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J. Neurosci. 29(22), 7271-7277.

Adaptive behavior frequently requires plan-
ning, or the ability to anticipate the con-
sequences of actions and modify behavior
accordingly. Situations that necessitate
planning pervade our daily lives: engaging
in strategic social interactions, determining
the best route to an unfamiliar location,
scheduling meetings in the midst of a hectic
day, among many others. To succeed in these
endeavors, one must calculate the potential
repercussions of actions before proceeding
along a specific course.

Within the laboratory, planning abilities
and, more broadly, executive function, can
be probed with the Tower of London (TOL)
task. This task requires subjects to plan a
series of moves that allow them to reach
a predetermined goal configuration — the
more moves required, the greater the cog-
nitive challenge. Converging evidence has
suggested that the dorsolateral prefrontal
cortex (DLPFC) plays an important role in
planning and executive function during the
TOL task (e.g., Beauchamp et al., 2003).

Yet, the predominant trend in neuro-
science studies of executive function has
focused on neuroimaging or analogous
techniques that involve measurements
(or observations) of neural activity,
often while ignoring other, less popu-
lar, techniques that entail manipulations
of neural activity (Rorden and Karnath,
2004). Measurement techniques are cor-
relative and do not afford the opportu-
nity to examine whether specific parts
of cortex are necessary for the execution
of a specific task (Driver et al., 2009). In

sharp contrast, manipulation techniques
— cooling, lesions, transcranial magnetic
stimulation (TMS), and transcranial
direct current stimulation (tDCS) —allow
one to test whether a specific part of the
brain is necessary for a particular func-
tion. Nevertheless, the sheer popularity
of measurement techniques compared to
manipulation techniques is reflected in
the disproportionate number of citations
that neuroimaging studies receive (Fellows
et al., 2005).

A recent report by Dockery et al. (2009)
examines the effects of tDCS over the left
DLPFC while subjects performed the TOL
task. The usual setup for tDCS entails two
large patch electrodes (generally 35 cm? in
size) placed on different parts of the scalp,
with a current of around 1 mA flowing
from the positively charged anodal elec-
trode to the negatively charged cathodal
electrode (Wagner et al., 2007). Compared
to TMS and MR, the spatial resolution of
tDCS is relatively poor given the large size
of the electrodes (Wagner et al., 2007). In
addition, the precise biophysical mecha-
nisms underlying tDCS effects are unclear;
but, it is believed that tDCS may exert its
effects by modulating spontaneous back-
ground activity without necessarily evok-
ing spikes directly like TMS (Wassermann
and Grafman, 2005; Wagner et al., 2007).
One well-established fact, however, is that
placing the anodal electrode over a site of
interest (i.e., anodal stimulation) increases
cortical excitability, whereas placing the
cathodal electrode over a site of inter-
est (i.e., cathodal stimulation) decreases
cortical excitability (Wagner et al., 2007).
Because these polarity-dependent effects
have been observed in isolated neurons
(Terzuolo and Bullock, 1956), it has been
suggested that they may rely (at least in
part) on changes in neuronal membranes
(Wassermann and Grafman, 2005).

Dockery et al. (2009) employed these
differential effects of tDCS polarity
over left DLPFC to measure manipula-
tions of planning ability, as indexed by
TOL task performance. They measured
reaction time (RT) and accuracy across
two levels of difficulty (low: one to two
moves; high: four to five moves) as sub-
jects received anodal, cathodal, or sham
stimulation in a given experimental ses-
sion. Critically, the order of the tDCS
stimulation conditions was counterbal-
anced across subjects (n=24) and the
three experimental sessions, which were
separated by an intersession interval of 1
week (Figure 1 of Dockery et al., 2009).
In this multi-session approach, a given
subject could receive anodal stimulation
in the first session, sham stimulation in
the second session, and cathodal stimu-
lation in the third session. This design
made it possible to test how tDCS polarity
interacts with different stages of cognitive
skill acquisition.

While there was a general effect for
the more difficult task to be associated
with increased RTs and lowered accuracy,
there was no main effect of tDCS relative
to sham stimulation on task performance
(Figure 2 of Dockery et al., 2009). To test
whether anodal and cathodal tDCS effects
upon planning depend on learning phase,
Dockery etal. (2009) first normalized
accuracy and RT data to the sham condi-
tion within its respective session. Strikingly,
tDCS polarity interacted with learning
phase: cathodal stimulation yielded faster
RTs relative to anodal stimulation in early
sessions whereas anodal stimulation pro-
duced faster RTs and higher accuracy rela-
tive to cathodal stimulation in later sessions
(Figure 4 of Dockery et al., 2009; note that
“gain over sham (%)” in the RT plots cor-
responds to faster, not increased, RTs for
values exceeding 100%). Moreover, these
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behavioral effects were observed up to a
year later, suggesting a sustained effect on
prefrontal cortex function.

These results demonstrate that both
anodal and cathodal tDCS over left DLPFC
can enhance planning abilities under cer-
tain conditions. Dockery et al. (2009) pro-
pose that cathodal tDCS acts as a “neuronal
noise reducer” that aids in acquiring execu-
tive functions needed for performing the
TOL in early sessions. In contrast, anodal
stimulation only provides benefits when
the subjects are already trained on the task.
Noting previous work that links dopamine
levels and stimulation effects (Kuo et al.,
2008), Dockery et al. (2009) suggest that
the differential effects of stimulation
are mediated by the amount of available
dopamine. In light of this interpretation,
other studies (e.g., Fecteau et al., 2007) have
found reductions in risk-taking behav-
ior — a trait linked to dopamine (Schultz
etal.,, 2008) — following tDCS over the
DLPFC. Yet, if dopamine, as Dockery et al.
(2009) suggest, plays an important role in
tDCS modulations of planning abilities
(and perhaps in tDCS modulations of risk
preferences), then one could directly test
the involvement of dopamine using posi-
tron emission tomography or pharmaco-
logical manipulations of dopamine. Under
this model, one might expect to observe
lower levels of dopamine in later stages
of the learning phase when anodal tDCS
improves performance.

However, the interaction found by
Dockery et al. (2009) could also reflect an
order effect of their experimental condi-
tions. As a thought experiment, consider
the possibility that early-cathodal tDCS
improves performance on the TOL, with this
enhancement carrying over to subsequent
sessions. This effect would necessarily make
early-anodal tDCS appear ineffectual and
late-anodal tDCS appear beneficial because
subjects who receive early-cathodal tDCS
cannot receive early-anodal tDCS. This pos-
sibility could easily be explored by utilizing
a between-subjects design (i.e., groups of
sham, cathodal, anodal) rather than hav-
ing a within-subject design (i.e., sessions
of sham, cathodal, anodal). If tDCS effects
upon planning are truly learning-phase
dependent, then one would expect to see
a similar interaction of stimulation and
session when stimulation is manipulated
between groups.

Along these same lines, a key component
for all manipulation studies is well-matched
control conditions. In TMS and tDCS
studies, controls frequently entail “sham”
stimulation in which the subject experiences
the sensory effects of brain stimulation
without invoking neural effects — cf. the
approach taken by Dockery et al. (2009).
Even without this control, though, sub-
jects would not have any subjective insight
into whether they were receiving anodal or
cathodal stimulation. Dockery et al. (2009)
correctly acknowledge that their results can-
not conclusively implicate the left DLPFC;
one alternative is opposite effects on the
right frontal pole. To disambiguate these
conflicting explanations, one would need
to reverse the electrode locations (and
Dockery et al., 2009 note that results from
such an experiment are forthcoming). This
additional experiment, though, would still
not be sufficient to attribute the observed
effects to a single part of left DLPFC; addi-
tional regions should be considered. One
potential control site could be parietal cor-
tex, which has been previously associated
with the TOL task (Beauchamp et al., 2003;
Boghi et al., 2006). Future studies will need
to provide supporting evidence to clarify the
role of left DLPFC in planning.

Identifying and testing control areas
in stimulation studies can only partially
rule out contributions from other brain
areas. Concurrent stimulation and imaging
studies have revealed distal effects of brain
stimulation in remote areas (reviewed
in Driver etal., 2009). Remote effects
of brain stimulation can often vary as a
function of context (Driver et al., 2009),
suggesting that functional connections
between regions are not fixed. In light of
the design of Dockery etal. (2009), the
application of tDCS could potentially
affect remote brain areas (Langet al.,2005),
possibly even differentially across experi-
mental sessions. Delineating whether (and
how) other brain regions interact with
tDCS over DLPFC will require additional
studies of concurrent brain-stimulation
and brain-imaging.

Neuroscience needs balance between
techniques designed to test for correla-
tion or causation; thus the challenges of
interpreting tDCS and other manipula-
tion techniques are welcome. Moreover, an
often overlooked feature of manipulation
studies involving tDCS (and TMS) is their

potential for therapeutic intervention: these
techniques can be used to improve function
in individuals suffering from stroke, depres-
sion, and Parkinson’s disease (Fregni and
Pascual-Leone, 2007). While manipulation
techniques offer the promise of helping
individuals with cognitive deficits, recent
work such as that by Dockery et al. (2009)
suggests that manipulation methods can
even enhance the abilities of neurologically
healthy individuals. Specifically, they note
that tDCS stimulation appeared to influ-
ence performance even up to a year after
the stimulation and training — results that
highlight the power of tDCS. These results
can be extended in at least two important
ways. First, the main effect of training-
dependent modulations should be applied
to other paradigms that test executive func-
tion. Replicating the results of Dockery et al.
(2009) in another domain (e.g., visuospa-
tial attention) would provide an important
first step in translating their results into a
clinically efficacious therapy. Second, future
research can examine individual differences
in baseline executive functions (e.g., plan-
ning ability, risky decision making, among
others) coupled with susceptibility to tDCS
stimulation. As dopamine may mediate at
least some of the behavioral effects of tDCS,
studies could examine whether dopamine
genetics distinguish differential responses
to tDCS. Furthermore, although previous
studies have documented gender differ-
ences in brain activation related to planning
(Boghi et al., 2006), Dockery et al. (2009)
did not have sufficient statistical power
to investigate this issue. A natural supple-
ment would include a larger and diversi-
fied sample that is amenable to exploring
individual differences, both in gender and
dopamine genetics. Given the dramatic and
sustained effects of tDCS on executive func-
tion (Dockery et al., 2009), exploring these
and other extensions may have immediate
and broad clinical impact.
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