
Behavioral/Cognitive

Transcranial Direct Current Stimulation (tDCS) of Left
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Gesture processing deficits constitute a key symptom of apraxia, a disorder of motor cognition frequently observed after left-hemispheric
stroke. The clinical relevance of apraxia stands in stark contrast to the paucity of therapeutic options available. Transcranial direct
current stimulation (tDCS) is a promising tool for modulating disturbed network function after stroke. Here, we investigate the effect of
parietal tDCS on gesture processing in healthy human subjects. Neuropsychological and imaging studies suggest that the imitation and
matching of hand gestures involve the left inferior parietal lobe (IPL). Using neuronavigation based on cytoarchitectonically defined
anatomical probability maps, tDCS was applied over left IPL-areas PF, PFm, or PG in healthy participants (n � 26). Before and after tDCS,
subjects performed a gesture matching task and a person discrimination task for control. Changes in error rates and reaction times were
analyzed for the effects of anodal and cathodal tDCS (compared with sham tDCS). Matching of hand gestures was specifically facilitated
by anodal tDCS applied over the cytoarchitectonically defined IPL-area PFm, whereas tDCS over IPL-areas PF and PG did not elucidate
significant effects. Taking into account tDCS electrode size and the central position of area PFm within IPL, it can be assumed that the
observed effect is rather the result of a combined stimulation of the supramarginal and angular gyrus than an isolated PFm stimulation.
Our data confirm the pivotal role of the left IPL in gesture processing. Furthermore, anatomically guided tDCS of the left IPL may
constitute a promising approach to neurorehabilitation of apraxic patients with gesture processing deficits.

Introduction
Many left-hemispheric stroke patients suffer from apraxia
(Donkervoort et al., 2000), a disorder of motor cognition, which
cannot solely be explained by elementary deficits of the sensori-
motor system, verbal communication deficits, or lack of motiva-
tion (Goldenberg, 2008; Frey et al., 2011). Apraxia impairs
activities of daily life and interferes with neurorehabilitation
(Hanna-Pladdy et al., 2003; Pomeroy et al., 2011). Among other
symptoms, apraxic patients commonly exhibit deficits in gesture
processing. They are, for example, impaired in imitating and
matching of meaningless hand gestures (Goldenberg, 1999). In
healthy subjects, hand gesture matching leads to increased activ-

ity in the left inferior parietal lobe (IPL) (Hermsdörfer et al.,
2001), a common lesion site in apraxia (Dovern et al., 2011).

To date, therapeutic options for apraxia remain scarce despite
its significant impact upon neurorehabilitation (Pomeroy et al.,
2011; Vanbellingen and Bohlhalter, 2011; Cantagallo et al., 2012;
Dovern et al., 2012). Transcranial direct current stimulation
(tDCS) is a promising tool for modulating disturbed network
function and the amelioration of cognitive deficits after stroke
(for neglect, see Sparing et al., 2009). In tDCS, weak currents are
applied to the cortex via two electrodes placed on the scalp. An-
odal tDCS increases cortical excitability of the brain region under
the stimulating electrode, whereas cathodal tDCS decreases cor-
tical excitability (Nitsche and Paulus, 2000; Stagg and Nitsche,
2011). These cortical excitability changes may outlast stimulation
up to a few hours (Sparing and Mottaghy, 2008). Recent studies
suggest that neuronavigation may be helpful to fully exploit the
potential of tDCS in modulating higher cognitive functions in
humans (Moos et al., 2012).

The current study aimed at modulating gesture processing in
healthy subjects using tDCS and adopting neuronavigation based
upon cytoarchitectonically defined anatomical probability maps.
We hypothesized that anodal tDCS applied over the left IPL im-
proves gesture processing, thereby opening new avenues for the
neurorehabilitation of gesture processing deficits in apraxia.

As neuropsychological and neuroimaging studies implicate
different subareas of the left IPL in human gesture processing,
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either the left supramarginal gyrus
(Hermsdörfer et al., 2001; Decety et al.,
2002; Mühlau et al., 2005) or the left an-
gular gyrus (Goldenberg and Hagmann,
1997; Rumiati et al., 2005), we applied fra-
meless stereotactic neuronavigation in
healthy participants (n � 26) to center
tDCS over the three cytoarchitectonically
defined areas PF, PFm, or PG of the left
IPL. Thus, tDCS was focused on the left
supramarginal gyrus (tDCS over PF), on
the left angular gyrus (tDCS over PG), or
on both gyri (tDCS over PFm) to assess
possible neuroanatomically specific tDCS
effects.

Specifically, before and after tDCS,
subjects performed an experimental ges-
ture matching task and, for control, a per-
son discrimination task. Improvement of
task performance due to (anodal, cath-
odal, or sham) tDCS dependent upon the
specific stimulation site was assessed by
changes in error rates and reaction times
(RTs; before vs after tDCS).

Materials and Methods
Participants. Thirty healthy right-handed sub-
jects (age, mean � SD, 25.6 � 4.4 years, 14
women) participated in the study. Subjects re-
ceived monetary allowance for their participa-
tion. The study was performed in accordance
with standard safety guidelines (Nitsche et al.,
2003) and the declaration of Helsinki. The
study was approved by the local ethics commit-
tee and all participants gave written informed
consent.

Experimental stimuli and tasks. Based on pre-
vious studies (Goldenberg, 1999; Hermsdörfer
et al., 2001), we adopted a task for assessing the
matching of hand gestures (gesture matching
task). For control, subjects were asked to de-
cide whether the same or a different woman
performed those gestures (person discrimina-
tion task) (Hermsdörfer et al., 2001).

To create the stimuli, photos of four young
female subjects each performing 10 meaning-
less hand gestures (Goldenberg, 1995) were
taken from three different perspectives (front,
semiprofile right and left). This constituted a set of 120 photos (digitally
processed with the software Adobe Photoshop), based upon which 320
stimuli were created, each consisting of photo pairs showing either the
same gesture twice (50%) or two different gestures (50%; for example
stimuli, see Fig. 1A). Of these 320 stimuli, 288 stimuli were selected based
on RTs and error rates of 25 healthy subjects (not enrolled in the tDCS
study) performing the gesture matching task in a pilot experiment. These
288 stimuli were complemented by additional 288 stimuli, which were
created by switching the presentation side of the photos within the stim-
uli (i.e., the two photos switched sides). The resulting total of 576 stimuli
was divided into 6 subsets of 96 stimuli each for the gesture matching
task. (Within each subset, half of the stimuli showed the same gesture
twice and the other half two different gestures.) Thereafter, the same 576
stimuli were again divided into 6 subtests of 96 stimuli for the person
discrimination task so that in each subset the stimuli showed the same
person twice (50%) or two different persons (50%). Thus, both tasks
were performed on the identical stimulus material (i.e., 576 stimuli
each). Moreover, we ensured that within a given set only stimuli were

included that triggered a differential response depending on the task at
hand. Presentation of stimuli within sets and the order of the 6 stimulus
sets were pseudo-randomized (Fig. 1B).

Participants were comfortably seated in a dimly lit room in front of a
computer screen (14.1” TFT screen, viewing distance 70 cm). Using Pre-
sentation Version 14.2 (Neurobehavioural Systems), one of the 6 stimu-
lus sets (containing 192 photo pairs/stimuli) was presented to the subject.
Within each set, half of the stimuli (i.e., 96 stimuli) were used for the
gesture matching task and the other half for the control task (person
discrimination). Depending on the task at hand, subjects pressed (as
quickly and as accurately as possible) a button with their left index finger
if the gestures (or persons) on the screen were the same and another
button with their left middle finger if the gestures (or persons) were
different. The 96 stimuli used for each task were divided into 4 blocks of
24 stimuli/photo pairs each in such a way that there was the same number
of index and middle finger responses within each block of trials. For a
given block of trials (24 stimuli), subjects performed either the gesture
matching or the person discrimination task. Before the start of a new
block, instructions that indicated the forthcoming type of task were pre-

Figure 1. A, Stimulus examples. Four example stimuli (each consisting of a pair of photographs) for the gesture matching and
person discrimination tasks are shown. The photos were taken from three different perspectives to increase task difficulty. Small
color-coded letters (red “G,” gesture matching task; green “P,” person discrimination task), displayed between the stimuli, aided
participants to adhere to the current task, which had also been presented at the beginning of each block of trails (see Materials and
Methods). The four stimulus examples depict the four possible combinations of the same or different gestures/ persons: left upper
stimulus example, same gesture and same person; right upper stimulus example, same gesture, but different persons; left lower
stimulus example, different gestures, but same person; right lower stimulus example, different gestures and persons. B, Study
design. tDCS was applied on three different days. tDCS sessions were separated by at least 48 h. The type of tDCS (sham, anodal, and
cathodal) applied in a given session and the order of the six stimulus sets before and after tDCS were pseudo-randomized.
Participants practiced the two tasks at the beginning of each session on 64 stimuli (practice set), which were not part of the
experimental stimulus sets.
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sented until the subjects pressed a button to continue. To ensure task
adherence, during blocks subjects were reminded about the task to be
performed (gesture matching, person discrimination) by a small colored
letter cue (G, P) displayed between the photos (Fig. 1A, blocks of trials).
The two tasks were presented in alternating order (i.e., consisting of 24
stimuli) to ensure that any putative decline of tDCS effects over time was
equally present for both tasks. Based on the subjects’ left hand responses,
RTs and error rates were assessed. After the subjects’ response, the next
stimulus was presented (with randomized interstimulus intervals of 800,
900, or 1000 ms). Participants were asked to use their left hand to avoid
any putative interference due to an unspecific modulation of left hemi-
sphere motor areas by tDCS.

Directly after tDCS (see below), subjects performed a second set (of
the 6 sets, each containing 192 stimuli), including both tasks. During the
course of the experiment, each of the 6 sets was presented only once to
each participant.

Experimental design. The within-subject factors STIMULATION
(three levels: anodal tDCS, cathodal tDCS, and sham tDCS) and TASK
(two levels: gesture matching task and person discrimination task) as well
as the between-subject factor stimulation SITE [three levels: IPL-areas PF
(n � 8), PFm (n � 8), and PG (n � 10)] constituted the experimental
design. The study consisted of three sessions performed on 3 different
days (Fig. 1B). The interval between sessions was at least 48 h (mean
interval 80.8 h [SD 42.5 h]) (Moos et al., 2012), to avoid any potential
tDCS carryover effects (Nitsche et al., 2008). Sessions were scheduled at
similar daytimes for each subject.

Each session started with a practice block to familiarize the subjects
with the setup and tasks (64 stimuli not used in the 6 experimental
stimulus sets). Thereafter, subjects performed the task with one of the 6
stimulus sets. Then, anodal, cathodal, or sham tDCS was applied for 20
min (see below). Directly after tDCS, subjects performed the two tasks
again with a second (i.e., different) stimulus set. Changes in error rates
and RTs before tDCS and after tDCS served as the outcome measures for
further analysis. The mean duration of the stimulus sets was 13.5 min.

tDCS. tDCS procedures were adopted following Moos et al. (2012). In
particular, neuronavigated tDCS (see below) was applied by a battery-
driven constant DC current stimulator (neuroConn). A 25 cm 2 stimula-
tion electrode (to which polarity refers) was placed at the target area of
stimulation using electrode crème (GE Healthcare) as a conducting me-
dium and rubber bandages to hold the electrodes in place. The 35 cm 2

reference-electrode was placed over Cz as in Sparing et al. (2009).
tDCS was applied in accordance with current safety guidelines

(Nitsche et al., 2003). The type of tDCS [i.e., anodal (a), cathodal (c), or
sham (s) tDCS] was pseudo-randomized across sessions. The pseudo-
randomization ensured that the six possible different stimulation orders
(cas, csa, sca, sac, acs, and asc) occurred similarly often. A constant cur-
rent of 1 mA was applied for 20 min for anodal and cathodal tDCS
resulting in a current density of 0.04 mA/cm 2 (Nitsche et al., 2008). To
achieve blinding of subjects regarding the type of stimulation, sham stim-
ulation was performed likewise, but the stimulator was automatically
turned off after 30 s. As subjects may experience a slight itching sensation
at the beginning of tDCS, this procedure ensured that (1) subjects could
not discriminate between tDCS conditions and (2) any itching sensation
was similarly present in all three tDCS conditions (Gandiga et al., 2006).
Furthermore, the current faded in and out over 8 s at the start and end of
tDCS to keep the itching sensation at the beginning of stimulation to a
minimum. During tDCS, which was applied in a quiet, dimly lit room,
subjects kept their eyes closed.

MRI parameters. For structural images at high resolution, a T1-
weighted magnetization-prepared, rapid gradient echo pulse sequence
was used with the following parameters: FoV read 256 mm, FoV phase
100%, slice thickness 1.00 mm, TR � 2250 ms, TE � 3.03 ms, distance
factor 50%, orientation sagittal, flip angle 9°, 176 slices (as in Moos et al.,
2012).

Anatomically guided neuronavigation based upon cytoarchitectonical
probability maps. Based on the individual structural MR images, frame-
less stereotactical neuronavigation using the Polaris System (Northern
Digital) and the software package Brainsight (Rogue Research) were ap-
plied for electrode placement (Sparing et al., 2008) after each subject’s

individual T1-weighted MRI was coregistered to anatomical surface
landmarks of the subject�s head.

In a first step, the left IPL was identified by macroanatomical land-
marks (e.g., the Silvian fissure, the postcentral sulcus, and the intrapari-
etal sulcus). As the supramarginal and angular gyri of the IPL seem to be
involved in gesture processing to a similar extent (Goldenberg and Hag-
mann, 1997; Hermsdörfer et al., 2001; Goldenberg and Karnath, 2006;
Dovern et al., 2011), we targeted the border zone between these two parts
of the IPL for stimulation electrode placement in each subject (Fig. 2).
However, as the IPL constitutes a mosaic of different functional areas
(i.e., the cytoarchitectonically defined areas PF, PFm, and PG) whose
borders are not reflected by macroanatomical landmarks (Mars et al.,
2011) and show high interindividual variability (Caspers et al., 2006), we
used SPM and the Anatomy toolbox (Anatomy toolbox V 1.7 using the
map “All Areas_v17_MPM.mat”; Eickhoff et al., 2005) to determine the
location of the stimulation site with respect to the cytoarchitectonically
defined maximum probability maps (MPMs) of IPL-areas PF, PFm, and
PG. To this aim, the coordinates of the stimulation site (based on neu-
ronavigation and macroanatomical landmarks; Fig. 2) were recorded in
each subject. Then, the structural MRI of each subject was normalized
to the SPM template brain using SPM5 (http://www.fil.ion.ucl.ac.
uk/spm/software/spm5) and standard protocols in MATLAB (http://www.
mathworks.de/products/matlab). Thereafter, the coordinates of the in-
dividual stimulation site (with respect to the structural MRI of each
subject) were normalized into MNI space using the transformation ma-
trix derived from the normalization of the individual MRI to the tem-
plate brain. Based on these normalized MNI coordinates, the location of
the individual stimulation site within the MPMs of the cytoarchitectoni-
cally defined areas PF, PFm, and PG was determined. In 4 subjects, the
individual stimulation site could not be assigned unambiguously to one
of the three cytoarchitectonically defined IPL-areas. Thus, these 4 sub-
jects were excluded from further analyses. With respect to the remaining
26 subjects (mean age, 24.6 � 3.5 years, 14 female; Fig. 2), this procedure
revealed that the stimulation site of 8 subjects was located in PF (blue
dots), whereas the stimulation site of further 8 subjects was located in
PFm (red dots). The stimulation site of the remaining 10 subjects was
located in PG (yellow dots). The exclusion of 4 subjects interfered slightly
with the predefined pseudo-randomization of stimulation orders: the
stimulation order “csa” was not applied in the PF group and the stimu-
lation order “sca” was not applied in the PFm group. All the other stim-
ulation orders were similarly present in all three groups.

Data analysis. Statistical analyses were performed using IBM SPSS
statistics version 20. Data were analyzed with repeated-measures
ANOVAs and are reported at a significance level of p � 0.05 for all
analyses. Where appropriate, degrees of freedom were Greenhouse-
Geisser corrected. The focus of the analyses was on the modulation of
task performance (gesture matching task, person discrimination task) by
anodal, cathodal, or sham tDCS as assessed by changes in RTs and error
rates after stimulation (compared with RTs and error rates before stim-
ulation). The two variables of interest [i.e., changes (pre-post) of RTs and
error rates] were subjected to a three-factorial ANOVA with the within-
subject factors STIMULATION (three levels: anodal tDCS, cathodal
tDCS, and sham tDCS) and TASK (two levels: gesture matching task and
person discrimination task) as well as the between-subject factor stimu-
lation SITE (three levels: the IPL-areas PF, PFm, and PG). Trials in which
subjects erred were excluded from the RT analysis. The overall error rates
were �3%.

Results
As the main focus of the current study was on the differential
effects of anodal tDCS, cathodal tDCS, and sham tDCS applied
over the left IPL on gesture processing (compared with person
discrimination as control), the analyses concentrated on the
changes of error rates and RTs when task performance before
anodal/cathodal/sham tDCS was compared with task perfor-
mance after anodal/cathodal/sham tDCS in each session. There-
fore, positive values indicate improvement of task performance

Weiss, Achilles et al. • tDCS over Left IPL Improves Gesture Processing J. Neurosci., December 4, 2013 • 33(49):19205–19211 • 19207

http://www.fil.ion.ucl.ac.uk/spm/software/spm5
http://www.fil.ion.ucl.ac.uk/spm/software/spm5
http://www.mathworks.de/products/matlab
http://www.mathworks.de/products/matlab


by anodal/cathodal/sham tDCS, whereas
negative values reflect worsening of task
performance by anodal/cathodal/sham tDCS.

There were no significant differences
between the error rates and mean RTs
across the six sets when applied before
tDCS (one-way ANOVA of error rates be-
fore tDCS with the between-subject factor
SET: F(5,78) � 1.037, p � 0.403, �p

2 �
0.067; one-way ANOVA of RTs before
tDCS with the between-subject factor SET:
F(5,78) � 1.193 p � 0.321, �p

2 � 0.077).

tDCS effects on error rates
Overall error rates were �3%. Further-
more, changes in error rates were �0.6%
for both tasks and the three tDCS condi-
tions. The ANOVA with the factors
STIMULATION, TASK, and SITE re-
vealed no significant changes of error
rates (neither significant main effects
nor significant interactions; all F values
�0.95, all p values �0.402, all effect sizes
�p

2 � 0.076).

tDCS effects on RTs
There were no significant differences be-
tween the median RTs before the different
tDCS conditions [median RT � SEM: be-
fore anodal tDCS: 932 � 31 ms, before
sham tDCS: 899 � 22 ms, and before cath-
odal tDCS: 908 � 18 ms; F(2,50) � 0.685,
p � 0.500, �p

2 � 0.027]. However, there
was a significant difference between the
RTs before and after sham stimulation
(mean difference pre-post sham tDCS �
SEM: 46.9 � 9.4 ms, T � 4.9, p � 0.001)
indicative of an unspecific within-session
learning effect for sham tDCS.

The interactions TASK by STIMULA-
TION [F(2,46) � 0.86, p � 0.43, �p

2 � 0.04]
and STIMULATION by SITE [F(4,46) �
0.94, p � 0.45, �p

2 � 0.08] were not signif-
icant. However, the three-way interaction
of TASK by STIMULATION by SITE was
significant [F(4,46) � 3.7, p � 0.01, �p

2 �
0.24]. This significant three-way interac-
tion was explored by conducting three
separate two-factorial ANOVAs for each
of the stimulus sites (PF, PFm, and PG)
using the within-subject factors TASK
(gesture, person) and STIMULATION
(anodal tDCS, cathodal tDCS, and sham
tDCS). Of these three two-factorial ANO-
VAs, only the one for PFm revealed a sig-
nificant two-way interaction of TASK �
STIMULATION [F(2,14) � 4.23, p � 0.04,
�p

2 � 0.38], whereas this interaction was
not significant in the other two ANOVAs
for PF [F(2,14) � 1.06, p � 0.35, �p

2 � 0.13] and PG [F(2,18) �
0.758, p � 0.45, �p

2 � 0.08]. For the cytoarchitectonically defined
IPL-area PFm, the significant two-way interaction was further
explored by three planned paired t tests, which revealed a signif-

icant difference of the pre-post RTs of the gesture task compared
with the pre-post RTs of the person task for anodal tDCS only
(mean task difference of pre-post-RTs � SEM: 70.8 � 18.4 ms,
T � 3.5, p � 0.01, i.e., p � 0.05, Bonferroni-corrected for the

Figure 2. Anatomical location of the individual tDCS sites. All individual stimulation sites for tDCS (n � 26) are displayed on surface
renderings of the MNI standard brain (A) and the individual subjects’ brains (B–D). A, The individual location of the tDCS electrode’s
center normalized to MNI standard coordinates and projected onto the surface rendering of the MNI standard template brain are shown for
all 26 subjects. The color coding indicates the cytoarchitectonically defined area to which the individual stimulation sites could be assigned
using the MPM provided by the Anatomy toolbox in SPM: blue represents PF; red represents PFm; yellow represents PG. In addition, for
three selected central stimulation sites within the areas PF, PFm, and PG, a square is depicted that represents the extent of the stimulation
electrodeusedinthecurrentstudyprojectedonthesurfacerenderingofthestandardbrainwiththehelpofthesoftwarepackageBrainsight
(Rogue Research). B–D, The location of the individual tDCS electrode’s center projected onto the surface rendering of each individual,
non-normalized brain is depicted for the subjects whose stimulation site was located in the cytoarchitectonically defined area PF (B, blue,
left panel, n � 8), area PFm (C, red, middle panel, n � 8), and area PG (D, yellow, right panel, n � 10).
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number of tests (n � 3); marked with an asterisk in Fig. 3, mid-
dle), but not for cathodal tDCS (�55.9 � 39.5 ms, T � �1.4, p �
0.2) or sham tDCS (�12.0 � 16.5 ms, T � �0.7, p � 0.5). There
was a nonsignificant improvement for the person discrimination
task following cathodal tDCS over PFm. In summary, the main
finding of the current study is a differential improvement of ges-
ture task performance after anodal tDCS over PFm (compared
with cathodal tDCS and sham tDCS) as indicated by the signifi-
cant three-way interaction TASK by STIMULATION by SITE.
Furthermore, to control for any learning effects across the three
tDCS sessions, stimulation order was included in the above re-
ported ANOVA as a covariate of no interest. This analysis re-
vealed an identical pattern of results and thus ensured that the
reported significant tDCS effects were not due to differences in
stimulation order between subjects.

Discussion
The current findings confirm but also extend previous work sug-
gesting a pivotal role of the left IPL in gesture processing because
our data imply that matching of gestures can be facilitated by
anodal tDCS when centered over the left IPL-area PFm. As the
current results constitute the first evidence that neuronavigated
neuromodulation by tDCS can improve gesture matching (al-
ready in healthy subjects), they open new avenues for the neu-
rorehabilitation of apraxic patients with deficits in gesture
processing.

Previous neuropsychological and neuroimaging studies al-
ready highlighted the importance of the IPL for processing ges-
tures, especially (meaningless) hand gestures in the context of
imitation (Goldenberg and Hagmann, 1997; Haaland et al., 2000;
Hermsdörfer et al., 2001; Decety et al., 2002; Mühlau et al., 2005;

Rumiati et al., 2005; Goldenberg and Karnath, 2006; Tessari et al.,
2007; Dovern et al., 2011). The current findings confirm and
extend these previous studies as noninvasive neuromodulation
by anodal tDCS over the left IPL-area PFm selectively improved
performance in the gesture processing task (but not in a person
discrimination task, which was used as control). In a previous
study, continuous � burst stimulation of the left IPL did not result
in a modulation of gesture processing (Bohlhalter et al., 2011). In
that study, stimulation sites were determined based on the inter-
national 10 –20-EEG system (see also Bardi et al., 2013). In con-
trast, we applied anatomically guided neuronavigation for the
localization of the stimulation site over the left IPL using frame-
less stereotactical neuronavigation and cytoarchitectonically
defined MPMs provided by the Anatomy toolbox in SPM. Im-
portantly, this allowed detection of a localization-specific tDCS
effect in that only anodal tDCS centered over the cytoarchitec-
tonically defined IPL-area PFm facilitated gesture processing,
whereas tDCS centered over the IPL-areas PF and PG yielded no
significant effect. This finding stresses the importance of neuro-
navigation for tDCS studies, as previously suggested for TMS
(Sparing et al., 2008). The need for neuronavigation is likely to be
increased when the stimulated brain region (here: the parietal
cortex) exhibits a complex organization with many functionally
specific subregions (Grefkes and Fink, 2005). The issue is further
complicated when this anatomical/functional subspecialization
is not reflected in (macro)anatomical landmarks (Mars et al.,
2011) and/or shows a large interindividual variability (Caspers et
al., 2006).

Taking into account the size of the stimulation electrode
(here: 25 cm 2) and the rather broad distribution of the tDCS

Figure 3. Changes in task performance resulting from tDCS. Changes in task performance induced by tDCS as indexed by changes of RTs for the person discrimination task (dark gray) and the
gesture matching task (light gray). Depicted are the changes of RTs when RTs after tDCS are compared with RTs before tDCS for anodal tDCS, sham tDCS, and cathodal tDCS applied over the three
cytoarchitectonically defined areas PF (blue, left part), PFm (red, middle part), and PG (yellow, right part) of the left IPL. Positive values indicate an improvement of task performance resulting from
anodal tDCS, sham tDCS, or cathodal tDCS, whereas negative values would indicate a worsening of task performance resulting from tDCS. Further exploration of the significant three-way interaction
between TASK, STIMULATION, and SITE by three two-way ANOVAs for each of the three stimulus sites separately (PF, PFm, and PG), and planned paired t tests revealed a differential improvement
of the performance in the gesture matching task (compared with the person discrimination task) for anodal tDCS only, but not for sham tDCS or cathodal tDCS (highlighted by the asterisk). Error bars
indicate the SEM.

Weiss, Achilles et al. • tDCS over Left IPL Improves Gesture Processing J. Neurosci., December 4, 2013 • 33(49):19205–19211 • 19209



current under the stimulation electrode (Wagner et al., 2007), it is
unlikely that the observed facilitatory effects of anodal tDCS were
due to an isolated stimulation of area PFm. Area PFm lies in-
between areas PF and PG (Fig. 2A). Rather, the data suggest that
centering anodal tDCS over area PFm allowed facilitating gesture
processing. Whether or not this effect is due to the possibility that
this stimulation affected both major parts of the left IPL (i.e., the
supramarginal gyrus and the angular gyrus) remains to be further
investigated in future studies (e.g., using smaller electrodes en-
abling more focal stimulation and thereby allowing for more
specific statements about the contribution of parietal subareas to
task performance). The more rostral (i.e., over area PF) and more
caudal (i.e., over area PG) tDCS sites most likely resulted in a
stimulation with emphasis on the supramarginal gyrus or the
angular gyrus (and possibly other brain regions). This suggestion
is consistent with neuropsychological and neuroimaging studies
implicating both the supramarginal (Hermsdörfer et al., 2001;
Decety et al., 2002; Mühlau et al., 2005) and the angular gyrus
(Goldenberg and Hagmann, 1997; Rumiati et al., 2005) in human
gesture processing (Tessari et al., 2007; Dovern et al., 2011; Men-
gotti et al., 2012). Therefore, at present, the most parsimonious
interpretation of our tDCS data in the light of previous functional
imaging studies is that both parts of the left IPL have to be stim-
ulated simultaneously by anodal tDCS to facilitate matching of
hand gestures in healthy subjects.

It remains to be discussed how a neuronally rather unspecific
modulation of the membrane potential (as evoked by tDCS) can
lead to improvements of a specific motor cognitive function.
During tDCS, cortical excitability changes locally due to polarity-
dependent depolarization (anodal tDCS) or hyperpolarization
(cathodal tDCS) (Stagg and Nitsche, 2011). The up to 1 h or even
longer-lasting aftereffects of tDCS, which are NMDA receptor-
dependent, are similar to mechanisms of neuroplasticity [e.g.,
long-term potentiation (LTP) or long-term depression (LTD)],
which are thought to underlie cognitive processes, such as learn-
ing and memory formation (Stagg and Nitsche, 2011). tDCS is
thought to enhance the strengthening of dynamic task-related
synaptic connections, and it has been shown that combined tDCS
and (motor) task performance improve task-specific functional
connectivity patterns (Polanía et al., 2011). Another study that
underlines the task specificity of tDCS demonstrated using rest-
ing state fMRI that anodal tDCS applied over the primary motor
cortex modulates elements of the cortico-striato-thalamo-
cortical functional motor circuit (Polanía et al., 2012). Thus, the
neuronally rather unspecific modulation of the membrane po-
tential evoked by tDCS results in specific changes of task-related
(functional) connectivity patterns, which in turn may underlie
improvements of the specific function under investigation. In
other words, although rather unspecific, tDCS applied to an ap-
propriate target area involved in a given task may lead to im-
provements in that particular task by modulating task-specific
connectivity patterns.

It should be noted that motor RTs can be modulated by tDCS
via electrodes in the vicinity of Cz (e.g., Stagg et al., 2011). Theo-
retically, our reference electrode over Cz may have become active
and thereby may have influenced the motor RTs of our subjects.
However, as the motor response was identical across task condi-
tions and our main finding constitutes an interaction, it is im-
probable that such a general effect on the motor RTs would have
led to a differential effect on task performance as observed in the
current study. Moreover, subjects responded with their left hand
(i.e., with the hand ipsilateral to the left parietal tDCS electrode).
Furthermore, in the anodal tDCS condition, the reference elec-

trode over Cz (if at all active) would have delivered cathodal
stimulation. However, such a cathodal stimulation usually results
in a slowing of RTs (Jacobson et al., 2012) rather than an accel-
eration of RTs as observed in the current experiment for anodal
tDCS applied over PFm. Nevertheless, the most stringent proof
that the position of the reference electrode (here: above Cz as in
Sparing et al., 2009) did not significantly influence our findings
would be to repeat the study with another reference electrode
position (e.g., contralateral supraorbital ridge as in Stagg et al.,
2011; Moos et al., 2012).

In the current study, we used anodal tDCS applied over left
parietal cortex to, for the first time, facilitate motor cognitive
processing (i.e., gesture matching). This finding clearly extends
previous studies in which, to the best of our knowledge, neuro-
modulation could only be used to impair gesture processing
(Bohlhalter et al., 2011). Together with a previous study showing
that (facilitatory) anodal tDCS to the right parietal cortex im-
proved line bisection performance in patients with right hemi-
sphere lesions and neglect (Sparing et al., 2009), our data suggest
that tDCS is a powerful tool to modulate higher cognitive
processing.

Importantly, matching of gestures and gesture execution are
similarly impaired in patients with apraxia (Goldenberg, 1999),
which implies a general deficit in gesture processing rather than
task-specific deficits (Macuga and Frey, 2012). Therefore, the
facilitation of gesture matching by anodal tDCS applied over the
left IPL-area PFm constitutes a promising approach to improve
gesture processing in patients with apraxia. In the current tDCS
study, we investigated a gesture matching task because task per-
formance can be assessed by measuring RTs. In contrast, RTs are
not well suited to evaluate the imitation of (static) gestures, a task
better evaluated by error rates. Unfortunately, however, error
rates for imitation show ceiling effects in healthy subjects (Gold-
enberg, 1996; Goldenberg and Strauss, 2002). Likewise, for the
healthy participants enrolled in the current study, no differential
tDCS effect on error rates was observed for the gesture matching
task, whereas for anodal tDCS over PFm RTs for correctly judg-
ing the presented gesture pair improved considerably. For pa-
tients with apraxia and deficits in gesture processing, it can thus
be expected that anodal tDCS applied over the left IPL will not
only accelerate (in terms of shorter RTs) but also improve (in
terms of reduced error rates) gesture processing. Taking into
account the anatomical specificity of our findings (see above), it
can be assumed that only a simultaneous stimulation of both the
left supramarginal and the left angular gyrus by facilitatory an-
odal tDCS will result in improved gesture processing of patients
with apraxia.
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Sparing R, Thimm M, Hesse MD, Küst J, Karbe H, Fink GR (2009) Bidirec-
tional alterations of interhemispheric parietal balance by non-invasive
cortical stimulation. Brain 132:3011–3020. CrossRef Medline

Stagg CJ, Nitsche MA (2011) Physiological basis of transcranial direct cur-
rent stimulation. Neuroscientist 17:37–53. CrossRef Medline

Stagg CJ, Jayaram G, Pastor D, Kincses ZT, Matthews PM, Johansen-Berg H
(2011) Polarity and timing-dependent effects of transcranial direct cur-
rent stimulation in explicit motor learning. Neuropsychologia 49:800 –
804. CrossRef Medline

Tessari A, Canessa N, Ukmar M, Rumiati RI (2007) Neuropsychological
evidence for a strategic control of multiple routes in imitation. Brain
130:1111–1126. CrossRef Medline

Vanbellingen T, Bohlhalter S (2011) Apraxia in neurorehabilitation: classi-
fication, assessment and treatment. NeuroRehabilitation 28:91–98.
CrossRef Medline

Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn M, Pascual-Leone A
(2007) Transcranial direct current stimulation: a computer-based hu-
man model study. Neuroimage 35:1113–1124. CrossRef Medline

Weiss, Achilles et al. • tDCS over Left IPL Improves Gesture Processing J. Neurosci., December 4, 2013 • 33(49):19205–19211 • 19211

http://dx.doi.org/10.1191/026921500668935800
http://www.ncbi.nlm.nih.gov/pubmed/10763789
http://dx.doi.org/10.1523/JNEUROSCI.6585-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21632932
http://dx.doi.org/10.1007/s00415-011-6336-y
http://www.ncbi.nlm.nih.gov/pubmed/22215235
http://dx.doi.org/10.1016/j.neuroimage.2004.12.034
http://www.ncbi.nlm.nih.gov/pubmed/15850749
http://dx.doi.org/10.1177/1545968311410940
http://www.ncbi.nlm.nih.gov/pubmed/21613534
http://dx.doi.org/10.1016/j.clinph.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16427357
http://dx.doi.org/10.1016/0028-3932(94)00104-W
http://www.ncbi.nlm.nih.gov/pubmed/7731541
http://dx.doi.org/10.1136/jnnp.61.2.176
http://www.ncbi.nlm.nih.gov/pubmed/8708686
http://dx.doi.org/10.1016/S0028-3932(98)00111-0
http://www.ncbi.nlm.nih.gov/pubmed/10340315
http://dx.doi.org/10.1016/S0028-3932(96)00085-1
http://www.ncbi.nlm.nih.gov/pubmed/9051681
http://dx.doi.org/10.1523/JNEUROSCI.0638-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16763035
http://dx.doi.org/10.1212/WNL.59.6.893
http://www.ncbi.nlm.nih.gov/pubmed/12297573
http://dx.doi.org/10.1111/j.1469-7580.2005.00426.x
http://www.ncbi.nlm.nih.gov/pubmed/16011542
http://dx.doi.org/10.1093/brain/123.11.2306
http://www.ncbi.nlm.nih.gov/pubmed/11050030
http://dx.doi.org/10.1212/WNL.60.3.487
http://www.ncbi.nlm.nih.gov/pubmed/12578932
http://dx.doi.org/10.1006/nimg.2001.0796
http://www.ncbi.nlm.nih.gov/pubmed/11525324
http://dx.doi.org/10.1007/s00221-011-2891-9
http://www.ncbi.nlm.nih.gov/pubmed/21989847
http://dx.doi.org/10.1016/j.neuroimage.2011.09.083
http://www.ncbi.nlm.nih.gov/pubmed/22005592
http://dx.doi.org/10.1523/JNEUROSCI.5102-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21411650
http://dx.doi.org/10.1016/j.neuroimage.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21933718
http://dx.doi.org/10.1523/JNEUROSCI.6233-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/23152618
http://dx.doi.org/10.1016/j.neuropsychologia.2004.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15769494
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://www.ncbi.nlm.nih.gov/pubmed/10990547
http://dx.doi.org/10.1016/S1388-2457(03)00235-9
http://www.ncbi.nlm.nih.gov/pubmed/14580622
http://dx.doi.org/10.1016/j.brs.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20633386
http://dx.doi.org/10.1002/hbm.21104
http://www.ncbi.nlm.nih.gov/pubmed/20607750
http://dx.doi.org/10.1002/hbm.21380
http://www.ncbi.nlm.nih.gov/pubmed/21922602
http://dx.doi.org/10.1177/1545968311410942
http://www.ncbi.nlm.nih.gov/pubmed/21613536
http://dx.doi.org/10.1162/0898929054985374
http://www.ncbi.nlm.nih.gov/pubmed/16197695
http://dx.doi.org/10.1016/j.ymeth.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18374276
http://dx.doi.org/10.1002/hbm.20360
http://www.ncbi.nlm.nih.gov/pubmed/17318831
http://dx.doi.org/10.1093/brain/awp154
http://www.ncbi.nlm.nih.gov/pubmed/19528092
http://dx.doi.org/10.1177/1073858410386614
http://www.ncbi.nlm.nih.gov/pubmed/21343407
http://dx.doi.org/10.1016/j.neuropsychologia.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21335013
http://dx.doi.org/10.1093/brain/awm003
http://www.ncbi.nlm.nih.gov/pubmed/17293356
http://dx.doi.org/10.3233/NRE-2011-0637
http://www.ncbi.nlm.nih.gov/pubmed/21447909
http://dx.doi.org/10.1016/j.neuroimage.2007.01.027
http://www.ncbi.nlm.nih.gov/pubmed/17337213

	Transcranial Direct Current Stimulation (tDCS) of Left Parietal Cortex Facilitates Gesture Processing in Healthy Subjects
	Introduction
	Materials and Methods
	Results
	tDCS effects on error rates
	tDCS effects on RTs
	Discussion
	References


