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Transcranial Direct Current Stimulation Facilitates Decision
Making in a Probabilistic Guessing Task
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In a random sequence of binary events where one alternative occurs more often than the other, humans tend to guess which of the two
alternatives will occur next by trying to match the frequencies of previous occurrences. Based on split-brain and unilaterally damaged
patients’ performances, it has been proposed that the left hemisphere (LH) tends to match the frequencies, while the right hemisphere
(RH) tends toward maximizing and always choosing the most frequent alternative. The current study used transcranial direct current
stimulation (tDCS) to test this hemispheric asymmetry hypothesis by stimulating the dorsolateral prefrontal cortex of each hemisphere
and simultaneously inhibiting the corresponding region in the homotopic hemisphere, while participants were engaged in a probabilistic
guessing task. Results showed no difference in strategy between the three groups (RH anodal/LH cathodal, LH anodal/RH cathodal, no
stimulation) as participants predominantly matched the frequencies of the two alternatives. However, when anodal tDCS was applied to
the LH and cathodal tDCS applied to the RH, participants became quicker to select the most frequent alternative. This finding is in line
with previous evidence on the involvement of the LH in probabilistic learning and reasoning and adds to a number of demonstrations of

anodal tDCS leading to some behavioral enhancement or change in bias.

Introduction

In a random sequence of binary events with the probabilities
P(A) > 0.5 and P(B) = 1 — P(A), the optimal strategy for pre-
dicting which event will occur next is to always choose the most
frequent event. Consider a deck of cards composed of more red
than black cards. Before each trial, all the cards are reshuffled, and
one is given an incentive for correctly guessing which card is
about to be picked out. The best strategy is to always predict
“red.” Suppose the probabilities are 75% and 25% for red and
black cards, respectively. A consistent prediction of red yields
75% correct and 25% incorrect guesses—/[(0.75 X 1) + (0.25 X
0)]. This “maximizing” (MAX) strategy is adopted by many ani-
mals, while humans tend to match their predictions to the actual
frequencies (Estes, 196]; Hinson and Staddon, 1983). In the ex-
ample of the cards, humans, after noticing over several trials that
there are more red than black cards, will tend to predict “red” on
~75% of the trials and “black” on the other ~25%. This
frequency-matching (FM) strategy is less optimal since it yields
<63% correct guesses—[(0.75 X 0.75) + (0.25 X 0.25)]. Why do
humans perform worse than rats and pigeons on this task? It has
been suggested that humans are prone to search for patterns and
causality in sequences of events, even when told that the se-
quences are totally random (Estes, 196]; Yellott, 1969; Hinson
and Staddon, 1983).
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A study on split-brain and unilateral frontal brain-damaged
patients found that when the two alternatives were presented in
the right visual field [i.e., processed by the left hemisphere (LH)],
patients used the FM strategy, but they moved steadily toward the
MAX strategy for stimuli presented in the left visual field [i.e., to
the right hemisphere (RH)] (Wolford et al., 2000). These findings
inspired the “hemispheric asymmetry in reasoning” hypothesis
in which the LH tends to search for a pattern and a causal rela-
tionship, whereas the RH that lacks these “interpreting” and
“pattern-searching” qualities favors the maximizing strategy
(Walsh, 2000; Wolford et al., 2000). However, subsequent studies
with intact-brain participants have shown mixed results (Wolford et
al., 2004; Miller et al., 2005). Furthermore, split-brain patients
have displayed a FM strategy for faces presented to the RH (Miller
and Valsangkar-Smyth, 2005).

The current study aimed to test this putative hemispheric
asymmetry in guessing strategies by using transcranial direct cur-
rent stimulation (tDCS). With tDCS, anodal stimulation causes
membrane depolarization and increases neuronal firing rates,
thus enhancing cerebral excitability, while cathodal stimulation
diminishes it (Nitsche and Paulus, 2000, 2001; Nitsche et al.,
2008; Galea et al., 2009; Jang et al., 2009; Stagg et al., 2009). There
is of course no necessary correspondence between excitation/
inhibition and behavioral improvements/impairments and cathodal
stimulation can, in certain conditions, improve a behavioral
function (e.g., Antal et al., 2004). tDCS enables one to stimulate
an area in one hemisphere while simultaneously inhibiting the
corresponding region in the other hemisphere. The stimulation
sites in the current study included the right and left dorsolateral
prefrontal cortices (DLPFCs). These sites were selected following
previous reports on reasoning tasks (Wolford et al., 2000; Miller
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etal., 2005). Thus, we compared participants’ guessing strategies
in three conditions: RH anodal/LH cathodal, LH anodal/RH
cathodal, and control group with no DC stimulation.

Materials and Methods

Participants. Twenty-eight healthy college students participated in the
study (14 males and 14 females; mean age 22.8 =+ 3.5 years). Participants
were all right handed as assessed by the Edinburgh Handedness Inven-
tory (Oldfield, 1971), with normal or corrected-to-normal vision and
without any known neurological or psychiatric conditions. All were na-
ive to the nature of the experiment, and gave informed written consent
before entering the study, which was approved by the UCL ethics com-
mittee. Participants were randomly assigned into one of three groups to
receive either (1) active stimulation with the anodal electrode over the
right dorsolateral prefrontal cortex and the cathodal electrode over the
left DLPFC (referred to as “RH anodal/LH cathodal group”; n = 10; 5
males); (2) active stimulation with the anodal electrode over the left
DLPFC and the cathodal electrode over the right DLPFC (referred to as
“LH anodal/RH cathodal group”; n = 10; 5 males); or (3) no stimulation
(referred to as “control group”; n = 8; 4 males).

Prediction task. Participants were told that in each trial an asterisk (*)
will appear on the screen either at the center of the upper half of the
screen or at the center of the lower half of the screen, based upon the
computer’s random selection. The task was to guess where the asterisk
was going to appear on the screen (top or bottom). The computer was
programmed to present the asterisk in the upper half on 70% of the trials
and in the lower half in the other 30% of trials in each block. The se-
quence of the trials within each block was randomly determined by the
computer.

tDCS. A direct current of 2 mA intensity was induced by two saline-
soaked surface sponge electrodes (9 cm?) and delivered by a battery-driven,
constant-current stimulator (Magstim). All participants indicated that they
felt the stimulation. Previous studies have shown that this intensity of
stimulation is safe in healthy volunteers (Iyer et al., 2005). For stim-
ulation over the left DLPFC, the anodal electrode was placed over the
left F3 (using the international EEG 10/20 system) and the cathodal
electrode over the right F4 (LH anodal/RH cathodal group). For stim-
ulation of the right DLPFC, the polarity was reversed: the anode was
placed over F4 and the cathode over F3 (RH anodal/LH cathodal
group).

Procedure. Trials were delivered in five blocks of 100 trials each. tDCS
started immediately before the prediction task began and was delivered
during the whole course of the five-block experiment, which lasted ~22
min. Each trial began with a question mark (?) presented at the center of
the screen and the participants’ task was to guess where the asterisk was
going to appear on the screen (top or bottom) and press one of the
designated buttons on the keyboard (M and B, respectively). One hun-
dred milliseconds after the participant’s guess, an asterisk was presented
for 100 ms either in the top half of the screen or in the bottom half. The
same procedure was repeated in the next trial, with a 1 s interval between
trials. To motivate participants to perform optimally, they were told that
if their correct predictions exceeded the average score by >10% they
would receive an additional bonus of £5.

Results

The three dependent variables were as follows: (1) the partici-
pant’s guess regarding the location of the asterisk; (2) accuracy—
whether the prediction turned out to be correct or not; and (3)
response time (RT)—the duration of time from the moment that
each trial began, with the question mark on the screen, until the
participant made a guess and pressed the corresponding button.
Three participants (one in the LH anodal/RH cathodal group and
two in the RH anodal/LH cathodal group) were excluded from
further analysis as their performances were >2 SDs below the
group’s average.
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Figure1. Strategies weresimilarinall three groups. The most frequent alternative (top) was

selected in ~80% of the trials. Shown is mean = SEin the control (broken line), RH anodal/LH
cathodal (thin line), and LH anodal/RH cathodal (thick line) groups.

Table 1. Adopting the frequency-matching strategy led to suboptimal accuracy
rates

Block
Group 1 2 3 4 5

Control 539*43 6226 611%6 58 6.2 617091
LHanodal/RH cathodal 59.2 =5.9 60.9 =44 602*+59 612*+76 619=*6
RHanodal/LH cathodal 562 =7.6 61 *49 621*+68 63*+85 62=*51

Shown is mean == SD in the three groups along the five blocks.

Strategy choice

In all three groups, participants adopted the frequency-matching
strategy and they predicted the screen location that was most
frequent on average, in ~80% of the trials in the final blocks (Fig.
1). A general mixed-design ANOVA of 5 blocks (repeated) by 3
stimulation groups as the between-subjects variable on the selec-
tion of the most frequent alternative showed no effect for stimu-
lation group or block, and no interaction.

Accuracy

Since participants adopted the FM strategy, as is evident by the
~80% selection of the most frequent alternative, their accuracy
rates after the initial “information gathering” block ranged be-
tween 58 and 63% (Table 1). This is less optimal than if they had
chosen the MAX strategy—always selecting the most frequent
alternative—which would have yielded 70% accuracy. Neverthe-
less, despite the group’s average, there were two individuals (from
the LH anodal/RH cathodal group) who selected the “top”
>94%, and therefore tended toward the maximizing strategy.

A mixed-design ANOVA [5 blocks (repeated) by 3 groups] on
the accuracy rates revealed no effect for group, a significant effect
for block (F, gg) = 3.69, p < 0.01), and no interaction. As can be
seen in Table 1, accuracies were lower in the first block than in the
subsequent blocks. Post hoc comparison with Bonferroni adjust-
ments showed that the difference between the first and second
blocks was significant only in the control condition (¢, = 3.53,
P < 0.005). The poorer accuracy in the first block reflects the fact
that during the initial trials participants had no clue about the
probabilities and therefore their accuracy rate was not very dif-
ferent from chance level (~50%), but as they gradually discov-
ered that there were more occurrences of the asterisk at the top,
they developed a strategy for systematic guessing, which im-
proved their overall accuracy rate (although it was not the opti-
mal strategy).
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Figure2. The largest reduction in response times (mean = SE), along the blocks, occurred

with LH anodal/RH cathodal stimulation. Broken line, Control; thin line, RH anodal/LH cathodal;
thick line, LH anodal/RH cathodal.

Response times

A mixed-design ANOVA [5 blocks (repeated) by 3 groups] re-
vealed no effect for group, but a significant effect for block
(Fla88) = 20.3, p < 0.0001), as well as a significant interaction of
block and group (F g gg) = 4.52, p < 0.01). Post hoc comparisons
(with Bonferroni adjustments) showed that in the first block,
there was a significant difference in RTs between the control
group and the LH anodal/RH cathodal group (t;, = 2.98, p =
0.01). As can be seen in Figure 2, when the LH was stimulated
anodally and the RH cathodally, participants’ RTs consistently
and significantly decreased, over the blocks of trials (block 1 >
blocks 2, 3, 4 > block 5). This significant decrease in RTs along
the blocks was unique to responses selecting the most frequent
alternative in the LH anodal/RH cathodal group, while in the
control (no stimulation) and the RH anodal/LH cathodal stimu-
lation groups the decrease in RTs over the five blocks for both
selecting the most or least frequent alternative was not signifi-
cant. The development of strategy is reflected mainly in the later
four blocks: the first block’s RT's are qualitatively different from
the subsequent four blocks, as participants initially are presum-
ably gathering information and learning the probabilities. We
therefore ran another ANOVA including only blocks 2-5. Again,
there was no effect for stimulation group, but a significant effect
for block (F; 66y = 7.58, p < 0.001), as well as an interaction of
block and group (Fs6) = 2.17, p = 0.056).

To rule out the possibility that the reductions in RTs, along the
blocks, in the LH anodal/RH cathodal group reflect merely a
facilitation of the motor response, but not any cognitive facilita-
tion of the decision process, we ran a control experiment. Eigh-
teen participants were randomly assigned into one of three
groups: control (no stimulation), LH anodal/RH cathodal, or RH
anodal/LH cathodal. Each group included three males and three
females. The stimulation protocol and the stimuli were the same
as in the first experiment. The task was changed to a simple motor
response, and participants were only asked to press a key when
they saw the question mark appearing on the screen (a simple RT
paradigm). The results are summarized in Table 2.

A mixed-design ANOVA of 5 blocks (repeated) by 3 groups as
the between-subjects variable on the RTs showed no significant
effect for group or block, and no interaction. Furthermore, in this
pure motor task, the differences in RTs between blocks or groups
were in the range of <25 ms, far less that the effect we observed in
the guessing task (a reduction of ~300 ms from the initial block
to the last block). Thus, the major portion of the RT gains in the
LH anodal/RH cathodal group that we report here represents a
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Table 2. Differences in the motor component were small and nonsignificant

Block
Group 1 2 3 4 5
Control 273+35 272%+52 27856 280 £52 282 =50
LHanodal/RH cathodal ~ 250 =29 242 £32 248 £25 25943 266 = 48
RHanodal/LH cathodal ~ 255 =25 240 =26 237 £26 232+24 245=*32

Shown is mean = SD in the three groups along the five blocks.

cognitive facilitation of the decision process rather than a simple
motor effect.

Discussion

Participants in all three groups adopted the FM strategy and
chose the most frequent alternative on ~80% of trials. Thus, in
regard to the strategy chosen, there was no effect of the tDCS.
Nevertheless, the tDCS did affect the speed of making a decision.
Both stimulation conditions (LH anodal/RH cathodal and RH
anodal/LH cathodal) initially slowed RT compared to the control
group. A similar effect of tDCS slowing RT in a cognitive task was
reported by Marshall et al. (2005). This may be explained by the
fact that all subjects indicated clearly that they felt the DC stim-
ulation, which distracted them to some degree, and interfered
with their ability to fully concentrate on the task. Therefore,
whereas in the control condition participants were able to focus
their attention entirely on the task and responded, on average, at
the 400-350 ms range, in both stimulation conditions their over-
all initial responses were relatively slower due to the partial dis-
traction. However, as participants progressed along the blocks of
trials, there was a clear and steady reduction in the amount of
time they needed to select the most frequent alternative, in the LH
anodal/RH cathodal group, but not when the least frequent op-
tion was chosen, nor in the control or RH anodal/LH cathodal
groups.

The steadily decreasing RTs of the LH anodal/RH cathodal
group, compared to the RH anodal/LH cathodal group, corre-
sponds with previous evidence that the LH is specifically involved
in probabilistic learning and reasoning. In a reasoning study,
participants were presented with two statements followed by a
conclusion and they had to make either a valid/invalid judgment
using deductive reasoning, or a high/low likelihood judgment
using probabilistic reasoning. An example of deductive reasoning
is as follows: a) If John is an electrician, then he spent 2 years in
high school. b) John is an electrician and owns a computer. c)
John spent 2 years in high school. In this task the judgment in-
volves the detection of logical necessity, and the information pro-
vided by the premises suffices for making the judgment. An
example of the probabilistic reasoning is as follows: a) If John is a
heart specialist, then he either bicycles to work or swims regu-
larly. b) John is a heart specialist. ¢) John bicycles to work. In such
atask the argument is (logically) invalid as the information in the
premises is insufficient to constrain the conclusion; however, the
task is to judge whether it is more likely to be true or false. This
judgment is subjective in character and requires the integration
of background knowledge (e.g., about jobs and recreation) not
explicitly presented in the arguments. The results showed that
probabilistic reasoning activated mostly LH regions, whereas de-
ductive reasoning activated mostly RH areas (Parsons and
Osherson, 2001). Similarly, in a probability classification learning
task, participants learned gradually which of two outcomes
would occur in each trial given the particular combination of
associated cues. It was found that anodal, but not cathodal, tDCS
to the left prefrontal cortex (PFC) improved performance and
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reduced errors (Kincses et al., 2004). Thus, it may be that the
significant decrease in RTs that we observed selectively in the LH
anodal/RH cathodal group reflects the LH specialization in pro-
cessing probabilistic reasoning and learning, which the tDCS
enhanced.

Our findings of a hemispheric asymmetry in tDCS effects on
the pace of decision making, where only LH anodal/RH cathodal
led to faster decisions, but the opposite electrode arrangement
did not, can be further explained in terms of an interaction be-
tween the LH’s propensity to overinterpret information (Gazzaniga,
2000; Walsh, 2000; Wolford et al., 2000) and the RH’s capacity to
“temper” this overinterpretation by supporting ambiguous or un-
certain mental representations (Goel and Vartanian, 2005). In a
study where participants judged the validity of certain and uncer-
tain inferences (e.g., A > B, B > C, therefore A > C; A > B, A >
C, therefore B > C, respectively), it was found that, relative to
healthy controls, patients with RH prefrontal lesions made more
errors when the information given to them was indeterminate
and insufficient for the conclusion statement, whereas patients
with LH lesions made more errors when they received the com-
plete information (Goel et al., 2007). These findings were inter-
preted with reference to the notion that the left PFC is more adept
at constructing determinate, precise, and unambiguous repre-
sentations of the world. Thus, it automatically fills in any gaps
in the available information, often prematurely or incorrectly.
Conversely, the right PFC is more adept at constructing and
maintaining fluid, indeterminate, vague, and ambiguous repre-
sentations, enabling it to temper or “inhibit” premature interpre-
tations by the left PFC. If, however, a right PFC lesion impairs this
ability, then the LH’s “interpreter” will impose a particular inter-
pretation on the problem representation, rendering it determi-
nate (Goel, 1995, 2002; Gazzaniga, 2000; Wolford et al., 2000;
Goel et al., 2007). This view fits with the literature showing that
inhibitory functions are controlled by the RH (Aron et al., 2003,
2004; Chikazoe et al., 2007, 2009; Forstmann et al., 2008; Xue et
al., 2008; Berkman et al., 2009; Chamberlain et al., 2009; Goghari
and MacDonald, 2009), and reports that the RH is associated
with more careful strategies and less willingness to take risks, than
the LH (e.g., Knoch et al., 2006; Fecteau et al., 2007; Gianotti et
al., 2009). In our study, participants were motivated to guess
optimally, and they were even promised a “bonus“ for above-
average performances. It seems that the RH anodal/LH cathodal
stimulation promoted conscientious behavior, hesitation, and
slower decisions, whereas the LH anodal/RH cathodal stimula-
tion had an opposite effect—faster decisions, which may reflect
less inhibition, premature conclusions, and some degree of in-
creased willingness to take risks.

Three complementary lines of evidence lead us to suggest
that our observation of reduced RTs in the LH anodal/RH
cathodal group represents a cognitive facilitation in reasoning
and decision-making processes. First, other studies support a
general role of the LH in decision processes (Dee and Van Allen,
1973; Godefroy and Rousseaux, 1996; Heekeren et al., 2004, 2006;
Rorie and Newsome, 2005). Second, there is sound evidence of
the LH involvement in probabilistic reasoning (Parsons and
Osherson, 2001; Kincses et al., 2004). Third, a study with a pro-
tocol similar to ours has shown that tDCS changes decision pro-
cesses; specifically, RH stimulation decreases the willingness to
take risks (Fecteau et al., 2007).

The absence of a tDCS effect on the strategy choice cannot be
explained in terms of insufficient stimulation (e.g., low intensity,
etc.), since the same stimulation did affect RTs. Also, another
study using a similar stimulation protocol reported significant
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cognitive effects on decision making (Fecteau et al., 2007). There-
fore, in regard to the guessing strategy participants adopt, it may
be plausible to assume that the hemispheric asymmetry is exclu-
sive to split-brain and unilaterally damaged patients, but may not
occur in normal healthy subjects (Miller et al., 2005). Moreover,
in a study with normal participants, individual differences were
found and although ~80% of participants tended toward FM,
there were some ~20% of maximizers (Miller et al., 2005). Sim-
ilarly, in the current study, despite the group’s average showing a
FM strategy, there were individual participants who tended to-
ward MAX, and the two extreme maximizers (selecting the “top”
>94%) were from the LH anodal/RH cathodal group— contrary
to the original prediction. Thus, it may be that even the hemi-
spheric asymmetry found in patients was due to the small and
imbalanced group—only two split-brain and five unilaterally
damaged patients (of whom four had RH lesions and only one
was with an LH lesion) (Wolford et al., 2000). Had the patient
group been larger and more balanced, it may have been found
that in some patients the RH can also adopt the FM strategy
(Miller et al., 2005).

There might be another account for not observing a RH MAX
strategy. In the only study (Wolford et al., 2004) that found some
support for the original hemispheric asymmetry idea, for intact-
brain participants, the tasks were not matched. Participants in
that study were involved either in a secondary (verbal working
memory) task that competed for LH resources and consequently
let the RH dictate which strategy to adopt (MAX), or in a second-
ary (spatial memory) task that competed for RH resources, which
preserved the FM strategy (Wolford et al.,, 2004). However,
whereas the LH task involved constantly memorizing and updat-
ing thelast three digits presented, the RH task was less demanding
and involved memorizing only the last single polygon shape. In
addition, the LH task demanded active memorizing of the three
digits, while the RH task required participants only to passively
maintain the shape in working memory and judge whether sub-
sequent shapes were similar or different. Thus, the RH task re-
quired fewer resources than the LH task, and therefore enabled
some strategic RH reasoning.

In conclusion, LH anodal/RH cathodal DC stimulation
caused subjects to be significantly faster to select the most fre-
quent alternative. This may reflect the LH’s greater involvement
in probabilistic learning and reasoning. Also, it may reflect the
association of the LH with a greater willingness to take risks
(Knoch et al., 2006; Fecteau et al., 2007) and its propensity for
premature conclusions, which we may be guilty of here: further
experiments will determine this.
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