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Abstract The visuo-spatial planning process is based on
an “opportunistic” combination of heuristics and strategies, carried out in small units during the execution of
plans. In order to investigate the functional role of the prefrontal cortex in heuristic switching, 42 healthy controls
performed a labyrinth crossing task (the Maps Test). During this computerized version of the Travelling Salesperson Problem, subjects had to decide which order of
locations optimizes total travel time and distance. This
task was performed with and without 1 Hz repetitive
transcranial magnetic stimulation (rTMS), which exerts an
inhibitory action on the targeted area, applied during the
task over bilateral frontal sites (active stimulation) and
parieto-occipital site (sham stimulation). Only repetitive
bilateral rTMS over F3 and F4 signiWcantly decreased the
number of strategies with changes of heuristics, and
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increased the number of movements required to solve the
task. This behaviour contrasts with the performance of
healthy subjects in the planning task, but is consistent with
the performance of frontal traumatic brain injury patients.
The results indicate that, in a visuo-spatial problem-solving task, the prefrontal cortex is involved in the switching
between heuristics during the execution of a plan.

Introduction
Planning has been deWned as a “mental simulation,
envisaging the circumstances and running through possible actions, evaluating the consequences and selecting
the optimal order for executing them” (Cohen 1989, pp.
13–14). It has been demonstrated that the execution is
simply a process involving pure mechanics of the movement, but rather, it is an active process that demands
constant central monitoring (Cisek 2005). Recent studies
(Basso et al. 2001; Phillips et al. 2001) proved that planning is largely carried out during path execution, rather
than in a distinct stage in which entire plans of performance are made previously. Therefore, Hirtle and Gärling (1992) argued that human planning should be based
on cognitive heuristics. A heuristic could be deWned as a
general principle regarded as being roughly correct
although not completely accurate. In cognitive psychology, heuristics are described as behavioural schemas that
approximate the correct solution, while they are more
Xexible and use fewer cognitive resources than algorithms. While planning processes are based on heuristics,
a strategy is deWned as an “opportunistic” combination
of heuristics (Hayes-Roth and Hayes-Roth 1979). Therefore, a strategy is the speciWc way in which one or more
heuristics have been used to produce the path. Subjects
do not simply apply heuristics based on pattern recognition, they use continuous monitoring and change their
behaviour in accordance with unexpected events, new
information, or elements that were not previously considered (due to limits in working memory) in a general
plan constructed before the execution phase.

One paradigm used to assess planning involves the
Travelling Salesperson’s Problem (TSP: Cadwallader
1975; MacGregor et al. 2004), in which the subject
decides which order among a certain number of locations, optimizes the total travelling distance. In this planning task, subjects are required to achieve several
diVerent locations between the start and the Wnal target,
Wnding the shortest path in the shortest time. A computerized variant of the TSP, the Maps Test (Basso et al.
2001; Bisiacchi et al. 2002) is considered to be a laboratory analogue of the ability to organize spatial behaviour. In this version, in contrast with the classical TSP,
the start and end points do not coincide, and subjects’
movements are constrained to the horizontal and vertical
directions. Therefore, the cognitive demand in the Maps
Task is diVerent and subjects’ strategies will not correspond to those used in the classical TSP task.
This task was shown to be useful in the neuropsychological assessment of executive functions. Patients with
closed frontal traumatic brain injuries (TBI) when faced
with the Maps Paradigm were still able to achieve a solution but they showed a lower number of heuristic switching during their performance, with respect to the
controls. According to the Supervisory Attentional System model of action control (SAS: Shallice 1988), the
BA9 portion of the prefrontal cortex (PFC) is the cerebral region responsible for inhibiting existing plans.
Neuroimaging studies conWrmed the involvement of
the PFC in the activity taking place before and during
the execution of an action, in relation to the organization
of the schema to be performed (Koechlin et al. 2003).
Prefrontal activation reXects, and is dependent upon, the
goals and strategies adopted by the subject (Miller and
Cohen 2001).
Our planning task is based on a survey approach,
since subjects have to execute a plan in order to determine the best path among several diVerent options to
organize subgoals. We hypothesized that, while performing a TSP-like test, visuo-spatial planning for strategy
change is predominantly performed in the dorsolateral
portion of the PFC (DLPFC). In order to test the functional role of the cortical area below the midfrontal scalp
region during the performance of a labyrinth-crossing
task, a low-frequency repetitive transcranial magnetic
stimulation (rTMS) was employed, which exerts an
inhibitory action on the targeted area (Chen et al. 1997;
Fitzgerald et al. 2002). Cortical inhibition induced by
low-frequency stimulation was used in cognitive tasks
like pain perception and modulation of slow cortical
potentials (Karim et al. 2003; Rossi et al. 2000; Leocani
et al. 2000). Boroojerdi et al. (2001) applied high-frequency rTMS to the DLPFC, obtaining an enhancement
of the analogic reasoning performance, thus showing
that rTMS can also interfere with high-level cognitive
tasks. If the DLPFC is temporarily inhibited by a 1 Hz
rTMS stimulation, the switch from the ongoing heuristic
to a more eYcient heuristic would be blocked only if the
area is involved in the inhibition of a previously selected
schema. Therefore, if stimulation is performed above the

DLPFC during the labyrinthic task, 1 Hz rTMS stimulation should lead to a signiWcant decrease in the number
of switches between heuristics. We expected to Wnd an
eVect of rTMS on heuristic switching, when applied over
the bilateral dorsolateral PFC, but not over the control
area corresponding to left superior occipital gyrus. Previous work indicates that the latter area is related to
motion perception (McKeefry et al. 1997) and to semantic processing (Vandenberghe et al. 1996). Therefore,
stimulation of this area should not interfere with the
planning task.

Materials and methods
Participants
Ten healthy subjects (mean age ( 24.4, SD = 3.2),
matched for sex, participated in the pilot study, while
other 32 (years = 24.5 § 4.7) participated in the experiment. All subjects were checked for TMS exclusion criteria (Wasserman 1998) and gave informed, written
consent. The Ethics Committee of the Medical Faculty
of the University of Tübingen approved the procedure.
Apparatus
The Maps Task used in this experiment is composed of
20 visuo-spatial problem-solving tasks (see Fig. 1 for an
example). Each situation was composed of seven subgoals (positioned in diVerent locations) plus a Wnal goal.
Starting at the top-left corner, subjects were instructed to
move the silhouette (by pressing the arrow-keys) over
each subgoal, and then to reach the Wnal goal, located at
the bottom-right corner. Subjects were also instructed to
Wnd and use the shortest route in the shortest time.
A Dantec MagPro stimulator (Skovlunde, Denmark)
was used to generate repetitive biphasic magnetic pulses
with a circular 10 cm magnetic coil. This coil was chosen
in order to stimulate the right and left DLPFCs simultaneously, because it was impossible to place two focal
coils without inducing mutual interference. At the beginning of the TMS session, the individual’s resting motor
threshold (MT) was determined for the thumb Xexor
muscle, according to international guidelines, as the
stimulator’s output capable of eliciting reproducible
Motor Evoked Potentials (at least 50 V in amplitude) in
about 50% of ten consecutive stimuli (Rossini et al
1994). The stimulation intensity at 100% of MT
mean = 43.8 § 3.4) was used during the experiment with
a frequency of 1 Hz.
Experimental procedure
Subjects were tested in two sessions, on two diVerent days.
In session A, 20 tasks of the Maps Test were administered
without TMS-stimulation. In session B, the 20 tasks of the
Maps Test were administered with TMS-stimulation. In

Data analysis

Fig. 1 Experimental setting. Subjects observed a two-dimensional
labyrinth and had to move a human silhouette through all the subgoals to Wnd the shortest route, starting from the upper left corner
(blue square) to the bottom right corner (red square). During the
task, 1 Hz rTMS was delivered over Fz, PO3 or no stimulation was
delivered. The bottom line depicts the time course of the experiment:
a start of TMS stimulation; b appearance of the stimuli (start of the
task); c end of the task; d repetitive TMS stimulation impulses

The statistical analysis considered the number of missed
subgoals, the number of movements made, and the
sequence of achieved subgoals. The Steppao variable
(number of movements made minus the minimum number of movements required to solve the situation: Graham et al. 2000) was created in order to evaluate
performance quality.
A series of four algorithms, (each one detecting the
presence of a heuristic) was run on the paths independently producing one of the following three values: a
heuristic applied to the whole path, one applied only to a
part of it (but not to the whole path), or no heuristic
applied. The four heuristics considered are the NearestNeighbour Heuristic, the Cluster Heuristic, and the
Direction Heuristic, in its double form, horizontal and
vertical (for details on heuristics and algorithms, see
Basso 2005). Subsequently, the heuristics were compared
in order to determine which one of the three strategies
was used in each path: (1) unique strategy (one heuristic
used from the beginning to the end of the path), (2) strategy with at least one switch between heuristics (a strategy
in which heuristics are used for a part of the whole path,
but, when jointly considered, they could cover the whole
path), and (3) no strategy (heuristics used for a part of
the path, but that could not cover all the path even when
jointly considered, or no use of heuristics). A 2 was performed on the frequency of paths belonging to these categories, in order to Wnd diVerences between the three
stimulation conditions.

Results
ten trials rTMS was delivered over the frontal scalp, the
coil being positioned tangentially to the skull with its centre over the mid-frontal Fz position of the 10–20 International EEG system (in order to achieve a maximum
stimulation over the two DLPFC, corresponding to both
F3 and F4), with the A-side up, oriented parallel to the
midline. The other 10 Maps Task were part of a control
stimulation. In the pilot study the coil was tilted 45° away
from the scalp, while in the experiment it was positioned
over the left parieto-occipital scalp position (PO3 of the
10–20 International EEG system). Stimulation always
began 3 s before each trial and ended when the subject
reached the Wnal goal (Fig. 1).
In the pilot study, the electrooculogram and scalp
muscular reXexes were monitored by means of periocular
skin Ag/Agcl electrodes in order to measure of the muscular twitches evoked by the TMS pulses (i.e. the blink
reXex to stimulation of the ophthalmic trigeminal
branch).
The order of session A (No-TMS) and session B
(TMS) was randomized across the two days, while the
order between the control-TMS and Fz-TMS conditions
was randomized within the same session.

Subjects were administered a mean of 11.6 (SD = 3.1)
TMS pulses in each situation. In the pilot study, stimulus-related eye blinking, and scalp muscular reXexes
evoked by the TMS pulse were not recorded by the
EMG registration system in any of the situations. The
lack of ocular responses also attests to the absence of
other forms of facial distress, potentially caused by the
activation of facial nerves more distant from the coil
than the trigeminal nerve (directly under the coil). Hence,
no statistical analysis can be performed on constant
data, equal to zero, and the paths were analyzed in conjunction with the experimental sample.
Repetitive TMS over the frontal lobes resulted in a
signiWcant reduction of heuristic switching, compared to
the other two conditions (2 = 52.400, df = 2,
P < 0.001; Fig. 2). The paths to which no strategy was
assigned were less than 7% in all conditions (No-TMS:
3.0%; TMS-PO3: 6.4%; TMS-Fz: 6.4%). In comparison
to control conditions, PFC-stimulation resulted in a signiWcant
decrease
in
the
Steppao
variable
[F(2,1679) = 4.835, P > 0.05]: when stimulated on the
PFC, subjects were required to perform more movements to achieve the solution.

DLPFC. In a further step, the Maps Task can be used to
disentangle whether the on-line modiWcation of plans
primarily involves the left or the right PFC.
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Fig. 2 Percentages of strategies used in the three experimental conditions. The graph indicates the percentage of each type of strategy
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each experimental condition of stimulation. The percentages represent the strategies used by the subjects based on an identical heuristic
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with respect to the total number of paths performed by the subjects
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