SUPPLEMENTARY MATERIALS
Procedure

Neuropsychological tasks

Executive function assessment followed the protocol
described by Friedman and colleagues, with some
modifications [1]. Specifically, inhibition, shifting, and
updating were each examined by three well-established
and validated tasks. Neuropsychological tasks were
programmed and controlled by OpenSesame version
3.2.6 [2]. Responses were collected on a standard
QWERTY computer keyboard.

Inhibition

Versions of an antisaccade task (AT), a number
version of the Stroop task (NST), and a stop-signal
task (SST) served as measures of inhibition. In the AT
[1, 3-5], participants had to avoid automatic saccades
toward a salient cue appearing on the computer
screen. On every trial, a central fixation cross was
presented, followed by a cue (black square) on the
right or on the left side of the screen (50 % probability
for each side). The time interval between the fixation
cross and the cue was variable, with one of nine
durations between 1500 and 3500 ms at intervals of
250 ms. After a fixed duration (183 ms in the
prosaccade and the third antisaccade block, 200 ms in
the second antisaccade block, and 233 ms in the first
antisaccade block, see below), the cue disappeared
and a target stimulus was displayed, showing a
number between 1 and 9. The target either appeared
on the same side as the cue (‘prosaccade’) or on the
opposite side (‘antisaccade’). The target was masked
after 150 ms by a black cross-hatching so that the
participants would only be able to interpret the target
if they executed the appropriate saccade (i.e., toward
the cued side in prosaccade blocks and away from the
cued side in antisaccade blocks). Participants
indicated the number shown by the target by pressing
the corresponding key on the number block of the
keyboard, prioritizing accuracy over speed. To
establish a prepotent response, the task began with a
prosaccade block (18 trials, preceded by 12 practice
trials). Then, participants completed three antisaccade
blocks (36 trials each, preceded by 12 practice trials).
Every block also contained two ‘warm-up trials’ that
were discarded from the analyses. The outcome
measure was the proportion of correct responses in
antisaccade blocks.

The NST [1, 6-8] was modeled after the Stroop color-
word interference task. In the number version,
participants had to suppress the tendency to read out

numbers from a string, but indicate its length instead.
On every trial, participants saw a fixation cross (250
ms after a blank period of 750 ms), followed by a
string of variable length (1-6 elements). The string
remained on the screen until a response was made.
Participants indicated the length of the string by
pressing the corresponding key on the number block
of the keyboard as fast and as accurately as possible.
The task began with a ‘neutral’ block, where the
strings consisted of asterisks (e.g., ‘* * *’, correct
response is ‘3’) and did not induce response conflict
(42 trials, preceded by 10 practice trials). Next, a
block of 42 number strings was presented (preceded
by 10 practices trials), where the length of the string
corresponded to the displayed number (‘congruent’;
e.g., ‘3 3 3°, correct response is ‘3’). Finally, two
blocks of 42 ‘incongruent’ trials were presented,
where the length of the string never corresponded to
the displayed number (e.g., ‘4 4 4°, correct response is
‘3%). The outcome measure was the difference in
median RTs (for correct responses) between
incongruent and congruent trials.

In the SST [1, 4, 9, 10], participants needed to withhold
the tendency to perform a simple categorization task,
depending on the presence of a stop signal. On every trial,
participants indicated whether a centrally presented green
arrow pointed to the left (‘z’-key) or to the right (‘/’-key)
as quickly and as accurately as possible (‘go trial’).
However, responses should be withheld whenever the
arrow turned red (‘stop trial’; 25 % of the trials). A
staircase algorithm ensured that participants would be able
to stop successfully on 50 % of the stop trials by adjusting
the stop-signal delay (i.e., the time between the moment
where a green arrow appears on the screen and the
moment where this green arrow turns red). The initial
stop-signal delay was set to 200 ms and increased or
decreased by 50 ms, depending on whether the participant
successfully withheld their response on the previous stop
trial. The task began with 10 practice trials (only go trials)
followed by a block of 50 go trials to establish a dominant
response tendency. Next, it was explained that the
following blocks would contain stop trials and that
participants should try to withhold their responses when
they saw the arrow turning red. It was stressed that
slowing the responses should be avoided. After a block of
48 practice trials, participants completed three mixed
blocks of 80 trials per block. The outcome measure was
the stop-signal reaction time, defined as the difference
between the median reaction time (RT) on go-trials (in
mixed blocks) and the mean stop-signal delay (averaged
across stop trials).



Shifting

Shifting was assessed using the category-switch task
(CAST), the color-shape task (COST), and the number-
letter task (NLT). In the CAST [1, 4, 11, 12],
participants were required to switch between two tasks,
the animacy task and the size task. On each trial,
participants saw a target word on the screen (Dutch
words for ‘bee’, ‘butterfly’, ‘frog’, ‘goldfish’,
‘alligator’, ‘elephant’, ‘lion’, ‘shark’, ‘cigarette’, ‘key’,
‘pen’, ‘snowflake’, ‘house’, ‘piano’, ‘ship’, ‘table’). A
visual cue, starting 350 ms before the target word,
indicated which of the two tasks had to be applied (heart
for animacy task, crossed arrows for size task). For the
animacy task, participants indicated whether the word
described a living or a non-living thing, by pressing the
‘z’- or the ‘/’-key on the keyboard, respectively. For the
size task, participants indicated whether the word
described a thing that is smaller (‘z’-key) or larger (‘/’-
key) than a football. Cue and target remained on the
screen until a response was made. The next trial started
350 ms after the response. Errors were indicated by an
auditory signal (200 ms). Participants first completed a
block of 32 trials on the animacy task, followed by a
block of 32 trials on the size task. Both single-task
blocks were preceded by 12 practice trials, each, and
included two ‘warm-up trials’ that were discarded from
the analyses. Next, participants completed two blocks
where both tasks were mixed in a pseudorandom
manner (64 trials per block plus four ‘warm-up trials’,
preceded by 24 practice trials). On 50 % of the trials,
participants were required to repeat the task that they
previously applied (‘repeat trial’), whereas they needed
to switch to the other task (‘switch trial’) on the
remaining trials. The outcome measure was the
difference in median RTs between switch and repeat
trials in mixed blocks.

In the COST [1, 4, 7, 13], participants were required to
switch between two tasks, the color task and the shape
task. On each trial, participants saw a target on the
screen (red circle, red triangle, green circle, green
triangle). A visual cue, starting 350 ms before the target
word, indicated which of the two tasks had to be applied
(letter ‘K’ for color task [‘color’ = ‘kleur’ in Dutch],
letter ‘V” for shape task [‘vorm’]). For the color task,
participants indicated whether the target was red (‘z’-
key) or green (‘/’-key). For the shape task, participants
indicated whether the target was a circle (‘z’-key) or a
triangle (°/°-key). Cue and target remained on the screen
until a response was made and the next trial started 350
ms after the response. Errors were indicated by an
auditory signal (200 ms). Participants first completed a
block of 24 trials on the color task, followed by a block
of 24 trials on the shape task. Both single-task blocks
were preceded by 12 practice trials and included two
‘warm-up trials’ that were discarded from the analyses.

Next, participants completed two blocks where both
tasks were mixed in a pseudorandom manner (56 trials
per block plus four ‘warm-up trials’, preceded by 24
practice trials). Half of the trials were repeat trials and
the other half were switch trials. The outcome measure
was the difference in median RTs between switch and
repeat trials in mixed blocks.

In the NLT [1, 4, 14], participants were required to
switch between two tasks, the number task and the letter
task. On each trial, participants saw a target on the
screen, being composed of a number (2-9) and a letter
(A, E, I, U G, K, M, R). These number-letter
combinations were presented in one quadrant of a box,
with the position indicating which of the two tasks
needed to be applied. If the pair appeared in one of the
two top quadrants, participants had to attend to the
number and indicated whether it was odd (‘z’-key) or
even (‘/’-key). If the pair appeared in one of the two
lower guadrants, participants had to attend to the letter
and indicated whether it was a consonant (‘z’-key) or a
vowel (‘/’-key). 350 ms before the target was displayed,
the respective quadrant darkened, representing a visual
cue for the task to be performed. Cue and target
remained on the screen until a response was made and
the next trial started 350 ms after the response. Errors
were indicated by an auditory signal (200 ms).
Participants first completed a block of 32 trials on the
number task, followed by a block of 32 trials on the
letter task. Both single-task blocks were preceded by 12
practice trials and included two additional ‘warm-up
trials’ that were discarded from the analyses. Next,
participants completed two blocks where both tasks
were mixed in a pseudorandom manner (64 trials per
block plus four ‘warm-up trials’, preceded by 24
practice trials). Half of the trials were repeat trials and
the other half were switch trials. The outcome measure
was the difference in median RTs between switch and
repeat trials in mixed blocks.

Updating

A digit-span task (DST), the keep track task (KTT), and
a spatial 2-back task (STT) were used as measures of
updating. The DST [7, 15] required participants to recall
strings of numbers in forward or backward order, with
increasing lengths. In the first part (‘forward’),
participants had to repeat the numbers in the same order
as they appeared on the screen. In the second part
(‘backward’), participants had to repeat the numbers in
the reverse order, starting with the most recent element.
They responded by typing their answer on the number
block of the keyboard, prioritizing accuracy over speed.
Every trial started with a fixation cross (1000 ms), then
a variable number of digits were shown one by one for
1000 ms each. In both conditions, the initial trial
consisted of three digits. Then, trial length was



increased by one digit after every two trials of the same
length if the participant recalled at least one of the trials
with the current length correctly. When a participant
failed to repeat both strings, the block was terminated.
The outcome measure was the total number of trials
passed [15].

In the KTT [1, 4, 16], participants were asked to track
up to five categories in a stream of words, recalling the
last word presented for each of the categories at an
unpredictable time. Each word belongs to one of six
categories (animals [Dutch words for ‘cat’, ‘dog’,
‘cow’, ‘horse’, ‘pig’, ‘sheep’], colors [‘blue’, ‘green’,
‘grey’, ‘red’, ‘white’, ‘yellow’], countries [‘England’,
‘France’, ‘Poland’, ‘Russia’, ‘Spain’, ‘Sweden’], fruit
[‘apple’, ‘banana’, ‘cherry’, ‘lemon’, ‘mango’,
‘melon’], metals [‘cobalt’, ‘iron’, ‘tin’, ‘nickel’,
‘copper’, ‘zinc’], relatives [‘mother’, ‘father’, ‘aunt’,
‘uncle’, ‘brother’, ‘sister’]). On every trial, a number of
target categories (2-5) was selected, and the category
names were displayed at the bottom of the screen while
15-25 words (pseudo-randomly selected from all six
categories) were shown to the participant for 2000 ms
each. At the end of the trial, participants had to recall
and type the most recent word for each target category.
Two 2-category trials were given as practice trials, then
16 trials were administered, divided across four blocks,
with each block containing one 2-, one 3-, one 4-, and
one 5-category trial in random order. The outcome
measure was the proportion of correctly recalled words
across trials (unambiguously identifiable words with
typing errors were counted as correct, where
appropriate).

In the STT [1, 4, 17], participants were asked to judge
whether a particular location on the screen had been
highlighted two trials before the current one. Twelve
white squares with black edges were presented on fixed
locations distributed across a computer screen. In every
block, every square was highlighted (i.e., turned black
for 500 ms) twice, such that 24 of these ‘flashes’
occurred in a pseudorandom order. Flashes occurred
one at a time, with 1500 ms between two flashes. For
every flash, participants indicated whether the current
square had been highlighted two trials before (by
pressing the ‘z’-key) or not (‘/’-key). Errors (i.e.,
incorrect reactions or not reacting in time) were
signaled by a 200 ms auditory signal. After a practice
block of 20 flashes, participants completed six blocks
(25 % “yes’-responses per block). The outcome measure
was the proportion of correct responses.

Motor task

Bimanual coordination was assessed using the bimanual
tracking task (BTT [18]). Participants tracked a moving
dot on a target line on the computer screen by

bimanually rotating two dials at a prescribed frequency.
Clockwise and counterclockwise rotations with the right
hand caused the cursor to move to the right or left on
the computer screen, respectively. Similarly, clockwise
and counterclockwise rotations with the left hand
caused the cursor to move upward or downward,
respectively. In the ‘straight’ condition, the target
trajectory was represented by a diagonal line (i.e., both
dials should be rotated at the same speed in a constant
direction). In the ‘complex’ condition, the target
trajectory was represented by a zigzag line, with abrupt
changes of direction [19, 20] (i.e., rotation direction in
one hand should be maintained, whereas rotation
direction of the other hand should be adjusted whenever
the target dot changed its direction on the trajectory).

Participants were acquainted to the task in a first session
(see General Procedure). Specifically, they were
instructed on how to control the cursor by rotating the
two dials. It was stressed that they should try to
minimize the distance between cursor and target dot at
all times. It was pointed out that both too slow and too
fast movements would decrease the overall performance
score, even when the trajectory was followed perfectly,
because both too fast and too slow performance would
result in increasing the distance between target and
cursor. Then, participants practiced 16 simple ‘straight’
lines (four consecutive lines of each type). When they
felt comfortable to proceed, the ‘zigzag’ lines were
introduced. We explained that the zigzag trajectory
would require one hand to perform changes in the
rotational direction whereas the other hand was required
to maintain its rotational direction. This was practiced
on eight different zigzag lines (four horizontal, four
vertical) with breaks in between. Each of these trials
was repeated until the participant was comfortable to
proceed to the next practice trial. In the end of the
familiarization block, participants were asked to
complete eight consecutive ‘zigzag’ lines (one of each
type). This was followed by one last round of
practicing, consisting of eight ‘straight’ (two
consecutive of each type), four horizontal, and four
vertical ‘zigzag’ lines (one consecutive of each type). At
the end of the second testing session (see General
Procedure), participants were re-acquainted to the task
by completing eight ‘straight’ lines as well as two
horizontal and two vertical ‘zigzag’ lines. Then, three
blocks of BTT trials were administered, with short
breaks in between: 1) 16 ‘straight’ lines (four
consecutive of each type), 2) 12 horizontal ‘zigzag’
lines (three consecutive of each type), and 3) 12 vertical
‘zigzag’ lines (three consecutive of each type).

The BTT was controlled by LabView 2016 (National
Instruments, Austin, TX). Responses were recorded
by sampling the cursor position at a rate of 100 Hz.



Every trial started with a display of the target
trajectory on the computer screen (“planning phase”,
4000 ms). The timing of the execution phase was
invariant because of the fixed velocity of the target
dot (15000 ms). Between two consecutive trials, there
was a short break of 3000 ms.

Performance accuracy on the BTT was calculated as the
percentage of coverage of the target line (i.e., 100 %
coverage would imply perfect performance).
Specifically, every sampled cursor position was
considered to ‘cover’ the point on the target line with
minimal Euclidian distance to the current cursor
position. For every trial, the number of unique ‘covered’
points was divided by the total number of points on the
target line and multiplied by 100 [19, 20]. This
calculation results in a high accuracy score when the
cursor is moved on or parallel to the target line at the
same speed as the target dot. In contrast, the score
decreases when the cursor is moved too fast or too
slowly, when it is moved away from the target line or in
the wrong direction, or when cutting corners in the
‘zigzag® condition. To derive individual performance
indices, accuracy scores were averaged across all
‘straight’ lines and across all ‘zigzag’ lines. The mean
accuracy of zigzag lines was then used as an indicator
of complex motor performance in the analyses.

General procedure

Testing was distributed across two days to prevent
fatigue (Supplementary Figure 1). On test session 1,
participants received general information before signing
the informed consent. Before completing the first three
neuropsychological tasks, they underwent MoCA
(cognitive  functioning) and PPVT (crystallized
intelligence [21]) assessments and were administered
the BSI-18 (psychological well-being). Participants
were also asked to fill in questionnaires regarding
lifestyle and medical history, handedness, physical
activity, and health-related quality of life. At the end of
this session, participants were familiarized with the
BTT. Test session 2 comprised the last six
neuropsychological tasks and the BTT. The order of the
tasks was fixed to minimize between-subject variability
in order to avoid such unspecific variance in the latent
variable extraction [1]. On the first day, we
administered the following neuropsychological tasks:
(1) SST, (2) CAST, (3) DST. On the second day, we
administered the remaining tasks: (4) COST, (5) KTT,
(6) AT, (7) STT, (8) NST, (9) NLT. To ensure that any
fatigue or learning effects would affect the three
executive domains to a similar extent, the task order
was built such that the sums of task-order positions
were equal (i.e., 15) for inhibition, shifting, and
updating tasks. To illustrate, the summed task-order
position for inhibition tasks is 1 (position of SST) + 6

(AT) + 8 (NST) = 15. It was ensured that no two tasks
from the same domain were directly following each
other, and that tasks from all domains had been
completed before another task from any given domain
was administered again. In other words, all domains had
to be covered n times before a task from any domain
could have been administered for the n + 1-th time.

Data analysis

The neuropsychological data were processed in SPSS
26 (IBM, Armonk, NY) to derive the outcome measures
(see Neuropsychological Tasks) [1]. BTT data were
analyzed in Matlab 2019b (MathWorks, Natick, MA).
Data analysis was performed in R 4.0.2 [22] in RStudio
1.3 (RStudio, Boston, MA), relying on the lavaan
package version 0.6-7 [23] for structural equation
modelling. The dataset and code are available on
https://www.o0sf.io/5v2rz.

Processing of neuropsychological tasks

The RT-based outcome measures (NST, SST, CAST,
COST, NLT) were calculated after excluding error trials
and trials with premature responses (i.e., RT < 200 ms).
For the shifting tasks (CAST, COST, NLT), trials
following error trials were discarded, as it cannot be
concluded with certainty whether those trials represent
switch or repeat trials [1]. For NST, CAST, COST, and
NLT, median RTs were extracted for every condition to
calculate the desired outcome measure. For SST, the
outcome measure was calculated as defined above. For
AT, DST, KTT, and STT, outcomes were calculated
based on the number (DST, KTT) or proportion (AT,
STT) of correct responses.

Next, a pre-defined validity criterion was applied to every
task to ensure that only those datasets were entered in the
analyses where we had positive evidence that the
individual was applying the task instructions. For the
antisaccade task (AT), participants were excluded when
their performance was indistinguishable from chance level
in the prosaccade block. In other words, given that
participants were administered 18 prosaccade trials and
had a probability of 1/9 for responding correctly by
arbitrarily pressing either response key (numbers 1-9),
performance was significantly (p < .05) distinguishable
from chance level when at least five correct responses
occurred, as indicated by a binomial test. For the number-
Stroop task (NST), participants were excluded when they
failed to respond correctly on at least 12 trials in the
neutral and the congruent condition, or on at least 21 trials
in the incongruent condition (i.e., significantly better than
1/6 correct), as indicated by a binominal test. For the stop-
signal task (SST), participants were excluded if they failed
to respond correctly to at least 102 go-trials in the mixed


https://www.osf.io/5v2rz

blocks (i.e., significantly better than 50 % correct), as
indicated by a binomial test. In addition, participants were
excluded if they performed less than 24 and more than 36
stop-trials correctly. In other words, stopping accuracy
had to fall between 40 % and 60 % to exclude that
participants slowed their responses too much in the mixed
blocks, but did not arbitrarily press either response key.
For the category-switch task (CAST), participant were
excluded when their task performance did not
significantly differ from chance level. Binomial tests
indicated that at least 22 trials needed to be correctly
completed on single-task blocks, and that at least 40 trials
needed to be correctly completed in both of the conditions
(repeat, switch) in mixed blocks. The same criteria were
used for the color-shape task (COST) and the number-
letter task (NLT). Note that trial numbers on the COST
differed slightly for counterbalancing reasons: participants
had to complete at least 17 correct trials on single-task
blocks and at least 35 correct trials in both conditions in
mixed blocks in the COST. For the digit-span task (DST),
participants were excluded when they failed to correctly
complete one forward and one backward trial. For the
keep track task (KTT), participants were excluded when
they failed to recall all words correctly for at least one trial
(regardless of the difficulty). For the spatial 2-back task
(STT), participants were excluded when they failed to
perform significantly above chance level across all blocks.
A binomial test indicated that at least 83 trials had to be
performed correctly. Supplementary Table 1 gives an
overview of the datasets that were excluded as a result of
individual-level validity checks. Taken together, only the
stop-signal task mandated the exclusion of > 5 % of the
sample. This is due to the especially strict criteria with
regard to the correct stopping rate between 40 and 60 %
that can only be achieved when response slowing in
mixed blocks is avoided. After exclusion, 26 complete
(i.e., validity criterion for all tasks passed) datasets from
young adults and 92 datasets from older adults were
retained for further analysis (see Supplementary Figure 2).

To minimize the influence of extreme scores,
observations outside 3 SD from the respective group
mean were replaced by the value at group mean plus (or
minus) 3 SD [1]. This approach led to the replacement
of nine individual values (0.85 % of the data). After this
procedure, only the STT outcome in the young adults
showed high kurtosis and was therefore arcsine
transformed [1]. Measures based on RT were
transformed such that higher scores indicated better
performance for correlations and structural equation
modeling.
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