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When people navigate, they use strategies dependent on one of two memory systems. The hippocampus-based spatial strat-

egy consists of using multiple landmarks to create a cognitive map of the environment. In contrast, the caudate nucleus-

based response strategy is based on the memorization of a series of turns. Importantly, response learners display more

gray matter and functional activity in the caudate nucleus and less gray matter in the hippocampus. In parallel, the

caudate nucleus is involved in decision-making by mediating attention toward rewards and in set-shifting by mediating pre-

paratory actions. The present study, therefore, examined the link between navigational strategy use, that are associated with

gray matter differences in the caudate nucleus and hippocampus, and decision-making and set-shifting performance. Fifty-

three participants completed the 4 on 8 virtual maze, the Iowa Gambling Task (IGT), the Wisconsin Card Sorting Test-64

(WCST-64), and a task-switching test. The results revealed that people who use response strategies displayed increased risk-

taking behavior in the IGT compared to the people using hippocampus-dependent spatial strategies. Response strategy was

also associated with enhanced set-shifting performance in the WCST-64 and task-switching test. These results confirm that

risk-taking and set-shifting behavior, that are differentially impacted by the caudate nucleus and hippocampus memory

systems, can be predicted by navigational strategy.

Distinct memory systems are involved in navigation. The hippo-
campus supports spatial navigation which involves the formation
of a cognitive map, allowing for the establishment of relationships
between environmental landmarks for more flexible navigation
(O’Keefe and Nadel 1978). In contrast, the caudate nucleus
supports response learning which is critical for stimulus-response
learning, allowing for the efficient memorization of a rigid se-
quence of movements (Packard and Knowlton 2002). Depending
on the context, these independent memory systems can function
in cooperation (Voermans et al. 2004; Shohamy andWagner 2008;
Wimmer and Shohamy 2012; Wimmer et al. 2014; Müller et al.
2018), in competition (Packard 1999; Poldrack et al. 2001; Lee
et al. 2008; Gardner et al. 2018) or in parallel (Doeller et al. 2008)
for the ability to influence behavior. When competition between
the two systems exists over time, changes in brain structures in-
volved in these two systems occurs (Iaria et al. 2003; Bohbot
et al. 2007; Konishi and Bohbot 2013; West et al. 2018). One way
to measure the existence of competition between both memory
systems is to measure navigation strategy use (Packard 1999;
Bohbot et al. 2004; Lee et al. 2008). When people use spatial nav-
igation strategies, they recruit the hippocampus, displaying more
functional activity in this structure (Iaria et al. 2003). People who
use spatial strategies also display increased gray matter in the hip-
pocampus (Bohbot et al. 2007). In contrast, people who use re-
sponse navigational strategies recruit the caudate nucleus, and
display more gray matter in this structure (Iaria et al. 2003;
Bohbot et al. 2007; West et al. 2018). Supporting these observa-
tions, rodents trained to navigate using spatial strategies displayed
increased gray matter in the hippocampus, whereas rodents
trained to use response strategies displayed increased gray matter

in the caudate nucleus (Lerch et al. 2011). Navigational strategies
are therefore well-established predictors of the ratio of functional
activity and gray matter volume between the hippocampal and
caudate nucleus memory systems, where response learning is asso-
ciated with lower gray matter in the hippocampus and higher gray
matter in the caudate nucleus.

Both the hippocampus and caudate nucleus memory systems
have different anatomical connections to the rest of the brain.
Therefore, in addition to its impact on brain structures, navigation-
al strategies are associated with different cognitive processes
(Bohbot et al. 2007; Konishi and Bohbot 2013; Shohamy and
Turk-Browne 2013; Dahmani and Bohbot 2015). As such, hippo-
campus and caudate nucleus-dependent strategies may lead to dif-
ferences in cognitive performances in different domains. Notably,
healthy older adult response learners display lower performance
on theMontrealCognitiveAssessment compared to spatial learners
(Bohbot et al. 2007; Konishi et al. 2017). In younger adults, re-
sponse learners were shown to have significantly more lifetime
useof tobacco, andare significantlymore likely to regularlyuse can-
nabis (Bohbot et al. 2013) and showed increased consumption of
action video games (West et al. 2015, 2018). In parallel, the caudate
nucleus also has an important role in mediating executive func-
tions, as evidenced by mediation of prefrontal activity through
dopaminergic mesocortical pathway have been found (Cools
2011;Cools andD’Esposito 2011). Specifically, the caudate nucleus
allows action preparation, reversal learning—the acquisition of
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new learning rules in conflict with a previous set of learning rules—
and is linked to an attentional bias directed toward positive feed-
back (Balleine et al. 2007; Monchi et al. 2007; Shi et al. 2018).

Risk-taking
Value-based decision-making begins with selection of one action
among many that are available to an individual. This selection is
based on the perceived value of each action available to the individ-
ual. In the context of value-based decision-making, risk-taking
is defined as the propensity to choose an action that generates a
higher reward but also has a higher probability of producing a dis-
advantageous result (Rangel et al. 2008). The caudate nucleus has a
central role in increased risk-taking behavior through action–
reward encoding (Packard and Knowlton 2002; Samejima et al.
2005; Johnson et al. 2007). Further, this structure is associated
with reward-seeking behavior, increasing the attention directed to-
ward positive feedback, while reducing attention directed toward
negative feedback and increasing motivation directed toward re-
warding stimuli (Robbins and Everitt 2002; Everitt and Robbins
2005; Baler and Volkow 2006; Brody et al. 2006; Balleine et al.
2007; Volkow et al. 2007). Approximately 10% of Parkinson’s pa-
tientswho take dopaminergicmedication,which causes dopamine
liberation in the striatum displayed increased risk-taking behavior,
while causing increased impulsivity and addiction behavior, pro-
viding further evidence of the role of the caudate nucleus in risk-
taking (Frank et al. 2007; Vo et al. 2011; Callesen et al. 2013).
Based on this evidence, we predicted that response learners, who
display increased functional activity and graymatter in the caudate
nucleus and lower functional activity in the OFC compared to spa-
tial learners, would display increased risk-taking behavior in a
decision-making task (Iaria et al. 2003; Bohbot et al. 2007;
Dahmani and Bohbot 2015). To measure risk-taking behavior, we
used the Iowa Gambling Task (IGT). The IGT requires participants
to select cards among four decks, two which are globally advanta-
geous, but offer little reward, and two which are globally disadvan-
tageous, but offer higher rewards. Therefore, the IGT measures the
propensity to take risks (Bechara et al. 1994; Buelow and Suhr 2009;
Buelow and Blaine 2015). We therefore predicted that response
learners would display increased risk-taking by choosing more
cards from disadvantageous but higher-reward decks.

Set-shifting
In contrast to risk-taking behavior, increased graymatter and activ-
ity in the caudate nucleus is associated with better performance in
certain cognitive tasks. There is ample evidence that the caudate
nucleus is involved in set-shifting, defined as the ability to shift
from one rule to another. This shift can be either learned through
feedback or explicitly stated within a task. This can bemeasured by
sorting tasks, in order to quantify the ability to reverse previously
learned rules, and by task-switching tests that measure perfor-
mance costs associated with predictable, explicit rule changes
(Milner 1963; Wylie and Allport 2000; Greve 2001; Monsell 2003).

Rogers et al. (2000) found that while the prefrontal cortex was
essential for initial acquisition in a sorting task, the caudatenucleus
was recruited when a rule change occurred. This suggested that the
caudatenucleus is specifically involved in reversal learning through
modulation of prefrontal cortex activity during rule change detec-
tion. Further supporting this idea, several studies have identified
that the caudate nucleus is recruited both when receiving negative
feedback and after the execution of a novel action, suggesting that
the caudate might allow action preparation, impacting reversal
learning (Monchi et al. 2001, 2006; van Schouwenburg et al.
2010; Provost et al. 2012). Because of this, the caudate nucleus
could play a role in action planning and reversal learning, allowing
set-shifting in both types of processes. Further, decreased activity in

the caudate nucleus system has been associated with decreased set-
shiftingperformance across several experiments. First, decreased re-
versal learning abilities found in obsessive-compulsive individuals
has been associated to a mesocortical dopamine deficit, which is
mediated by the caudate nucleus (Cools 2011; Cools and
D’Esposito 2011; Vaghi et al. 2017). The reversal learning deficit
and low task-switching performance associated with parkinsonism
has also been attributed with the mesocortical pathway, however,
these deficits are reduced when dopamine medication is taken
(Hayes et al. 1998; Cools et al. 2001, 2003; Monchi et al. 2004,
2007; Cools 2006; Nagano-Saito et al. 2008; Aarts et al. 2014;
MacDonald et al. 2014). Finally, functional connectivity between
the caudate nucleus and the prefrontal cortex has been found to
be a reliable indicator of observed task-switching deficits found in
Parkinson patients (Gul et al. 2017).

Based on this evidence, we predicted that caudate nucleus-
dependent response learners would display enhanced set-shifting
performance compared to spatial learners who, in contrast, display
lower functional activity and gray matter in the caudate nucleus.
To measure set-shifting performance we used the Wisconsin
Card Sorting Test-64 cards version (WCST-64) (Greve 2001) and
task-switching test (Stoet et al. 2013). The WCST is a task where
participants have to sort cards according to basic characteristics.
The correct characteristic to be used changes though the course
of the task. Therefore, it measures the ability to learn and apply
rules through changing contingencies.We predicted that response
learners would display higher performance in the WCST through
decreased perseverative errors and a higher chance of successfully
completing the task. The task-switching test used measures action
preparation and switching costs by asking participants to alternate
between tasks that follow a predictable pattern. Switch costs are re-
flected as higher reaction times for trials where the rule is different
to that of the previous trial. We therefore predicted that response
learners would display lower switch cost across this task.

Results

Navigation
Among the 53 participants, 25 (five male) were classified as spatial
learners, whereas 25 (seven male) were classified as response learn-
ers and three were unable reach criterion and were not included in
analysis. Of those 25 spatial learners, 14 shifted to response strat-
egy at some point in the task. This is common, as the task can be
solved using either a spatial or response strategy. However, people
who spontaneously begin the task using a spatial strategy and later
shift display more gray matter and fMRI activity in the hippocam-
pus compared to those who spontaneously adopt a response strat-
egy (Bohbot et al. 2007; Iaria et al. 2003). The inter-rater reliability
was high (κ(50) = 0.960, P<0.0001). A third rater was consulted in
the single case where the two initial raters were incongruent. The
groups did not significantly differ in terms of age (spatial: M=
22.68, SD=3.91 yr; response: M=24.28, SD=4.96 yr; t(48) = 1.266,
P= 0.212) or education (spatial: M=15.60, SD=1.89; response: M
=16.04, SD=1.93; t(48) = 0.815, P=0.419) or sex (χ2(1, N=50) =
0.439, P=0.508). As has been previously reported, response learn-
ers made significantly fewer probe errors associated with reduced
landmark use during navigation: 22 response learners made no
probe trial errors, whereas only eight spatial learnersmade no error
(χ2(1, N=50) = 16.333, P<0.0001, Cramer’s ϕ=0.572) (Iaria et al.
2003; Bohbot et al. 2007; Konishi and Bohbot 2013; West et al.
2015, 2018; Drisdelle et al. 2017).

Iowa Gambling Task
Spatial and response learners were compared over IGT raw and net
scores. Raw scores for the IGT ranged from 250 to 4150 (from the
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initial 2000, spatial ranged from 1200 to 4150 and response, from
250 to 3750), whereas total net scores ranged from −32 to 96 (spa-
tial ranged from −32 to 96 and response from −28 to 64). Spatial
learners obtained significantly higher raw (spatial: M=2762, SD=
665.25; response: M=2158, SD=859.83; t(48) = 2.778, P=0.008,
Cohen’s d=0.802) and total net scores (spatial: M=35.28, SD=
17.63; response: M=10.48, SD=12.80; t(48) = 2.846, P=0.006,
Cohen’s d=0.822) than response learners in the IGT, response
learners displayed higher risk-taking behavior compared to spatial
learners (Fig. 1). This is considered to be large effect sizes according
to Cohen (1977). No interaction between progress across blocks
and strategies were found (F(1) = 0.838, P=0.365).

Wisconsin Card Sorting Test
Spatial and response learners were compared on WCST-64 mea-
sures of the number perseveration errors and completion of task
(dichotomic measure). The number of perseveration errors ranged
from 3 to 23 errors (spatial ranged from 3 to 23 and response, from
3 to 19), and 29 out of 49 participants were able to complete all six
sets in the task. Spatial learners made significantly more persever-
ation errors than response learners when controlling for education
(spatial: M=11.720, SD=6.491; response: M=7.792, SD=4.201;
F(1) = 6.268, P=0.016, = 0.118) (Fig. 2). Also, spatial learners had
a significantly reduced task completion frequency when compared
to response learners (spatial: 44%; response: 75%; χ2(1, N=49) =
4.871, P=0.027, ϕ= 0.315). Both of these results indicate that re-
sponse learners were able to better adapt to changing rules, and
therefore displayed better task performance. These effects are con-
sidered to be medium to large in size (Cohen 1977, pp. 286–287).

Task-switching
Both spatial and response learners were compared based on switch
cost measure calculated from the task-switching test reaction
times. Before any analyses, task-switching reaction time data
were cleaned for outlying trials, defined as trials with reaction
time outside of the ±2.5 SD interval from the reaction time average
for that trial subtype. Four subtypes were used: shape block, filling
block, switch trials (alternating block), and nonswitch trials (alter-
nating block). Average reaction times on blocks 1 and 2 ranges
from 373 to 796msec (spatial ranged from 373 to 796msec and re-
sponse, from 401 to 599 msec), while trials in the mixed block
could average between 692 and 1347 msec (spatial ranged from

659 to 1347msec and response, from 676 to 1232msec). The high-
est number of errors reported out of the 160 trials was 10. Switch
cost ranged from −52 to 455 msec (spatial ranged from 15 to 455
msec and response, from−52 to 277msec). Spatial learners had sig-
nificantly higher switch cost than response learners when control-
ling for age (spatial:M=198.36, SD=148.16; response:M=126.70,
SD=88.41; F(1) = 4.312, P=0.043, = 0.082) (Fig. 3). This is a medi-
um to large effect according to Cohen (1977, pp. 286–287). This
means that response learners were less affected by rule changes
throughout the task, resulting in reduced reaction time cost in re-
sponse to rule changes.

Discussion

The present study strongly supports the notion that caudate
nucleus-dependent navigation strategies are associated with in-
creased risk-taking behavior and set-shifting performance. First,
we observed increased risk-taking behavior in response learners
as measured through both increased raw and net scores in the
IGT. Next, we observed increased set-shifting performance in re-
sponse learners asmeasured by decreased perseverative errors com-
bined with an increased completion rate in the WCST-64 and a
decreased switch cost in a task-switching test.

Decision-making
Response learners selected a significantly higher number of cards
from disadvantageous decks in the IGT compared to spatial learn-
ers, a task where losses are presented concurrently with gains,
which means that both gains and losses were presented at the
same time. Therefore, performance on this task can be affected by
a bias toward one of the two types of feedback. This suggests in-
creased risk-taking behavior in response learners compared to spa-
tial learners. The caudate nucleus has been shown to increase
attention toward positive feedback and rewards (Robbins and
Everitt 2002; Everitt and Robbins 2005; Baler and Volkow 2006;
Brody et al. 2006; Balleine et al. 2007; Volkow et al. 2007). This
could explain the relatively risk-adverse performance observed in
spatial learners as theyhavebeenobserved tohave lower functional
connectivity and gray matter in the caudate nucleus (Iaria et al.
2003; Bohbot et al. 2007; Dahmani and Bohbot 2015). Greater risk-
taking in response learners was also predicted by evidence that this
group displays higher addiction-related behaviors when compared

Figure 1. Results of the IGT. (A,B) Spatial learners displayed significantly higher raw and net scores. (C ) Progression through blocks was consistent
between response and spatial learners. Spatial learners displayed significantly higher subscores within blocks 1, 2, and 3. Error bars represent the standard
errors.
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to spatial learners (Bohbot et al. 2013;West et al. 2015, 2018). Also,
the striatal memory system is involved in habit formation and is
theorized to be strengthened by reward related to substance use,
meaning that stimulation of the striatum through addiction-
related behavior could increase the propensity to rely on response
strategies (Goodman and Packard 2016). Our finding that response
learners display increased risk-taking behavior is coherent with the
strong relationship between risk-taking and addictions (Reynolds
et al. 2013). Importantly, addiction is unlikely to explain our result
as a third variable, as spatial and response learners did not differ on
substance use and habitual video game playing. This suggests that
the use of caudate nucleus-basedmemory system,which is engaged
in both reward-seeking and response navigation strategies, is more
likely to explain our results. One limit of the IGT, however, is that
disadvantageous decks are associated with higher rewards, this
means that expected value and gain amount are confounded
(Ahn et al. 2008). Therefore, it is not possible to determine which
of expected gains and expected value is responsible for the greater
propensityof response learners in choosingdisadvantageousdecks.

Set-shifting
The WCST-64 results showing that response learners performed
better during the task. While the role of the caudate nucleus in
reversal learning is well supported, our results allows to better
understand the impact of differences in the caudate nucleus func-
tion in the nonclinical population (Monchi et al. 2004, 2007;
Nagano-Saito et al. 2008; MacDonald et al. 2014; Vaghi et al.
2017). This ability is of a particular practical importance for work
performance, work ability, and decreased unemployment status
in brain damaged patients (Kibby et al. 1998; Ready et al. 2001).
Furthermore, substance use is associated with poor performance
on theWCST (Ready et al. 2001). Since substance abuse was an ex-
clusion factor in the present study, these results suggest that better
performance on the WCST would be attributed to the response
learners who do not engage in reward-seeking behaviors only.
Further research on this topic could therefore be of interest.

Further, the lower task switch cost observed in response learn-
ers can also be attributed to the caudate nucleus, as it has previous-
ly been shown to be associated with increased action preparation
(van Schouwenburg et al. 2010). While better task-switching abil-

ities might allow for more efficiency
when executingmultiple tasks in parallel,
it does not indicate that response learners
multitaskmore often, as switch costs were
previously found to be higher in frequent
multitaskers (Ophir et al. 2009; Stoet et al.
2013). Therefore, we believe that the in-
creased functional activity in the caudate
nucleus observed in response learners is
likely responsible for the increased rever-
sal learning and action preparation
abilities.

Conclusion

Our results suggest that caudate nucleus-
dependent response strategy, while being
associated with increased risk-taking
behavior, is also associated with increased
set-shifting abilities.

Future steps would consist in a func-
tional imaging study to better understand
how the caudate nucleus can simultane-
ously affect navigation, decision-making,
and set-shifting. At the moment, it is un-

clear if the same populations of caudate neurons are involved in
these tasks, and why there would be such overlap. Also, a training
studywouldbeof interest to investigate thepotential causal linkbe-
tween navigation and cognitive functions such as decision-making
and set-shifting. A promising training program that trains partici-
pants to use the spatial strategy has already been developed, allow-
ing such study to be performed (Andersen 2011). Future studies
should also aim touse other tasks thatmeasure risk-takingbehavior
that specifically separate gain frequency and expected value
(Horstmann et al. 2012).

In conclusion, our findings show that response strategies can
negatively affect cognitive functions in young adults as they are
linked to increased risk-taking behavior. This supports previous

Figure 2. Results of the WCST-64. (A) Spatial learners made significantly higher levels of perseveration
errors. (B) Response learners were significantly more likely to successfully complete the task. Error bars
represent the standard errors.

Figure 3. Results of task-switching test. Spatial learners displayed signifi-
cantly higher reaction time cost when the trial rule was different from that
of the previous trial. Error bars represent the standard errors.
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studies where response learners were found to be more vulnerable
to substance abuse and higher levels of action video game
consumption (Bohbot et al. 2013; West et al. 2015, 2018). In par-
allel, a cognitive benefit of response learning was found in set-
shifting, which is an important executive function associated
with increased cognitive flexibility. Future research should further
study the costs and benefits associated with both response and spa-
tial learning and link such differences in cognitive performance to
functional and structural differences in the caudate nucleus and
hippocampus.

Materials and Methods

Participants
Fifty-three participants (12 male) were re-
cruited, with an age range of 18–35 yr old
(M=23.98, SD=4.43 yr) and all having at
least 14 yr of education (M=15.82, SD=
1.91 yr). The study was approved by the
University of Montreal Faculty of Arts
and Science Ethics Committee and all
participants gave their informed consent
before participating. Participants were
screened for psychiatric and neurological
disorders and a history of substance abuse
(Bohbot et al. 2007, 2013; Dahmani and
Bohbot 2015; West et al. 2015, 2018;
Konishi et al. 2017). Participants were
nonsmokers who reported drinking less
than 10 alcoholic drinks per month and
not consuming other psychoactive drugs
on a regular basis. No participants report-
ed frequent video game playing, defined
as a weekly use of at least 3 h per week
for the last year. A monetary compensa-
tion equivalent to 15 CAD per hour was

offered at the end of the study. Participants were recruited via
word of mouth and ads posted on the Internet.

4 on 8 virtual maze (4/8 VM)
The 4/8 VM was used in order to assess participants’ spontaneous
navigation strategy used when memorizing a novel environment
(Fig. 4; Bohbot et al. 2007, 2013; Dahmani and Bohbot 2015;
West et al. 2015, 2018; Konishi et al. 2017). This task places par-
ticipants in the center of an eight-branched radial maze surround-
ed by landmarks—a tree, a rock, a mountain and a valley—each
branch ending with a small pit in order to make it impossible
to see whether or not an object is present at the end of the alley.
The task is made of several trials, each divided into two parts. All
landmarks are visible during Part 1 and Part 2 of each trial. This is
then followed by a probe trial at the end of the task.

Figure 4. A view of the virtual environment used in the 4 on 8 virtual maze. Note the tree and mountains that form part of the landscape. A rock and
meadow were also present in the virtual environment. In Part 1, participants retrieve four objects at the end of four available paths out of eight that extend
from a central platform. In Part 2, participants remember which pathways they have already visited and avoid these in order to find the remaining objects.
Probe: After acquisition, in Part 2, a wall is erected around the radial maze after learning, blocking the participants’ view of landmarks in the environment.

Figure 5. Iowa Gambling Task. Four decks of cards are presented. Two cards are generally advanta-
geous and two are generally disadvantageous. Participants have to choose 100 cards sequentially,
where each card choice is followed by a display of both gains and losses.
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Part 1: Afterhaving administrated instructions, theparticipant
is placed in the center of the maze, always facing the same branch.
Landmarks are visible, and four branches are blocked by barriers.
The participant has to collect objects placed at the end of every
open pathway.

Part 2: When ready, the participant can end Part 1 in order to
be replaced in the center, facing the same initial pathway as in Part
1. The barriers have been removed and the participant has to col-
lect all four remaining objects among the now opened branches.

Probe trial: When the participants has successfully completed
a Part 2 without errors and has gone through at least three trials,
the probe trial is triggered. If the criterion was not attained after
eight trials, the task was terminated, and participants were re-
moved from the study. Starting with a normal Part 1, it is followed
by a unique Part 2 where the landscape has been hidden by walls.
The probe trial perturbs performance uniquely in spatial learners
who rely on the landmarks to navigate while not impacting re-
sponse learners. Therefore, spatial learners display more probe er-
rors than response learners (Bohbot et al. 2007, 2013; Dahmani
and Bohbot 2015; West et al. 2015, 2018; Konishi et al. 2017).

After the probe trial, a final regular trial is administered. It is
followed by a standardized interview in order to assess the sponta-
neous strategy used by the participant. They were asked to report
how they knew which pathways contained objects and which
were empty in the Part 2 trials. A description of the initial method
of navigation during the very first trial was specifically asked,
as it has previously been shown to be a reliable measure of initial
spontaneous navigation strategy. Based on their description, par-
ticipants were categorized as using either a spatial strategy or a re-
sponse strategy (Bohbot et al. 2007, 2013; Dahmani and Bohbot
2015;West et al. 2015, 2018; Konishi et al. 2017). On the first trial,
if participants reported using two or more landmarks to remember
the location of the objects (e.g., going to the left of the tree, the
two paths on the right of the rock and right in front of the moun-
tain) and did not report using a sequence from a single starting
point, they were categorized as spatial learners. If the participant
reported using a sequence or pattern, counting from a single start-
ing point (e.g., counting pathways starting from the tree, and then
selecting Paths 1, 3, 5, and 6) to remember the locations of the ob-
jects, they were categorized as response learners (Iaria et al. 2003;
Bohbot et al. 2007, 2013; Andersen 2011; Dahmani and Bohbot
2015; West et al. 2015, 2018; Drisdelle et al. 2017; Aumont et al.
2019).

Iowa Gambling Task
In this task first described by Bechara et al. (1994), four decks of
cards are presented, fromwhich a total 100 cards have to be chosen
(Fig. 5). Instructions are standardized and inform that the goal is to
maximize money obtained in the game. After each card selected,
both gains and losses are displayed to the participant. The first
two decks are considered advantageous, whereas the last two decks
are disadvantageous. The first one is associated with $50 gains on
every card and 50% chances of $50 losses, therefore never causing
any losses. The second grants $50 gains on every card with 10%
chances of $250 losses. The third deck provides $100 gains on every
card with 10% chances of $1250 losses. The last deck grants $100
reward on every card with 50% of losses scaling from $150 to
$350. The raw score is calculated as the amount of money held at
the end of the task, whereas the net score is calculated by subtract-
ing the number of advantageous cards selected with the number of
disadvantageous cards selected. Learning can be characterized by
splitting the task into five 20-trial blocks, each described by their
net subscores.

Wisconsin Card Sorting Test
In theWCST-64, four reference cards areplacedon the table in front
of the participant (Fig. 6). Each card is a set of three unique charac-
teristics: one red triangle, two green stars, three yellow crosses, and
four blue circles. The participant is asked to match the card on the
top of his 64-card deck with one of the four reference cards. The ex-
perimenter responds by saying “yes” if the match follows the cur-
rent rule and “no” if it does not. The cards can be matched
according to three possible rules: shape, number, or color. The
rule is changed once the participant has correctly matched cards
six times in a row. Rules are changed up to five times, from color
to shape to number to color to shape and to number. The task is
over once the last rule is completed (task completed) or once all
64 cards have been used (task not completed). Perseveration errors
are a type of error where the participant insists on trying to match
cards according to an invalid rule several times (see Greve 2001
for details).

Figure 6. Wisconsin Card Sorting Test. Four reference cards, each with
three unique characteristics, are placed on the table. The participant is
given a deck of 64 cards. The participant associates the card on top
with one of the four reference cards according to their characteristics.
The valid sorting rule can be either according to the shape, the number
of items on the card, the color of the item, or the figure of the item. The
sorting rule changes as soon as the participant sort six cards correctly in
a row.

Figure 7. Stimuli used in the task-switching test. (A) Representation of
the stimulus display for a single trial: a figure appears either on the top
or bottom part of the screen. When it appears in the top, the correct re-
sponse depends on the shape of the stimulus, whereas when it is present-
ed in the bottom, it depends on the number of points inside the figure.
(B) Stimuli are either squares or diamonds with either two or three
points inside. Possible responses associated with each of the four stimuli
are displayed for both top and bottom conditions.
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Task-switching
Task-switching was used as a measure of reaction time cost for a
predictable rule change. The task was inspired by the description
in Stoet et al. (2013), where either squares or diamonds filled
with either two or three points are presented (Fig. 7). The partici-
pant had to answer according to either the figure’s shape or filling,
depending on its spatial position. The bottom of the screen was as-
sociated with following the filling rule, whereas the top of the
screen was associated with the shape rule. The task was divided
in three practice blocks and three data collection blocks following
the same sequence. The first block exclusively used the shape task,
the second exclusively used the filling task, and the third block
used the alternate run paradigm, where both tasks alternated every
two trials so that one trial out of twowas characterized by a change
of rule, while the other was not (e.g., SSFFSSFFSSFF) (Monsell
2003). Block length are respectively 10, 10, and 20 trials for the
practice blocks and 40, 40, and 80 trials for the data collection
blocks. Calculation of the switch cost was made by subtracting re-
sponse time in rule change trials to no rule change trials in the al-
ternating block.
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