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Bilateral transcranial direct current stimulation
modulates activation-induced regional blood
flow changes during voluntary movement
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Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that
induces changes in cortical excitability: anodal stimulation increases while cathodal stimulation
reduces excitability. Imaging studies performed after unilateral stimulation have shown conflicting
results regarding the effects of tDCS on surrogate markers of neuronal activity. The aim of this study
was to directly measure these effects on activation-induced changes in regional cerebral blood flow
(4rCBF) using positron emission tomography (PET) during bilateral tDCS. Nine healthy subjects
underwent repeated rCBF measurements with '>O-water and PET during a simple motor task while
receiving tDCS or sham stimulation over the primary motor cortex (M1). Motor evoked potentials
(MEPs) were also assessed before and after real and sham stimulation. During tDCS with active
movement, ArCBF in M1 was significantly lower on the cathodal than the anodal side when
compared with sham stimulation. This decrease in ArCBF was accompanied by a decrease in MEP
amplitude on the cathodal side. No effect was observed on resting or activated rCBF relative to sham
stimulation. We thus conclude that it is the interaction of cathodal tDCS with activation-induced
ArCBF rather than the effect on resting or activated rCBF itself which constitutes the physiological
imaging correlate of tDCS.
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Introduction

The electrophysiological modulation of brain excit-
ability induced by transcranial direct current stimu-
lation (tDCS) has been extensively studied in the past
decade. There is a general consensus that after
anodal stimulation, the amplitude of motor evoked
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potentials (MEPs) is increased (Furubayashi et al,
2008; Jeffery et al, 2007; Nitsche and Paulus 2000,
2001; Nitsche et al, 2007; Power et al, 2006) while it
is decreased with cathodal stimulation (Ardolino
et al, 2005; Furubayashi et al, 2008; Nitsche and
Paulus, 2000; Nitsche et al, 2003¢, 2007; Power et al,
2006; Priori, 2003). This modulation of cortical excit-
ability is possibly caused by hyperpolarization/
depolarization of neuronal membranes, resulting in
a shift of resting membrane potential (Bindman et al,
1964). In fact, DC stimulation modulates neurons
either by inhibition or by excitation depending on the
polarity of the applied current (Lefaucheur, 2008).

A limited number of studies have investigated the
after-effect of tDCS on brain activation using surro-
gate markers such as blood oxygen level-dependent
(BOLD) contrast or changes in regional cerebral
blood flow (rCBF), yielding to some extent conflict-
ing results. Three studies examined how brain
activation is modulated after tDCS (Baudewig et al,
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2001; Jang et al, 2009; Lang et al, 2005). These
activation-induced changes in rCBF and BOLD
during motor tasks were found in widespread
cortical networks and it was cathodal tDCS that
induced the largest changes (Baudewig et al, 2001;
Lang et al, 2005). Anodal tDCS, however, seems to
only generate modest changes after stimulation
periods of varying duration (5, 10, or 20 minutes;
Baudewig et al, 2001; Jang et al, 2009; Lang et al,
2005). These changes in rCBF and BOLD signals after
tDCS are more complex than the electrophysiological
findings where the increase in MEPs after anodal
stimulation shows the strongest effect while the
decreasing effects of cathodal stimulation are usually
less. In addition, the changes in rCBF and BOLD
signals are observed on a global scale although the
polarizing effects of tDCS are generally thought to be
restricted to the area under the electrodes (Nitsche
et al, 2003b, 2004). It thus cannot be ruled out that
the widespread after-effects, observed on a network
level, might be secondary adaptations of the network
to the previous stimulation rather than the direct
effect of stimulation itself.

Only one study has assessed the effect of
anodal stimulation on resting BOLD signal with
magnetic resonance imaging (MRI) during tDCS
(Kwon et al, 2008). In this study, no BOLD-contrast
changes were detected during anodal tDCS except in
the last 21seconds of the total 84seconds of
stimulation. Nevertheless, those changes observed
in the left M1, left supplementary motor area,
and right posterior parietal cortex were rather small.
These minor effects on resting BOLD signal are
expected, because tDCS is thought to modulate
neuronal excitability rather than inducing action
potentials (Zaghi et al, 2010). An effect might thus
only be expected during induced neuronal activity
(i.e., the generation of action potentials with beha-
vioral tasks).

The objective of this study was to determine the
immediate effects of tDCS on resting and activation-
induced rCBF during stimulation rather than tDCS
after-effects, using a bilateral electrode mount in
young healthy subjects. The use of bilateral tDCS
allows for the simultaneous assessment of anodal
and cathodal effects during a single positron emis-
sion tomography (PET) session comprising 12 mea-
surements of rCBF, while still respecting dose limits
for radiation exposure. It has recently been shown
that in contrast to unilateral stimulation, simulta-
neous anodal and cathodal tDCS over motor cortex in
both hemispheres may provide an additive effect that
facilitates motor task performance in young healthy
subjects at the behavioral level (Vines et al, 2008)
and might thus translate into more pronounced rCBF
changes. We hypothesize that bilateral tDCS will
affect brain activation during movement-related
activity but not during rest. Specifically, using
0O-water PET we expect to show an increase in
rCBF change under the anode and a decrease in
rCBF change under the cathode.
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Materials and methods
Subjects

Nine healthy subjects (mean age: 28 years (range: 18 to 35);
three males) without history of neurologic disease partici-
pated in this study. Eight subjects were right handed (mean
score +85) as assessed by the Edinburgh Handedness
Inventory (left handed subject’ score =—100). All subjects
gave their informed consent in accordance to the McGill
Faculty of Medicine Institutional Review Board regulations for
human subjects’ studies before their participation in the study.

Protocol

All subjects first underwent structural and functional
MRI scans to determine optimal tDCS electrode placement.
The effect of bilateral tDCS on rCBF and on MEPs was then
tested in two separate sessions, at least 1 week apart, to
avoid any possible after-effect of tDCS on brain activity.

Magnetic Resonance Imaging

A structural brain scan was first obtained in all patients
using a whole body 1.5T Siemens Sonata Magnetic
Resonance Imaging (MRI) scanner (Siemens AG, Erlangen,
Germany) with an 8-channel coil. T1-weighted images
were acquired as isotropic data sets of 1 mm?® voxel size
(echo time =9.2 ms; repetition time =22 ms; flip angle =30°).
This was followed by two sessions of functional MRI to
locate the first dorsal interosseous muscle (FDI) represen-
tation area for accurate positioning of the tDCS electrodes.
Twenty-four parallel axial slices (thickness=4mm) were
obtained across the entire brain volume using an echo-
planar imaging sequence (64 x64 matrix, field of
view =256 x 2566 mm?*, ~echo time=50ms, repetition
time = 2.03 seconds, flip angle =90°).

Functional MRI was conducted while subjects per-
formed an acoustically paced motor task with (1) their
dominant index finger and (2) their nondominant index
finger. During the functional task, subjects executed finger
flexions using a custom-made MRI-compatible pneumatic
pressure piston that produces a constant resistance to the
index finger. During the entire duration of the task,
computer-generated tones (2.03 Hz), serving as acoustical
pacing signals (duration of tone=10ms), were relayed to
the subject’s headphones. Subjects received a visual ‘stop’
and ‘go’ signal over a back-projected mirror on top of the
head coil, prompting them to start or stop finger move-
ments. Each active and rest epoch lasted 20.3 seconds and
was repeated 14 times each. Presentation Software from
Neurobehavioral Systems was used to synchronize data
collection onset and offset as well as stimuli appearance
(auditory and visual cues). Subjects practiced the task before
they entered the MRI to ensure it was fully understood.

Images obtained from the functional scan were processed
to determine FDI muscle cortical representation using
the FMRI Expert Analysis Tool (FEAT, version 5.98) of
the FMRIB Software Library (FSL, version 4.1.4; http://
www.fmrib.ox.ac.uk/fsl, Functional Magnetic Resonance
Imaging of the Brain Center, University of Oxford, Oxford,
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UK) using standard parameter settings: 6 mm full width at
half maximum Gaussian filter for spatial smoothing,
intensity normalization across images, high-pass temporal
filter cutoff 40.3seconds, multiple regression model,
P value 0.05 corrected. Functional images were super-
imposed and coregistered with the high resolution struc-
tural brain scan using the Multi-Modality Matching (v1.8)
registration plug-in of the Volume Imaging in Neurological
Research, coregistration and regions of interest included
(VINCI 2.57) software (Cizek et al, 2004).

Electrode Placement

3D surface renderings of structural and functional
magnetic resonance data sets were created with the
Nexstim Navigated Brain Stimulation TMS system using
the software supplied by the manufacturer. The exact
location of the FDI M1 representation was obtained with
the navigation system and its position relative to the
midsagittal line was measured on the subject’s skull using
surface distance measurements for later electrode position-
ing in the PET scanner, where no navigation system is
available (Figure 1). We have previously demonstrated that
the precision of this localization method is ~8mm
(Weiduschat et al, 2009), which is appropriate for an
electrode size of 5cm x 5 cm.

Transcranial Direct Current Stimulation

For both rCBF (PET) and MEPs (transcranial magnetic
stimulation (TMS)) assessment sessions, bilateral tDCS was
applied using the Eldith plus stimulator (Magstim Com-
pany Ltd., Whitland, UK). The cathodal electrode was
positioned over the nondominant FDI M1 and the anodal
electrode over the dominant FDI M1. Current intensity was
2mA (current density of 0.08 mA/cm?; 5seconds ramp on
and 5 seconds ramp off) and applied for 4 minutes per trial.
This stimulus duration was selected based on Nitsche and

Figure 1 lllustration of the measurement used for transcranial
direct current stimulation (tDCS) electrode placement over the
first dorsal interosseous muscle (FDI) hotspot, as determined by
functional magnetic resonance imaging (fMRI). The antero-
posterior distance of the M1 representation from the nasion was
first measured after the subject’s skull on the midline. The lateral
component of the electrodes was then measured from the
midline on each side. These measures were used to position the
tDCS electrodes on the subject.
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Paulus (2000) who showed that the effect of 4 minutes of
tDCS completely faded away after 4 to 5 minutes. Thus, for
both PET and TMS procedures, inter-tDCS trial intervals of
at least 8 minutes were chosen to minimize the possibility
of recording tDCS after-effects. During preliminary testing
of the tDCS device, some subjects reported an itching
sensation throughout the entire stimulation period and not
only at the onset and offset of stimulation. For this reason, we
decided to use a sham stimulation consisting of small current
pulses occurring every 550 ms (0.11 mA over 15 ms with peak
current lasting for 3ms, as supplied by the manufacturer).
The average current over time was <0.002 mA, which has no
therapeutic effect (Nitsche and Paulus, 2000) but yields a
sensation on the skin similar to real tDCS. None of the
subjects could distinguish between sham and real stimula-
tion, when debriefed after the scanning session.

Positron Emission Tomography

Twelve PET imaging scans were acquired using a Siemens
ECAT HR +scanner (Siemens AG, Erlangen, Germany) in
3D mode. Subjects lay supine in the scanner with their
head resting on foam pads. A VELCRO® brand (Velcro
Industries B.V., Manchester, NH, USA) strap was tightly
fixed across their forehead to maintain head position. Scans
were reconstructed to 63 contiguous slices of 2.425mm
thickness and 2.059 mm voxel size, using the manufacturer-
provided 3D FBP (Hanning Filtered with a 6 mm kernel)
equivalent approach which includes a proprietary scatter
projection technique. A 10-minute transmission scan was
performed before the emission scans for attenuation
correction. During each scan, the subjects either performed
an externally paced sequential finger opposition task at
1.16 Hz with the dominant or nondominant hand or were at
rest. Each experimental condition was replicated twice (six
experimental conditions: tDCS or sham X dominant hand,
nondominant hand or no movement, see Figure 2). Subjects
started finger tapping with the intravenous bolus injection
of 370 MBq of O-water 2.5 minutes after the start of real or
sham tDCS (as illustrated in Figure 2A). Data acquisition
started automatically, when the number of registered true
counts exceeded the baseline level by 40% and lasted for
60 seconds. Injections were given at least 12 minutes apart
(corresponding to six physical half-lives) to ensure ade-
quate radioactive tracer decay and to minimize background
noise and tDCS after-effects. Data from two out of nine
subjects were discarded because subject motion during
acquisition.

Transcranial Magnetic Stimulation

Single-pulse TMS was delivered with a bifocal figure-
of-eight-shaped coil (50 mm mean winding diameter) using
a Nexstim eXimia NBS system with Navigated Brain
Stimulation, TMS, and electromyography (Nexstim Ltd,
Helsinki, Finland). Coil positioning was in posterolateral
orientation, perpendicular to the central sulcus thus indu-
cing a current in an anterior direction. Disposable surface
electrodes (Ag/AgCl, Ambu Neuroline, 95 mm? area) were
placed in a monopolar configuration over the bilateral FDI
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Figure 2 Positron emission tomography (PET) experimental set-
up. Individual trial timeline is shown in (A). The contrasts tested
are shown in (B) for (1) transcranial direct current stimulation
(tDCS)-movement interaction, contrasting conditions with tDCS
SHAM during rest condition and (2) for stimulation effects only,
where tDCS STIM was contrasted with tDCS SHAM for each of
the three motor tasks. Each contrast is shown as Z-transformed
difference images averaged across subjects in Figures 3 and 4,
as indicated in the respective boxes. STIM, stimulation.

muscles. Electromyography signals were amplified, band-
pass filtered (10 to 500 Hz) and sampled at 3,000 Hz. Motor
evoked potentials were recorded in eight out of nine
subjects (no consistent response could be obtained in
one subject). The coil position producing the largest MEP
was used for recording and determination of resting
motor threshold (minimal stimulus intensity eliciting
MEPs >50 uV in 6 out of 10 trials). Four trials of tDCS were
acquired: two with tDCS and two during sham stimulation.
After registration of the MRI to the subject’s head, 10
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baseline MEPs at 110% resting motor threshold were
acquired. Transcranial direct current stimulation electrodes
were positioned on the subject’s head and stimulation was
applied for 4 minutes. Transcranial direct current stimula-
tion electrodes were then removed and MEPs were recorded
over 4 minutes using randomized interpulse intervals.
Transcranial direct current stimulation trials were given at
least 8 minutes apart.

Data Analysis

Positron emission tomography activation: Both emis-
sion (for activation) and transmission (for electrode
positioning) images were coregistered with the structural
MRI (T1-weighted) using the VINCI software (Cizek et al,
2004). The two PET scans of each condition were averaged
and ratio normalized. Activation images were calculated as
difference images of rCBF changes after smoothing with a
Gaussian filter of 12 mm full width at half maximum and
Z-transformation using a global variance estimate as
previously described (Thiel et al, 2001a, b). The following
contrasts were analyzed, as shown in Figure 2B: (1)
stimulation—-movement interaction by subtracting sham
tDCS during rest from tDCS with dominant or nondomi-
nant finger movements (including movement effect only
sham tDCS with finger movements versus sham tDCS
during rest) or (2) stimulation effect only by subtracting
sham tDCS during rest from tDCS during rest or by
subtracting sham tDCS with finger movements from tDCS
with the respective side finger movements.

For analysis, PET activation images were rendered
onto each subject’s 3D reconstructed structural image and
the tDCS anode and cathode were reconstructed from
the transmission scan. Regional cerebral blood flow change
was measured on the surface renderings under the center of
the respective electrodes using a cylindrical probe volume
of interest (VOI) measuring 1 cm in depth and 5 cm diameter
as described previously (Thiel et al, 2006; Von Stockhausen
et al, 1998). Differences in rCBF change were assessed using
paired t-tests. Although quantitative VOI-based analysis was
performed on individual data sets, voxel-based average
images for each contrast were generated from the individual
images after stereotaxic normalization (statistical parametric
mapping 8) to assess possible changes outside the VOI and
for illustration purposes (Figures 3 and 4).

Motor evoked potential assessment: Peak-to-peak ampli-
tude values were automatically detected using the software
supplied by the manufacturer and visually inspected.
Trials in which the FDI muscle was not relaxed before
TMS pulse and MEP amplitudes below 50 uV as well as
outliers (values > 2s.d., <20 for all subjects) were removed.
No differences were measured in the baseline MEPs
between trials, thus confirming the absence of after-effects.
Changes in MEP due to tDCS were calculated as ratio
of MEP amplitudes during stimulation divided by each
subjects’ baseline. Thus, a value of one represents no
change from baseline, a value higher than one reflects
increased MEPs relative to baseline and a value smaller
than one reflects that MEPs are smaller than baseline.
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Figure 3 Regional cerebral blood flow (rfCBF) changes with bilateral transcranial direct current stimulation (tDCS) during finger
movements. Z-transformed difference images averaged across seven subjects are shown in (A). Activations are shown during finger
movements on the nondominant (i and ii) and dominant (iii and iv) hand. Differences are obtained from contrast with the sham rest
condition. The red (anode) and blue (cathode) squares drawn on each image correspond to the tDCS electrodes. (B) Mean (+ 1s.d.)
group changes in rCBF during cathodal and anodal stimulation are shown. Individual subjects are represented by the seven different
symbols. *P < 0.05, one-tailed paired ¢-test.
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Figure 4 Regional cerebral blood flow (rCBF) changes with bilateral transcranial direct current stimulation (tDCS) only.
Z-transformed differences images averaged across seven subjects are shown above and group means (£ 1s.d.) are shown in the
bottom row. Activations are shown during rest (versus sham rest) on the left panel (i), during movements of the nondominant hand
(versus sham nondominant movement) in center panel (ii) and for the dominant hand (versus sham dominant movement) in the right
panel (iii). No change was observed in ArCBF when contrasting tDCS stimulation versus sham with nondominant (center panel) or
dominant (right panel) finger movements. The red (anode) and blue (cathode) squares drawn on each image correspond to the tDCS
electrodes. Individual subjects are represented by the seven different symbols.

Results condition when subjects executed nondominant side

finger movements during sham (Figure 3Ai) or real
Figure 3A, left panel, shows average changes in (Figure 3Aii) tDCS. As expected, the sequential
activation-induced rCBF relative to the sham rest finger movement task alone significantly increased
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rCBF in M1 (task effect); as shown in Figure 3Ai,
during sham tDCS with finger movements on the
nondominant side, rCBF was significantly increased
over the M1 representation of the nondominant
hemisphere (increase in max Z-score value in VOI
on nondominant hemisphere: 5.85 s.d.2.47) as well
as on the dominant hemisphere with dominant
finger movements (Figure 3Aiii; 4.56 s.d.1.15).

Effects of Bilateral Transcranial Direct Current
Stimulation During an Active Motor Task
(Task and Stimulation Effect)

During movement of the nondominant hand and
activation of the nondominant motor cortex under
the cathode, bilateral tDCS caused a ArCBF decrease
when compared with the resting condition under
sham tDCS stimulation (decrease of 1.84 in Z-score,
P=0.02, paired t-test, one-tailed; Figure 3Aii). The
effect of bilateral tDCS under the anode during
movement was similar to that of sham tDCS during
movement (increase of 0.67 in Z-score, P=0.31). Yet,
changes under the anode and cathode during bilateral
tDCS were significantly different and in opposite
directions. The regional mean (* 1s.d.) difference in
peak Z-score value for ArCBF between active and
sham tDCS stimulation for the VOI region under both
cathode and anode is shown in Figure 3B.

Effects of Bilateral Transcranial Direct Current
Stimulation Only (Stimulation Effect)

Bilateral tDCS had no significant effect on ArCBF
under the cathode or the anode during the resting
condition (mean increase in Z-score <2.0) or finger
movement, as shown in Figure 4.

Immediate After-Effects of Bilateral Transcranial
Direct Current Stimulation on Motor Evoked Potentials

After-effects measured by MEPs in 4 minutes after
bilateral tDCS were similar to the effects observed on
rCBF during stimulation. As shown in Figure 5,
MEPs measured on the cathode side were signifi-
cantly reduced as compared with baseline. On the
side of the anode, however, no difference could be
observed between the sham and real stimulation.
Changes in MEP amplitude were not correlated
with ArCBF during stimulation (cathode: r=-0.18,
P=0.73 and anode: r=—-0.56, P=0.25).

Discussion

This is the first study quantifying online changes in
brain activation during bilateral tDCS. Our results
suggest that activation-induced rCBF changes mea-
sured during tDCS differ from more widespread brain
activity-related changes measured 5 to 60 minutes after
tDCS, as described in previous studies (Baudewig
et al, 2001; Jang et al, 2009; Lang et al, 2005). We found
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Figure 5 Changes in motor evoked potentials (MEPs) after
bilateral transcranial direct current stimulation (tDCS). Values for
sham on the cathodal and anodal side were pooled together.

a significant focal decrease in ArCBF under the
cathode positioned over the M1 region during a
finger-tapping task. As in Kwon et al (2008), we did
not find significant changes in rCBF during tDCS
when subjects were either at rest or active. It seems to
be the interaction of tDCS with a task-induced change
in activity that modulates the ArCBF. Stimulation
alone seems to have little effect if neuronal activity
does not change between two activation states. In
addition, we showed that a bilateral tDCS electrode
mount can be used to induce changes in brain
activation during movement and that it is the cathode
that induces stronger effects.

After-Effects Versus Immediate Effects

Previous imaging studies focused on tDCS-induced
after-effects and only reported changes in neuronal
activation patterns on a more global scale, i.e.,
outside the stimulated region (Baudewig et al,
2001; Jang et al, 2009; Lang et al, 2005). These
network-wide effects reported after stimulation
might thus reflect a different mechanism between
online and after-effects where these after-effects may
represent more the adaptation of the network to the
stimulation effect rather than the effect itself. It has
been suggested that immediate effects (in the range of
several milliseconds after tDCS onset) are secondary
to changes in membrane potentials and that after-
effects of tDCS are mediated by long-term depression
(LTD) and long-term potentiation (LTP)-like synaptic
mechanisms (Furubayashi et al, 2008). Thus, the
effects of tDCS on activation-induced rCBF changes
in the brain region primarily affected by the
behavioral task may only be seen if imaging is
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performed online. We did not observe significant
modulation of the ArCBF in other cortical regions.
The online effects of tDCS have been assessed in
one previous study during rest and no convincing
evidence for change in BOLD signal was observed
(Kwon et al, 2008). The online effects of tDCS, as we
have shown here with active movements, seem to be
localized under the tDCS electrodes. Because the
tDCS currents used in the present study are well
below threshold to induce action potentials, our
results imply that the immediate effects of tDCS are
detected when neurons are active and support
the hypothesis that low current tDCS mainly modu-
lates resting membrane potential thresholds (e.g.,
Liebetanz et al, 2002; Nitsche et al, 2003a; Zaghi
et al, 2010). According to this theory, tDCS would
thus modulate neuronal activation by inhibiting or
facilitating the generation of action potentials.

Imaging Effects Versus Electrophysiological Effects

The imaging findings in our study were consistent
with the electrophysiological effects of bilateral tDCS
observed in the same subjects using identical
stimulation parameters. The cathodal stimulation
resulted in a decrease of MEP amplitude relative to
sham while no significant effect was observed for
anodal stimulation. Similar findings were reported
by Williams et al (2010) who applied cathodal
stimulation over the dominant and anodal over the
nondominant M1 for 40 minutes. They observed a
20% reduction of MEP amplitudes on the cathodal
side 3 hours after end of stimulation but only a 13%
increase in MEP amplitude immediately after the
end of stimulation on the anodal side. In contrast
to our study, they only used 1mA currents and
stimulation was combined with a motor learning
task.

The modulation of MEP amplitude after tDCS was
not correlated with the change in rCBF. Results from
studies on neurovascular coupling suggest that there
is a strong relationship between ArCBF and the
postsynaptic activity in the activated area measured
as the sum of local field potentials but not with the
spike rate of the efferent neurons (Lauritzen and
Gold, 2003). Motor evoked potential amplitude,
however, is mainly determined by action potentials
elicited in pyramidal tract neurons by the TMS pulse
either indirectly via interneurons (I-waves) or—at
higher stimulation intensities—directly at the first
node of Ranvier (D-waves; Rothwell et al, 1991).
Although both processes are related to the excit-
ability of neuronal membranes, they measure differ-
ent aspects of neuronal excitability in so far as ArCBF
is related to intrinsic, evoked postsynaptic activity
and MEP amplitude to passively induced action
potentials in pyramidal cells. A simple relationship
between both might thus not be expected.

The anodal effect of bilateral tDCS on MEPs thus
seems to be less pronounced than in unilateral
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stimulation (Furubayashi et al, 2008; Jeffery et al,
2007; Nitsche and Paulus, 2000, 2001; Nitsche
et al, 2007; Power et al, 2006), while the cathodal
effects appear to be similar (Ardolino et al, 2005;
Furubayashi et al, 2008; Nitsche and Paulus, 2000;
Nitsche et al, 2003¢, 2007; Power et al, 2006; Priori,
2003).

Study Limitations

Differences in stimulation intensity or duration
might be one explanation for the absence of an
anodal effect. It has been shown that larger current
densities result in stronger effects of tDCS (Iyer et al,
2005; Nitsche and Paulus, 2000). In the current
protocol, we used a current density of 0.08 mA/cm?
which is larger than what has been used in most
tDCS studies (~0.02mA/cm?). Only two other
studies have safely used stronger current intensities
(0.141 mA/cm?) but with shorter stimulation dura-
tion (Furubayashi et al, 2008; Kwon et al, 2008).
Using these higher intensities, Kwon et al were
unable to show a convincing effect of tDCS. Stimula-
tion intensity is thus not likely to caused the effects
observed in the present study. Lang et al (2005), as in
our study, showed that only cathodal tDCS had a
lasting effect on movement-related activity and
suggested that cathodal tDCS might be more effective
at interfering with motor execution than anodal
tDCS. With a longer tDCS stimulation protocol
(20 minutes; more than three times longer than our
current protocol), Jang et al (2009) have observed a
small increase in brain activation under the anode
after stimulation. Although the differences in stimu-
lation intensities and duration cannot be entirely
excluded as cause for the absence of an anodal effect,
the asymmetry of transcallosal inhibition between
dominant and nondominant hemisphere should be
considered (Netz et al, 1995). Inhibition from the
nondominant to the dominant side is weaker than in
the opposite direction. Since we applied cathodal
stimulation to the nondominant side, the reduction
in transcallosal inhibition might not have been
sufficient to yield an increase in MEP amplitudes
on the anodal side. This effect of hemispheric
dominance could only have been tested by inversing
stimulus polarity (anode on nondominant and
cathode on dominant side), which was not possible
in our PET study due to radiation dose limitations.
Previous studies testing the effect of cathode and
anode stimulation on the same dominant hemisphere
(Baudewig et al, 2001; Lang et al, 2005) have yielded
results similar to ours: cathodal stimulation had the
largest effect on modulating brain activity. The effect
of tDCS polarity, therefore, seems to outweigh
a potential effect of hemispheric dominance.
Another possible explanation for the absence of
an anodal effect might have been caused by tDCS
spillover effects during the PET study. Although
we did allow sufficient time to elapse between



consecutive trials (10 minutes), it cannot entirely be
ruled out that tDCS effects might have cumulated and
caused spillover effects (i.e., tDCS ON given before
tDCS sham condition). Such a potential effect,
however, could be regarded as minor because
our results did show a clear difference between
conditions (movement with tDCS versus tDCS alone)
and would not have been expected only with anodal
stimulation.

Finally, the bilateral electrode mount might have
been responsible for the asymmetric effect of anodal
and cathodal stimulation, because the direction of
polarization depends strictly on the orientation of
axons and dendrites in the induced electrical field
(Zaghi et al, 2010). Stronger left-right asymmetries in
the orientation of axons and dendrites within M1 in
some subjects might thus also have contributed to
the missing overall anodal effect at the group level.
Indeed, we did observe interindividual variations in
the response to stimulation across subjects. Some
subjects showed increased ArCBF under the anode
while others did not (an increase in Z-score between
0.43 and 3.01, and two subjects who did not change
(0.04) or decreased (—1.40)), thus rendering the
overall anodal effect nonsignificant.

Study Implications

The effects of tDCS on motor cortex excitability can
actually translate into improved movement perfor-
mance in healthy controls as well as in patients with
chronic stroke (Boggio et al, 2006, 2007; Hummel
and Cohen, 2005; Tanaka et al, 2009; Vines et al,
2006). In the current study, we show that it is the
interaction of tDCS with neuronal activity induced
by active movement, which may constitute the
physiological correlate of tDCS on rCBF modulation.
This finding may imply that future studies investi-
gating the effect of tDCS on motor stroke rehabilita-
tion should aim at combining tDCS stimulation with
task-specific training during the stimulation period,
rather than using tDCS after-effects. Our findings
may thus have implications for the potential thera-
peutic use of tDCS in other nonmotor diseases such
as chronic pain (Fregni et al, 2006a, b), depression
(Brunoni et al, 2011) and Parkinson’s disease
(Benninger et al, 2010) in so far as tDCS may be
especially effective when combined with behavioral
therapies targeting relevant cortical areas.

It has also been suggested that bilateral tDCS
stimulation might bear some advantage for stroke
rehabilitation over unilateral application, since the
anodal electrode placed over the affected hemisphere
would facilitate recruitment of the affected motor
cortex directly while the cathode placed over the
unaffected hemisphere would reduce transcallosal
inhibition to the affected hemisphere and facilitate
movement in the affected limb, indirectly (Fregni
and Pascual-Leone, 2007; Schlaug and Renga, 2008).
The results from our study do not directly support
this hypothesis because we only found cathodal
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stimulation to be effective in terms of MEP and rCBF
changes, thus favoring the reduction of transcallosal
inhibition as the stronger pathophysiological
principle (Traversa et al, 1998).

In conclusion, we showed that tDCS stimulation
can modulate rCBF change directly under the
cathode. These modulating effects of tDCS on rCBF
change are only measured when the stimulated
cortical region is recruited by voluntary movement.
Transcranial direct current stimulation thus seems
to have little to no effect on the resting state. The
interaction of tDCS with activation-induced rCBF
change thus may constitute the physiological
imaging correlate of tDCS.
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