., 2019).

On a more theoretical note, our observation that per-
ceived effort costs increases with time-on-task, and that
posture-induced arousal can reduce it, is consistent with
an account built on motivational intensity theory (Brehm
& Self, 1989; Richter et al., 2016) that has predicted that
perceived difficulty increases with mental fatigue (Wright
et al., 2013). This theory also predicts concomitant fatigue-
related increases in beta-adrenergic cardiovascular mea-
sures of effort mobilization, for relatively easy tasks, as

has been shown repeatedly (e.g., Mlynski et al., 2021;
Wright et al., 2013). Our dataset allowed us to use the
RZ interval as a proxy for measuring this beta-adrenergic
cardiac effort, as it is closely linked to the cardiac pre-
ejection period (Lozano et al., 2007). However, we were
unable to identify a time-on-task effect in the RZ interval,
which prevented us from confirming this prediction with
our data, at least when using a proxy of the pre-ejection
period. It is important to note that we were unable to in-
terpret the local effect of posture on the RZ interval, as
previous work using blood pressure measurements has re-
vealed that it is confounded by the afterload effect caused
by an increase in mean arterial pressure when standing
(Houtveen et al., 2005). Moreover, given that we did not
include blood pressure measurements in our setup we
were unable to investigate fatigue-related effects on car-
diac effort using systolic blood pressure.

Furthermore, adopting an alternating posture was
found to be linked with increases in heart rate variability
over time. Since heart rate variability primarily reflects the
activity of the parasympathetic, or rest-and-digest, branch
of the central nervous system, this finding suggests that
incorporating alternating posture into daily routines
may contribute to a healthier lifestyle. While sedentary
behavior has been associated with increased markers of
cardiovascular disease (Katzmarzyk et al., 2009), there is
currently limited evidence supporting the cardiovascu-
lar health benefits of using a sit-stand desk (Chambers
et al., 2019). One possible explanation for this is the ab-
sence in the existing literature of fine-grained analyses
that take into account the time-course of cardiac effects.
In fact, our 2-h experiment revealed intricate temporal
dynamics in cardiac effects. Specifically, we found that
standing temporarily reduced heart rate variability, but
this was followed by a more pronounced cardiac recovery
during the subsequent sitting period. This suggests that
while transitioning from sitting to standing may momen-
tarily decrease vagal tone, alternating between these pos-
tures in the long run can have cumulative positive effects
on vagal tone. Given that vagal tone serves as an indirect
marker of reduced bodily stress (Thayer et al., 2012), our
findings align with a recent pilot study that demonstrated
reduced levels of the stress hormone cortisol associated
with standing (Gilson et al., 2017). Collectively, these
results provide insights into the potential physiological
benefits of incorporating alternating postures, suggesting
that it may have a positive impact on both cardiovascular
health and stress reduction.

We acknowledge certain limitations in our current
work. First, our comprehensive approach, drawing from
a vast and diverse literature, enabled us to analyze a wide
range of measures at multiple levels, employing a pre-
dominantly data-driven, exploratory approach. While this
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has yielded fresh insights with potential practical implica-
tions, it does not definitively confirm or refute predictions
derived from a specific theory. Constructs such as arousal
and effort costs possess multidimensional aspects, neces-
sitating a multi-level analysis for an adequate description
(Neiss, 1988). Integrating these multi-dimensional con-
structs into theory remains an ongoing challenge for the
field of psychological science (Fried, 2020; Muthukrishna
& Henrich, 2019). Nonetheless, we remain optimistic that
the extensive findings presented here will help to inspire
the formulation of more precise and testable theories in
the future, thereby advancing our understanding of the
biological mechanisms underlying posture-induced per-
formance benefits.

Another limitation of the present study is that we in-
cluded a student sample of young adults who performed
a battery of cognitive tasks. There is some evidence that
fatigue-reducing effects of alternating body posture are
stronger in less fit populations, as observed in overweight
individuals (Thorp et al., 2011). It is thus possible that our
findings underestimate the beneficial effects of standing
in the general population. Arousal-related benefits remain
to be shown in other samples, for example, populations
with underdeveloped or compromised executive func-
tions, such as school children and older adults (Zelazo
et al.,, 2004). Understanding the mechanisms that drive
beneficial cognitive effects in these populations might also
help to develop fully tailored interventions to reduce sed-
entary behavior.

Third, we selectively observed performance improve-
ment in the flanker task and not in the switch task and the
working memory task. This may suggest that evidence ac-
cumulation improvements in decision-making processes
are task-specific. Alternatively, the effects of posture-
induced arousal might have interacted with the overall
level of task difficulty. On this account, posture-induced
arousal might be particularly beneficial for tasks that are
relatively easy, which is consistent with studies that sug-
gest an inverted-U relationship between activity-induced
arousal and performance (Tomporowski & Ellis, 1986).

Finally, in line with earlier recommendations (Buckley
et al., 2015), our participants stood for a maximum of
about 20 min per bout, and it is well-known that standing
can induce mental fatigue when it has to be maintained
for longer time periods (Hasegawa et al., 2001; Schraefel
et al., 2012). Altogether, these findings suggest that fu-
ture research needs to determine the boundary conditions
under which posture-induced improvements occur, an
issue that echoes earlier debates about the nonlinear ef-
fects of exercise-induced arousal on cognition (McMorris
& Graydon, 2000; Tomporowski, 2003) (see also, Blain
etal., 2019). From an applied perspective, our findings ten-
tatively suggest that participants may process information
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more efficiently and thus show potential improvements
in productivity when standing, but these effects are most
likely to occur when tasks are relatively easy, and bouts of
standing are short.

In conclusion, our study provides evidence that partic-
ipants who regularly alternate between standing and sit-
ting postures experience increased levels of arousal while
standing, which could be attributed to neural and cardiac
effects. Additionally, we observed limited benefits in cog-
nitive performance. Furthermore, adopting a standing
body posture resulted in reduced physiological and self-
reported costs associated with cognitive work, along with
an increase in vagal tone over time compared to prolonged
sitting. These findings indicate that regularly transition-
ing from a sitting to a standing posture could potentially
lead to a more pronounced engagement of the parasympa-
thetic rest-and-digest system. Our results tentatively sug-
gest that participants process information more efficiently
and demonstrate improved arousal when standing, partic-
ularly for relatively easy tasks and short bouts of standing.
Overall, this study contributes to the growing body of lit-
erature on the cognitive benefits of using a sit-stand desk
and supports its active implementation for promoting
health and productivity in the workplace.
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