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Abstract
Transcranial direct current stimulation (tDCS) can up- and down-regulate cortical excitability
depending on current direction, however our abilities to measure brain-tissue effects of the
stimulation and its after-effects have been limited so far. We used regional cerebral blood flow
(rCBF), a surrogate measure of brain activity, to examine regional brain-tissue and brain-network
effects during and after tDCS. We varied the polarity (anodal and cathodal) as well as the current
strength (0.8 to 2.0 mA) of the stimulation. Fourteen healthy subjects were randomized into
receiving either anodal or cathodal stimulation (two subjects received both, one week apart) while
undergoing Arterial Spin Labeling (ASL) in the MRI scanner with an alternating off-on sampling
paradigm. The stimulating, MRI-compatible electrode was placed over the right motor region and
the reference electrode over the contralateral supraorbital region. SPM5 was used to process and
extract the rCBF data using a 10mm spherical volume-of-interest (VOI) placed in the motor cortex
directly underneath the stimulating scalp electrode. Anodal stimulation induced a large increase
(17.1%) in rCBF during stimulation, which returned to baseline after the current was turned off,
but exhibited an increase in rCBF again in the post-stimulation period. Cathodal stimulation
induced a smaller increase (5.6%) during stimulation, a significant decrease compared to baseline
(−6.5%) after cessation, and a continued decrease in the post-stimulation period. These changes in
rCBF were all significant when compared to the pre-stimulation baseline or to a control region.
Furthermore, for anodal stimulation, there was a significant correlation between current strength
and the increase in rCBF in the on-period relative to the pre-stimulation baseline. The differential
rCBF after-effects of anodal (increase in resting state rCBF) and cathodal (decrease in resting state
rCBF) tDCS support findings of behavioral and cognitive after-effects after cathodal and anodal
tDCS. We also showed that tDCS not only modulates activity in the brain region directly
underlying the stimulating electrode but also in a network of brain regions that are functionally
related to the stimulated area. Our results indicate that ASL may be an excellent tool to investigate
the effects of tDCS and its stimulation parameters on brain activity.
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Introduction
Non-invasive, transcranial electrical brain stimulation, a technique developed many decades
ago (Bindman, Lippold et al. 1964), has recently re-emerged as a promising tool to non-
invasively modulate brain activity, to causally probe cortical representations of sensorimotor
and cognitive functions, and to facilitate treatment of various neurologic and psychiatric
disorders (Priori, Berardelli et al. 1998; Nitsche and Paulus 2000; Schlaug and Renga 2008).
Transcranial direct current stimulation (tDCS) modulates the excitability of a targeted brain
region non-invasively by altering neuronal membrane potentials (Bindman, Lippold et al.
1962; Purpura and McMurtry 1965). Bindman and colleagues (Bindman, Lippold et al.
1964) showed in animals that DC stimulation may increase, decrease, or even silence firing
of neurons in the primary motor region (M1). Nitsche and Paulus (Nitsche and Paulus 2000;
Nitsche, Liebetanz et al. 2002) showed that cathodal polarization of the motor cortex
reduced the size of the transcranial magnetic stimulation (TMS) induced motor evoked
potentials (MEP) in humans. In contrast, anodal stimulation increased the size of the MEP
(up to 150%), suggesting a differential effect of polarization on cortical excitability. The
duration of these electrophysiological effects outlasted the duration of the stimulation by up
to 90 minutes after sessions of 1 mA polarization lasting 9–13 minutes (Nitsche, Fricke et al.
2003) (Nitsche and Paulus 2000; Nitsche, Liebetanz et al. 2002) (Nitsche, Nitsche et al.
2003).

Cathodal tDCS has mainly been used to create temporary cortical dysfunctions (“virtual
lesions”) to causally probe cortical sensorimotor and cognitive functions affected by the
stimulation (Vines, Nair et al. 2006; Vines, Schnider et al. 2006). Following cathodal
stimulation, decreases in performance have been found in motor skills after stimulating the
motor cortex (Vines, Nair et al. 2006), and auditory-discrimination, short-term auditory
memory (Vines, Schnider et al. 2006; Mathys, Loui et al. 2010), and tactile perception after
somatosensory cortex stimulation (Rogalewski, Breitenstein et al. 2004). Similarly,
following anodal tDCS, improved performances have been observed in implicit motor
learning (Nitsche, Schauenburg et al. 2003), sensorimotor skills (Vines, Nair et al. 2006;
Vines, Cerruti et al. 2008; Vines, Nair et al. 2008; Reis, Schambra et al. 2009), visuomotor
coordination (Antal, Nitsche et al. 2004), visual, auditory, and motor memory functions
(Ragert, Vandermeeren et al. 2008; Sparing, Dafotakis et al. 2008; Elmer, Burkard et al.
2009; Galea and Celnik 2009; Chi, Fregni et al. 2010) and probabilistic classification
(Kincses, Antal et al. 2004). However, some studies have not found any enhancement effects
compared to sham stimulation when anodal tDCS was applied (Rogalewski, Breitenstein et
al. 2004; Mathys, Loui et al. 2010).

The prolonged effects of tDCS have been attributed to long-term potentiation (LTP) and
longterm depression (LTD) (Hattori, Moriwaki et al. 1990; Moriwaki 1991; Islam,
Aftabuddin et al. 1995). Dextromethorphan, an NMDA (N-methyl-D-aspartic acid)-receptor
antagonist, suppressed post-tDCS effects of both anodal and cathodal stimulation, strongly
suggesting the involvement of NMDA receptors in both types of DC-induced
neuroplasticity. In contrast, Carbamazepine, which stabilizes the inactivated state of sodium
channels, selectively eliminated anodal effects, suggesting that after-effects of anodal tDCS
require a depolarization of membrane potentials (Liebetanz, Nitsche et al. 2002). This study
(Liebetanz, Nitsche et al. 2002) provided pharmacological evidence that induction of the
after-effects of tDCS requires a combination of glutamatergic and membrane mechanisms,
similar to the induction of established types of short- or long-term neuroplasticity.

To date, there has only been indirect evidence for tDCS-induced modulation of cortical
excitability, through TMS-induced MEPs, behavioral effects, pharmacological effects, and
theoretical modeling data. In using more direct measures of the brain activity, one might be
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able to better examine quantitative brain-tissue effects during the stimulation, effects due to
changes in tDCS parameters, and to test the focality of tDCS or to determine whether focally
applied tDCS also leads to changes in an interconnected network of brain regions.

Neuroimaging techniques have the advantage of measuring correlates of neuronal activity
not only under or in close proximity to the externally applied electrode, but also in remote
brain regions before, during and after stimulation. Some studies have looked at blood flow
changes with respect to TMS (Baudewig, Siebner et al. 2001) and our tDCS study can be
related to these TMS studies. Using tDCS in conjunction with positron emission tomography
(PET), Lang and colleagues (Lang, Siebner et al. 2005) found increased rCBF effects during
a motor task after tDCS stimulation. However, they only measured the post-stimulation
rCBF differences after real and sham stimulation and did not examine changes in rCBF
going from off to on to off conditions.

Thus far, there has only been one study (Kwon, Ko et al. 2008) that showed brain activity
changes in the stimulated region concurrently with tDCS. These authors applied anodal
tDCS over the hand region of the precentral gyrus while using blood oxygen level dependent
(BOLD) imaging and showed brain activity changes in M1, supplementary motor area
(SMA) and the contralateral parietal region. However, signal changes were only seen in the
fourth session of stimulation (after 63 seconds of tDCS) and no further data after the fourth
session was presented. A recent study also used BOLD imaging in conjunction with tDCS
on the primary motor cortex, but they failed to observe changes in the targeted region after
anodal and cathodal stimulation of the left precentral gyrus with 1 mA (Antal, Polania et al.
2011). The stimulation was applied in a 20s ON-OFF paradigm with 8 repetitions. The short
stimulation sessions and the low dynamic range of BOLD signal changes might have been
responsible for this negative study. Effects of electrodes and possibly the tDCS currents
themselves on the T2* signal from BOLD scans may also have contributed to the reduced
sensitivity of these BOLD studies. A different approach is the use of Magnetic Resonance
Spectroscopy (MRS) to examine tDCS effects on neuronal and transmitter-receptor markers.
A recent study showed that anodal stimulation lead to locally reduced GABA (gamma
Aminobutyric acid) while cathodal stimulation resulted in a decrease in glutamatergic
neuronal activity (Stagg, Best et al. 2009).

A relatively new imaging technique, arterial spin labeling (ASL), which uses magnetically
labeled arterial blood water as an endogenous tracer (Detre, Leigh et al. 1992; Williams,
Detre et al. 1992; Alsop and Detre 1998) offers the possibility to determine baseline
perfusion values and to measure regional cerebral blood flow (rCBF) quantitatively in order
to assess the immediate and after-effects of tDCS. The excellent temporal stability of ASL
experiments (Aguirre, Detre et al. 2002) is particularly useful for examining tDCS effects as
compared to BOLD imaging, since tDCS is usually applied for several minutes in order to
modulate behavior and cognition (Nitsche and Paulus 2000; Nitsche, Liebetanz et al. 2002).
A recent TMS study has used ASL to assess rCBF changes of high and low frequency
stimulation (Moisa, Pohmann et al. 2009) and found robust rCBF increases in motor and
premotor areas due to stimulation. However, ASL has not been used to assess effects of
tDCS.

Given the lack of studies looking at direct brain-tissue effects during and after tDCS, our
aims were four-fold. First, we aimed to show that tDCS’s regional effects on the brain will
lead to rCBF changes and that these effects can be replicated by turning the current on and
off. Second, we aimed to examine a possible differential effects of current polarity (anodal
versus cathodal) and current strength on rCBF. Third, we wanted to examine how the
documented behavioral effects after cessation of tDCS, which may be more directly related
to NMDA receptor activities, would be reflected in post-stimulation rCBF changes. Finally,
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we intended to take advantage of the whole-brain ASL data to also examine possible effects
of tDCS on regions of the brain that were remote from the stimulation site.

Methods and Materials
Subjects

Fourteen healthy, young adults participated in this study (mean age 25.7; SD 5.7; 9 males).
Six of the subjects underwent only anodal stimulation and six underwent only cathodal
stimulation. Two of the subjects underwent both conditions, separated by at least a week
between the sessions, amounting to a total of eight anodal and eight cathodal sessions. The
mean ages for the anodal and cathodal groups were 26.3 (SD 6.9) and 24.3 (SD 4.3) years
old, respectively. All participants were right handed, as determined by the Edinburgh
Handedness Inventory (Oldfield 1971) with laterality quotients ranging from 80–100. All
subjects gave their written informed consent following protocol approved by the Committee
on Clinical Investigations at our institution.

TDCS setup
The tDCS was delivered by a battery-driven constant-current stimulator (Iomed Phoresor II
Auto Model PM850) through a pair of MRI-compatible Ag/AgCl electrodes (Brain Vision
LLC, Richardson, TX), which were placed inside saline-soaked circular foam pads with a
surface area of 20cm2. The electrodes were modified by adding 16.5 kΩ resistance, in the
form of a 15kΩ electrode head and five equidistantly distributed 330Ω resistors in the wires,
to help dampen any potential resonant coupling between the radiofrequency transmission of
the MRI scanner and the wires (Angelone, Vasios et al. 2006). Such coupling is a potential
source of RF heating near the wires that could potentially cause burns to the subject. Lead
wires were kept more than 2 cm from the subject with pads and towels to provide further
insurance against burns. Subjects were also instructed of the potential for heating and asked
to signal immediately if any heating was perceived near the electrodes or wires. The subjects
were given anodal and cathodal tDCS. The average current dosages for anodal (1.4 mA; SD
0.26; range 1.0–1.7) and cathodal (1.4 mA; SD 0.38; range 0.8–2.0) stimulations were the
same.

The same unihemispheric montage was used for both anodal and cathodal stimulations, but
the polarity was switched to expose the underlying brain region to either anodal or cathodal
stimulation. We placed the stimulating electrode over the C4 (using the 10–20 EEG system)
and the reference electrode over the left supra-orbital region. For details on electrode
location and/or stimulation set-up see Okamoto et al (Okamoto, Dan et al. 2004) and our
previous publication (Schlaug and Renga 2008).

MR Image Acquisition and Analysis
After the electrodes were positioned and held securely by elastic bandages, subjects were
positioned in a 3-Tesla General Electric MR scanner and images were acquired using body
coil transmission and a standard 8-channel radiofrequency receive only head coil. Head
motion was minimized by using foam padding and forehead restraining straps. The battery-
operated direct current stimulator was positioned in the MRI room approximately 2 meters
away from the center of the MR scanner. Cables of approximately 3 meters connected the
stimulator to the subject’s scalp via the MRI compatible electrodes.

A scout image was first acquired to grossly assess the head positioning in the scanner,
followed by a high-resolution strongly T1-weighted Magnetization Prepared Rapid
Acquisition Gradient Echo (MPRAGE) sequence (voxel size 0.93×0.93×1.5mm). This was
then followed by a series of ASL acquisitions during the tDCS on and off phases. Subjects
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kept their eyes closed during all the ASL acquisitions. ASL images were acquired with
background suppression, pulsed continuous labeling, a post-labeling delay of 1.5s and a
stack of interleaved spirals fast spin echo acquisitions. Eight spiral interleaves and a 24 cm
axial FOV provided 3.7mm in place resolution. The nominal slice thickness was 4 mm but
the long echo train acquisition slightly blurs resolution in the slice direction. Each ASL scan
required approximately 3.5 minutes and the acquisition of a reference image for rCBF
quantification added an additional minute to the acquisition (Dai, Garcia et al. 2008). Two
ASL acquisitions were performed during the tDCS ON periods while two ASL images were
acquired during the OFF periods. A total of three ON periods were conducted on each
subject, beginning with an OFF period to serve as baseline, to examine the reproducibility of
tDCS effect. Three ASL images were acquired during the initial OFF period or baseline
phase lasting approximately ten minutes. The other periods lasted about seven minutes each
for a total experimental duration of approximately 50 minutes (see Figure 1).

Using software routines implemented in SPM5, ASL difference images were corrected for
movement, spatially normalized with the PET (for ASL) and T1 (for anatomical) templates,
and smoothed with an isotropic Gaussian kernel (8mm full-width at half-maximum). Subject
and condition effects were estimated using a general linear model. Global differences in
scan intensity were removed by scaling each scan in proportion to its global intensity, and
low-frequency drifts were removed using the default temporal high-pass filter. A flexible
factorial model was used for the analysis of the ASL data. The off and on phases were
modeled as separate conditions.

We did two separate analyses using our GLM. The first analysis used ON vs OFF and its
reverse contrast for both anodal and cathodal cases to look at global differences between the
ON and OFF conditions. A threshold of p<0.001 (T>4.785) was used (uncorrected at the
group level). The second analysis used a volume of interest (VOI) placed in the brain region
directly underneath the scalp electrode (MRI-compatible markers were used to visualize the
electrode position in T1-weighted images) to extract the time course of the rCBF changes
across the ON and OFF conditions. The subject-specific normalized anatomical image was
used to guide VOI placement. This region was placed to cover the gray matter and
underlying white matter of the targeted precentral gyrus, which contains mainly primary
motor but also posterior premotor cortex (see Figure 2). The contrasts were then thresholded
with a p-value of one, such that none of the voxel activations were suppressed, and the first
eigenvariate was extracted from the VOI for each subject. SPM’s first eigenvariate is its
estimated weighted mean of the VOI, in this case the time course of rCBF (Friston,
Rotshtein et al. 2006). A 10mm spherical VOI was also placed in the left temporo-occipital
region (approximately [x=−57, y=−59, z=9] in MNI space) as a control region to ensure that
any rCBF changes found in the motor region VOI were not global changes. The extracted
time courses of all the ON and OFF periods were then normalized to their means. The
multiple ON and OFF periods were used to document the reproducibility and reliability of
the signal changes (see Figures 3 and 4). In addition, the eigenvariates were used as vectors
for a multiple regression model to detect all regions of the brain that would show similar
changes in rCBF. This was done for each individual subject and the corresponding contrast
images were then taken to a second level design, where t-tests were done to reveal a network
of brain regions that showed a similar time course of rCBF changes to the right precentral
gyrus VOI.

We only used the first OFF-ON-OFF sequence for quantitative analysis of tDCS induced
rCBF effects (see Figure 5) in order to avoid any residual effects of the first stimulation on
the subsequent tDCS stimulation phases (see also (Fricke, Seeber et al. 2011) for a
discussion on homeostatic effects). The baseline was taken as the average of all the pre-
stimulation time points excluding the first one to minimize magnetization equilibrium and
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stress effects of the subject. The maximum value is used for the ON phase to capture the
peak rCBF change of the stimulation. The post-stimulation OFF phase had two imaging time
points before stimulation was started again (see Figure 1) and thus were split into two time
points (first OFF and second OFF) to detect possible trends in rCBF in the post-stimulation
period. The relative changes in rCBF were calculated between the time points and compared
between anodal and cathodal stimulation as well as with our control region.

In addition to looking at the blood flow changes of the first peak, we also examined the
effects of current strength on rCBF changes extracted from our VOI in the precentral gyrus.
We applied linear correlations to look at rCBF changes between each time point of interest
(baseline, ON, first OFF, and second OFF) with the different current strengths applied.

Results
1. Safety and assessment of image distortion

Our results showed that transcranial direct current stimulation can be safely administered in
the MR environment. None of our subjects reported any adverse effects and we were able to
obtain brain signal changes that correlated with the alternating OFF and ON periods of the
direct current stimulation (see Figures 3 and 4). The brain images did not show any
distortion, signal loss, or signs of elevated flip angles near the electrodes.

2. Regional CBF changes comparing on- and off-periods, anodal and cathodal stimulation
Anodal stimulation led to a large increase in rCBF in the brain tissue underlying the
stimulating electrode (mean of +17.1%; SD 1.4). This response was reliable and
reproducible both within and between subjects (see Figures 3 and 4 for typical anodal and
cathodal responses). Upon termination of the tDCS stimulus (after about 8 min), the rCBF
returned to slightly below the pre-stimulus level (−18.3% compared to the peak rCBF; SD
3.4) with a slight increase in the OFF period (+3.5%; SD 2.4) from the first OFF time point
to the second OFF time point (see first OFF-ON-OFF average rCBF changes in Figure 5).
These changes in rCBF were all significant (p<0.05) when compared to the rCBF changes in
our control region. The changes in the control region were +5.7% (SD 3.8) for the OFF-ON
transition and −5.4% (SD 6.8) for the ON-OFF transition and −1.7% (SD 7.5) for the
percentage difference between first OFF and second OFF time points. The magnitudes of
change from OFF to ON and ON to OFF for the anodal condition did not differ significantly.

Cathodal stimulation led to a modest increase in rCBF (mean of +5.6%; SD 2.0) when the
stimulation was turned on and a more than two-fold decrease in rCBF from the peak of the
ON period (−12.1%; SD 7.4) when the stimulation was turned off. In contrast to the anodal
condition, there was a significant difference between the magnitudes of change from OFF to
ON and ON to OFF for the cathodal condition (p<0.05). There was also a further decrease in
rCBF between the first OFF and second OFF time points (−1.9%; SD 1.8). These changes in
rCBF were significant at all three phases (p<0.05) when compared to the rCBF changes in
our control region. The changes in the control region were −3.9% (SD 10.4) for the OFF-
ON transition and −3.4% (SD 9.5) for the ON-OFF transition and +4.3% (SD 4.9) for the
percentage difference between the two imaging timepoints in the OFF period.

Comparing the changes between the anodal and cathodal conditions, we found significant
differences in the relative rCBF increases (p<0.001) when the stimulation was turned on,
when the stimulation was switched off (p<0.05), and between the first OFF and second OFF
time points (p<0.001).
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3. Regional CBF changes and their relation to current strength
For anodal cases (see Figure 6), there was a significant correlation (r=0.77; p<0.05) for
larger increases with higher currents when the stimulation was turned on. For cathodal cases
(see Figure 7), there was an inverse relationship (not significant) for smaller increases with
higher currents (r=−0.55; p=0.16). Furthermore, there was a positive trend (r=0.65; p=0.08)
for the change in rCBF between the first and second timepoint in the OFF phase for the
anodal condition and a negative trend (r=−0.64; p=0.09) for the cathodal condition. No
particular trends were found for the decreases in rCBF upon cessation of stimulation in
relation to current applied.

4. Local and remote rCBF changes
Using the time course extracted from the VOI in a regression analysis across the entire brain
space, we found a network of brain areas that showed similar rCBF changes to the targeted
brain region (p<0.001). This network of brain regions included the targeted stimulation site
(right precentral gyrus), ipsilateral inferior motor and premotor regions, but also somewhat
less strong contralateral motor and premotor regions (see Figure 8). It is interesting to note
that the ipsilateral regions are similar to the clusters we found in the direct voxel-by-voxel
ON vs OFF contrast for the anodal condition (see Figure 9). The voxel-by-voxel ON vs OFF
contrast for the cathodal condition did not yield any significant voxels at the p<0.001
threshold. The reverse contrasts of OFF vs ON for both anodal and cathodal conditions did
not yield any significant voxels at the p<0.001 threshold.

Discussion
Our results show that non-invasive brain stimulation with tDCS and simultaneous
noninvasive blood flow imaging in the MRI environment is technically feasible and safe.
TDCS can modulate rCBF quickly and reproducibly. Both modes of stimulation led to an
increase in rCBF during the stimulation phase, although the magnitude of change was about
three times higher for anodal stimulation than for cathodal stimulation. One can speculate
that the difference in blood flow increases during the stimulation phase between anodal and
cathodal stimulation may be due to the smaller number of inhibitory synapses (although
some would argue higher efficiency) as compared to excitatory synapses; this might account
for the smaller increases in blood flow during the cathodal stimulation (Koos and Tepper
1999; Megias, Emri et al. 2001). Thus, activation of both excitatory and inhibitory networks
leads to an increase in rCBF, but due to fewer synapses, and hence reduced demand for
energy, activation of an inhibitory network might lead to a smaller local increase in rCBF.
Alternatively, the difference may be due to modulations in glutamatergic activity, which is
sufficient to induce LTD (Stagg, Best et al. 2009) or a direct effect of tDCS on blood vessels
(Durand, Fromy et al. 2002).

The magnitudes of change in rCBF for the anodal and cathodal stimulations were
comparable to the range of changes seen in TMS studies using either PET or ASL (Moisa,
Pohmann et al. 2009). The 17.1% increase during anodal stimulation is comparable with
local blood flow increases seen in suprathreshold high frequency (10Hz) TMS for the motor
cortex. Similarly, the much lower increases in rCBF with cathodal stimulation is comparable
to blood flow increases seen with low frequency (<2 Hz) TMS (Fox, Ingham et al. 1997;
Chouinard, Van Der Werf et al. 2003; Fox, Narayana et al. 2006; Moisa, Pohmann et al.
2009). Subthreshold rTMS, where the stimulation does not elicit muscle twitches in the
contralateral hand, showed mixed results, with some studies finding no significant rCBF
changes (Bestmann, Baudewig et al. 2004) and others finding a small increase in the range
of 5 to 10 percent (Fox, Narayana et al. 2006). Higher frequency repetitive TMS is generally
considered to cause an increase in excitability (like anodal stimulation) while lower
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frequency or subthreshold TMS is thought to increase local inhibition (similar to cathodal
stimulation).

An interesting observation was made during the tDCS OFF period in our data. For anodal
stimulation, rCBF increased in the second OFF period, possibly reflecting an increase in
excitability that outlasted the anodal stimulation period. Contrary to that, after the cathodal
stimulation, there was a continued decrease in rCBF, possibly reflecting a decrease in
excitability or a persistent local inhibition that outlasted the cathodal stimulation period.
This suggests that rCBF may also be a surrogate marker of the after-effects of tDCS that
have been shown in behavioral and neurophysiological experiments to persist for up to 90
minutes after sessions of 1 mA polarization lasting 9–13 minutes (Nitsche 2002; Nitsche,
Fricke et al. 2003) (Nitsche, Nitsche et al. 2003).

We found a linear increase in rCBF with increasing anodal current strength. This is similar
to the results of a recent TMS-CASL study (Moisa, Pohmann et al. 2009), but is different
from a study by Paus and colleagues (Paus, Jech et al. 1998) in which a negative correlation
between rCBF and pulse trains (10 Hz rTMS spaced at 2s intervals) applied to M1 was
observed. The discrepancy in these two TMS studies might have been due to using supra-
versus sub-motor threshold stimulation. However, the variation in rCBF as a function of
current strength is small within the tested range of 1.0–1.7 mA when compared to the much
larger rCBF changes observed when the polarity of stimulation was reversed, highlighting
the importance of current polarity over current dosage.

Functionally related regions on both hemispheres showed rCBF changes that mirrored the
time course of rCBF changes in the region directly under the electrode. This network of
brain regions showed some similarity to a network of activated motor-related regions also
described in TMS studies (Fox, Ingham et al. 1997; Paus, Jech et al. 1998; Brandt, Brocke et
al. 2001; Bestmann, Baudewig et al. 2003; Chouinard, Van Der Werf et al. 2003; Bestmann,
Baudewig et al. 2004; Fox, Narayana et al. 2006). Importantly, we observed a positive
correlation between the stimulated (right) and the contralateral (left) motor area, which has
not been seen in any TMS-PET study, elucidating possible coupling of neuroactivity
between the motor regions, although in general motor regions on the stimulated hemisphere
were more strongly activated than motor regions on the contralateral hemisphere.

Our study does have a number of limitations. For example, by only looking at blood flow
changes which are indirect markers of neuronal activity, we aimed to further elucidate the
mechanisms how tDCS affects the brain, but we cannot directly determine what really
happens at the neuronal or synaptic level. A second limitation is that we cannot separate the
correlation of distal brain regions with the stimulated motor cortex as a stimulated effect
from merely an effect of functional connectivity. In order to rule this out, it would have been
ideal to do functional connectivity analyses on resting-state data, but we did not acquire
these kinds of data. Furthermore, it is important to emphasize the potential for safety and
technical problems with wires and electrodes within the MRI scanner. These safety issues
and design considerations are very similar to those for electroencephalography (EEG) within
the MRI. Undesired coupling of the wires to the transmit coil could produce currents capable
of burning the subject and distorting flip angles and receive sensitivity near the wire. In
general, these safety concerns cause potential problems for MRI based functional measures
in the study of tDCS and other electrical therapies, but solutions and approaches to MRI in
the presence of wires and electrodes suggest MRI may remain a valuable tool for
characterizing electrical therapies.

In summary, we showed that tDCS can be safely administered in the MR environment and
the induced rCBF changes in the stimulated region are reproducible. We found that tDCS
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modulates rCBF differentially depending on the polarity and, to a lesser degree, the strength
of the stimulation. Furthermore, differential rCBF after-effects of anodal (increase in resting
state rCBF) and cathodal (decrease in resting state rCBF) tDCS support findings of
behavioral and cognitive after-effects after cathodal and anodal tDCS (Vines, Nair et al.
2006; Vines, Schnider et al. 2006; Vines, Nair et al. 2008). We also showed that tDCS not
only modulates activity in a network directly under the stimulating electrode but also in a
network of brain regions that are functionally related to the stimulated area. Our results
demonstrated the efficacy of using ASL to examine and explore differential effects of tDCS
and its stimulation parameters.

Research Highlights
TDCS can be applied safely in the MR environment and rCBF changes are reproducible.

TDCS modulates rCBF differentially depending on polarity.

Differential rCBF effects outlast anodal and cathodal stimulation.

TDCS leads to regional and remote CBF changes in a network of brain regions.
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Figure 1. Experimental Design
Interleaved tDCS-off and tDCS-on design while acquiring ASL images, where two ASL
images were acquired at each on phase and two ASL images were acquired at each off
phase, beginning with a baseline consisting of three ASL acquisitions.
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Figure 2. VOI Placement
Positioning of VOI underneath the stimulating electrode (visualized by using an MRI
compatible marker) in a subject’s spatially normalized brain. One can clearly see in the three
orthogonal projections how well the electrode position of C4 corresponded to the precentral
gyrus position
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Figure 3. Anodal rCBF changes
Changes in rCBF over time in a typical subject fitted with the anodal montage, showing
immediate, reproducible, and significant increases in rCBF during stimulation in our VOIs,
with subsequent decreases to pre-stimulus levels and a tendency to rise back up again. The
on-phases are between the green dotted lines.
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Figure 4. Cathodal rCBF changes
Changes in rCBF over time in a typical subject fitted with the cathodal montage, showing
reproducible but modest (compared to anodal stimulation – see Figure 3) increases in rCBF
during stimulation with subsequent decreases to below pre-stimulus levels and a tendency
for continued decrease in rCBF. The ON phases are clearly marked.
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Figure 5. Average rCBF changes during and after the anodal and cathodal stimulation
Average changes in rCBF (normalized to zero) for the first OFF-ON-OFF of anodal and
cathodal stimulation across all subjects. The description 1st off and 2nd OFF refers to the two
acquisitions after the end of the stimulation and reflects the trend in rCBF after the
stimulation has been turned off.
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Figure 6. Correlating rCBF changes with current strength (anodal condition)
Correlating current strength with rCBF changes in the ON, first OFF, and second OFF time
point for anodal montages.
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Figure 7. Correlating rCBF changes with current strength (cathodal condition)
Correlating current strength with CBF changes in the ON, first OFF, and second OFF time
point for cathodal montages.
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Figure 8. CBF changes in a network of brain regions for the anodal condition
Averaged distribution of CBF response across the entire brain space correlated with the
timecourse obtained from the VOI under the electrode for the anodal condition. Significant
correlations (p<0.001, uncorrected at the group level) were overlaid onto a single spatially
standardized brain.
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Figure 9. Voxel-wise whole brain analysis of ON vs OFF for the anodal condition
Significant voxels (p<0.001, uncorrected at the group level) were overlaid onto a single
spatially standardized brain. Besides the strong activation of the precentral gyrus, there were
also very small clusters of voxels in the premotor, and parietal cortex on the ipsilateral
hemisphere.
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