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Abstract Despite several pieces of evidence, which sug-
gest that the human brain employs internal models for
motor control and learning, the location of these models in
the brain is not yet clear. In this study, we used transcranial
direct current stimulation (tDCS) to manipulate right cer-
ebellar function, while subjects adapt to a visuomotor task.
We investigated the effect of this manipulation on the inter-
nal forward and inverse models by measuring two kinds
of behavior: generalization of training in one direction to
neighboring directions (as a proxy for inverse models) and
localization of the hand position after movement without
visual feedback (as a proxy for forward model). The exper-
imental results showed no effect of cerebellar tDCS on
generalization, but significant effect on localization. These
observations support the idea that the cerebellum is a possi-
ble brain region for internal forward, but not inverse model
formation. We also used a realistic human head model to
calculate current density distribution in the brain. The result
of this model confirmed the passage of current through the
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cerebellum. Moreover, to further explain some observed
experimental results, we modeled the visuomotor adapta-
tion process with the help of a biologically inspired method
known as population coding. The effect of tDCS was also
incorporated in the model. The results of this modeling
study closely match our experimental data and provide fur-
ther evidence in line with the idea that tDCS manipulates
FM’s function in the cerebellum.
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Introduction

It is believed that the CNS uses some kind of internal mod-
els for motor learning, planning and execution (Flanagan
and Wing 1997; Kawato 1999; Wolpert and Kawato 1998;
Wolpert et al. 1998). In general, internal models can be
categorized into two main groups: forward models (FMs)
and inverse models (IMs). FMs try to model the input—out-
put function of body segments involved in the movements,
and therefore they can be used as predictors (Flanagan
et al. 2003; Flanagan and Wing 1997; Jordan and Rumel-
hart 1992; Shadmehr et al. 2010; Wolpert et al. 1995).
On the other hand, inverse models mimic the inverse of
these transfer functions, and they can be used as control-
lers (Katayama and Kawato 1993; Kawato 1999; Kawato
and Gomi 1992b; Sabes 2000; Shidara et al. 1993; Wolpert
et al. 1998). Model-based theories of human motor con-
trol take root in control theory (Miall et al. 1993; Towhid-
khah et al. 1997). In recent years, scientists have tried to
find physiological evidence and anatomical basis for these
theories (Blakemore et al. 2001; Cerminara et al. 2009;
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Gomi and Kawato 1992; Higuchi et al. 2007; Imamizu
et al. 2000, 2003; Kawato and Gomi 1992b; Kawato et al.
2003; Lisberger 2009). Several studies point to the cere-
bellum as the candidate region for the formation and stor-
age of internal models (Cullen et al. 2011; Kawato 1999;
Kawato et al. 1987; Kawato and Gomi 1992a; Lisberger
2009; Miall et al. 2007; Miall et al. 1993; Nowak et al.
2007; Pasalar et al. 2006; Wolpert et al. 1995; Wolpert
and Kawato 1998). However, primary motor cortex is also
considered as a candidate region for the formation of inter-
nal inverse models (Li et al. 2001; Richardson et al. 2006;
Shadmehr 2004; Shadmehr and Krakauer 2008; Yavari
et al. 2013).

In order to investigate the possible formation/adapta-
tion of FM and/or IM in the cerebellum, we applied tDCS
over subjects’ right cerebellum to manipulate its function,
while subjects learn a new visuomotor task. To the best of
our knowledge, there are only two behavioral studies that
investigated the formation of internal models in the brain
(Izawa et al. 2012; Miall et al. 2007). Miall et al. (2007)
used transcranial magnetic stimulation (TMS) to disrupt
cerebellar function, while subjects reached toward a vis-
ual target. They found that cerebellum disruption resulted
in movements that were based on out-of-date estimations
of hand position (Miall et al. 2007). This shows cerebel-
lum’s role in state estimation, one of the characteristics of
the FM. In another study, Izawa et al. (2012) designed an
experiment to examine whether the cerebellum can be seen
as FM, IM or both. They compared performance of healthy
subjects and cerebellar patients and concluded that the cer-
ebellum has a critical role in formation of FMs but not IMs.

The research protocol in the current study is a modified
version of the one presented by Izawa et al. (2012). We
used tDCS to manipulate cerebellum function, while sub-
jects adapted to a visuomotor task. There were three groups
of subjects who received anodal (facilitatory), cathodal
(inhibitory) and sham stimulation. We investigated the
effect of tDCS on FM and IM formation. IM can act as a
controller and produces the necessary motor commands
for movement. If motor learning results in formation/
modification of IM, then we should expect that generali-
zation from trained to untrained workspace should follow
the IM commands. In our experiment, subjects learned a
new visuomotor transformation while reaching to a single
target. Then, they were asked to reach to new sets of tar-
gets without visual feedback to estimate the motor gener-
alization. If cerebellum has a role in IMs formation, then
one expects to observe differences in the subjects’ perfor-
mance under different tDCS electrode montages; i.e., it is
expected to observe some differences in the way in which
they alter their motor commands in the presence of pertur-
bation and also the way in which they generalize this learn-
ing to the other directions. This helped us to investigate
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and compare IM formation in our three experimental
groups. On the other hand, if the brain forms a FM to pre-
dict the sensory consequences of motor commands, then
we expect that the FM changes one’s perception of hand
position after learning a new visuomotor transformation.
We developed a new method to measure a subject’s percep-
tion of his hand’s position in space. Subjects were asked to
report their unseen hand’s position after a shooting move-
ment. These measures were obtained in different places in
the workspace and were used to study and compare FMs
in different groups. In summary, if internal inverse/forward
models were formed in the cerebellum, it is expected that
tDCS application changes the observed generalization/esti-
mation pattern and produces significant difference between
these three experimental groups. Our experimental results
showed that tDCS changes subject’s position estimation
and does not change generalization pattern. Therefore,
our findings are in agreement with FM formation in the
cerebellum.

We used a realistic human head model to simulate elec-
trical field and current density distribution over the stimu-
lated area of the brain. These modeling results showed that
the applied current would pass through the cerebellum.

Inspired by previous biological and experimental obser-
vations (Bindman et al. 1962; Gartside 1968; Purpura and
McMurtry 1965), the process of visuomotor adaptation in
the presence of tDCS was also modeled with a computa-
tional framework known as population coding. Our experi-
mental and simulation results show that the cerebellum can
be seen as a candidate region for internal forward (and not
inverse) model.

Materials and methods
Subjects

Twenty-nine volunteers participated in this study (mean
age 24 £ 5 years; 12 men). All the subjects were right-
handed and healthy, with no history of neurological or psy-
chiatric illness. They all had normal or corrected-to-normal
vision and were naive to the experimental manipulations.
All subjects signed a consent form approved by Amirkabir
University of Technology Ethics Committee and were com-
pensated for their time.

Subjects were randomly assigned to one of the three
experimental groups in which they received either cer-
ebellar anodal, cathodal or sham stimulation (10, 10 and
9 subjects, respectively). They were blind to the type of
stimulation.

We performed a neurological assessment test before
and after the experimental manipulation, which involves
paper-and-pencil tests of motor graphic (Archimed spiral,
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horizontal lines and broken lines test) (Ferrucci et al. 2008,
2012, 2013). We used visual analog scale (VAS) before and
after tDCS to assess subjects’ attention, mental and physi-
cal fatigue, and perceived pain as a result of tDCS in which
0 and 100 represented minimum and maximum levels of
attention, fatigue or pain, respectively (Galea et al. 2009,
2011). At the end of each session, participants completed
an ad hoc questionnaire to test for possible adverse effects
(including headache, dizziness and nausea).

Transcranial cerebellar direct current stimulation
(tcDCS)

tcDCS studies have focused on two aspects of the cerebel-
lum’s role: (1) nonmotor cerebellar functions: for example,
working memory (WM) (Boehringer et al. 2013; Ferrucci
et al. 2008), processing facial emotions (Ferrucci et al.
2012) and cognitive tasks (Pope and Miall 2012); and (2)
motor cerebellar functions (Block and Celnik 2013; Fer-
rucci et al. 2013; Galea et al. 2011; Jayaram et al. 2012;
Morton and Bastian 2006; Sadnicka et al. 2013; Shah et al.
2013).

In this study, we aimed to modulate cerebellar func-
tion during a visuomotor adaptation task to investigate its
involvement in the internal model formation. Stimulation
parameters were chosen based on several previous stud-
ies as follows: (1) electrodes: regular rectangular sponge
electrodes with dimensions 5 x 5 cm? soaked in saline
(Boehringer et al. 2013; Galea et al. 2009, 2011; Jayaram
et al. 2012; Pope and Miall 2012); (2) current amplitude:
2 mA (Boehringer et al. 2013; Ferrucci et al. 2008, 2012,
2013; Galea et al. 2009, 2011; Jayaram et al. 2012; Pope
and Miall 2012); (3) stimulation duration: 15 min (Fer-
rucci et al. 2008; Galea et al. 2011; Jayaram et al. 2012;
Shah et al. 2013); (4) stimulation type: anodal, cathodal
and sham (Ferrucci et al. 2008, 2012; Galea et al. 2009;
Jayaram et al. 2012; Pope and Miall 2012; Shah et al.
2013); (5) active electrode: over right cerebellum 3 cm
lateral to the inion (Galea et al. 2009, 2011; Jayaram et al.
2012; Shah et al. 2013); and (6) passive electrode: over
the right buccinator muscle (Boehringer et al. 2013; Galea
et al. 2009, 2011; Jayaram et al. 2012; Shah et al. 2013).

A modeling study by Ferrucci et al. (2013) found that
extra-cephalic reference electrodes produce maximum
stimulation effect in the posterior cerebellar cortex. How-
ever, cell recording in animal studies (Cerminara et al.
2009; Laurens et al. 2013; Liu et al. 2003) and also imaging
studies (Blakemore et al. 2001; Higuchi et al. 2007; Imam-
izu and Kawato 2012; Imamizu et al. 2000, 2003; Kawato
et al. 2003; Milner et al. 2007) suggested that lateral and
anterior cerebellum are the probable sites of formation or
storage of internal models (e.g., see Fig. 3 in Imamizu et al.
2003). Since we studied the effect of cerebellar stimulation

on internal models, the passive electrode was placed over
the buccinator instead of deltoid muscle. We expected that
with this montage, current would pass through the lat-
eral and anterior parts of the cerebellum. Our simulation
of electrical field and current density distribution using a
realistic human head model showed that these regions are
affected. Moreover, this montage does not lead to stimu-
lation of brainstem or occipital cortex (Galea et al. 2009,
2011).

At the beginning of each tDCS stimulation, electrical
current was introduced in a ramp-and hold manner simi-
lar to previous studies (Hummel et al. 2005; Nitsche et al.
2003a, b). Current density was 0.08 mA/cm? which is safe
and far below the threshold for tissue damage (Boggio et al.
2006; Iyer et al. 2005; Liebetanz et al. 2009). After stimula-
tion start, subjects felt a transient and mild itching sensa-
tion under electrodes, which is normal. For sham stimula-
tion, current was applied only for 30 s to produce the initial
sensation and turned off afterward.

Experimental procedure and protocol

The experimental setup was almost identical to the one
used in some previous studies (Gentili et al. 2013; Saidi
et al. 2012). Subjects sat in a chair in front of a horizontal
LCD monitor in which the visual information was provided
to the subject. They performed shooting hand movements
(Block and Celnik 2013; Galea et al. 2011; Izawa et al.
2012) while holding a digitizing tablet’s (9 x 12 Inches,
Intuos3) pen with their right hand. Direct view of subjects’
right hand was occluded by the table. There was a one-to-
one mapping between movements on the tablet screen and
the visual feedback on the monitor. Start and target’s posi-
tions were displayed as black circles with 5 mm diameter.
Subject hand movement was also projected in the monitor.

Our experiment consisted of three phases: preadaptation,
adaptation and post-adaptation. Figure 1a shows number of
blocks and trials in each phase. An eye schematic in Fig. la
shows the presence of visual feedback in that block. In the
experimental blocks without visual feedback, the cursor
disappeared from the display as soon as the subject’s hand
moved out of the start position. Each block’s description is
explained bellow.

Familiarization

In this block, after the first touch of pen with the tablet, a
cursor appeared on the monitor and subjects were asked
to move the cursor to the start position. When subjects
reached the start point, then target appears 10 cm from
the start point and in 45° angle. A countdown next to the
start point gives the subject the go cue, and at the same
time, target color changes to red. Subjects were asked to
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Fig. 1 a Time course and dif-
ferent blocks of the experiment.
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four consecutive steps: / Start
position was displayed on the
monitor; 2 subject should move
his/her hand to the start point
after which a 5-mm-length line
was shown next to the start

position; 3 subjects are asked
to execute a shooting move-
ment in that specific direction.

(b)

Afterward, they were asked to
move their hand to the bottom
right corner of the tablet screen.
4 A graded arc was displayed,
and subjects were asked to
report the remembered location
of their right hand as it crossed
the arc. ¢ Close-up of the
graded arc

S
N

()

start their shooting movement as soon as they see the go
cue. They were instructed to make straight movements
with no corrections. The visual feedback of the hand was
removed as soon as the subject’s hand crossed the 10-cm
mark from the start point, and feedback was provided
to the subject. After nonsuccessful movements, a green
5-mm circle was displayed at the point in which subjects
passed the 10-cm distance from the start point. After
successful movements, the target circle was changed to
a smiley face. Subjects could use this feedback to mod-
ify their future movements. A text message (“too fast!”,
“too slow!”, and “good”) next to the end point was used
to provide the velocity feedback to the subject. A move-
ment was considered successful if it both crosses the tar-
get and its duration from start to target point was within
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275-375 ms. Subjects were told that spatial accuracy
should be their first priority.

At the end of each trial, subjects had to return to the start
point. The cursor reappears only when the distance to the
start point is less than 2 cm.

Subjects performed forty trials in this block. For the first
15 trials, subjects were not provided with the velocity feed-
back to make the movements easier. Number of successful
trials was shown next to the start point.

Baseline with visual feedback
This block was identical to the familiarization phase with

the exception that the velocity criterion was imposed for all
50 trials.
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Generalization and localization

We employed generalization and localization blocks to
examine the inverse and forward models, respectively. Our
generalization blocks were similar to Izawa et al’s study
(2012). In each trial, subjects reach to one of the seven
targets 15°, 25°, 35°, 45°, 55°, 65° and 75° relative to the
tablet’s coordinate system. Visual feedback was only pro-
vided for the 45° target. In the preadaptation block, 20 out
of 50 trials were toward the 45° target. In the post-adapta-
tion block, 107 out of 137 trials were toward the 45° target.
Each one of the peripheral angles was displayed 5 times
(Izawa et al. 2012). The goal of these blocks was to eval-
uate the generalization of learning from 45° target to the
other targets. The other aspects of these trials were simi-
lar to that of familiarization block. Based on its definition,
internal inverse model associates desired sensory states
with the required motor command for achieving these
states (Katayama and Kawato 1993; Kawato 1999; Kawato
and Gomi 1992b; Sabes 2000; Shidara et al. 1993; Wolp-
ert et al. 1998). In our experiment, subjects trained move-
ments toward a target at 45° with and without perturbation,
and then in generalization blocks, motor commands which
subjects generated for movement toward other targets were
measured.

On the other hand, if the brain uses FM to predict the
sensory consequences of hand motions, then localiza-
tion task can help us to investigate this phenomenon. In a
study by Izawa et al. (2012), subjects performed shooting
movements without any visual target for the localization
task. They were then asked to report with their left hand
the remembered final location of their right hand. How-
ever, it has been shown that training with the right hand can
transfer to the left hand (Balitsky Thompson and Henriques
2010; Birbaumer 2007; Parlow and Kinsbourne 1989; Sain-
burg and Wang 2002; Taylor et al. 2011; Wang 2008; Wang
and Sainburg 2006). Therefore, the left hand’s pointing task
could be affected by the training performed with the right
hand. To solve this problem, we developed a new method
to estimate subjects’ position perception of their unseen
hand. At the beginning of each trial, start position was dis-
played on the monitor (block 1 in Fig. 1b). Subjects were
asked to bring the pen tip to this point and click once. Then
a 5-mm-length line was shown next to the start point for
0.7 s (block 2 in Fig. 1b). The direction of this line was
randomly chosen from 5° to 85° with step size 5°. Subjects
were asked to perform a shooting movement from the start
point in the specified direction. Then they asked to move
their hand to the bottom right corner of the tablet screen
(block 3 in Fig. 1b). Visual feedback of the hand trajec-
tory was absent during the movement. When subject’s hand
crossed the 10-cm-radius circle centered on the start point,
an arc appeared on the monitor. This 10-cm-radius arc was

from —18° to 107° and graded from 1 to 26 with step size
of 5° (block 4 in Fig. 1b, c). Subjects were asked to report
the number in which they crossed the arc. Each subject
repeated this movement 30 times and in different randomly
selected directions. The reported numbers were recorded
and used to compute the errors in the subjects’ estimation
of the positions.

Since there was no target in the localization blocks, we
color-coded the arc to provide the subjects with velocity
feedback.

Working memory (WM) test

Subjects should be able to remember where they crossed
the arc in the localization task. In this part, we wanted to
test the subjects’ ability to maintain a sensory stimulus in
their WM for about 1 s. After subjects clicked once at the
start point, a “Go!” signal was displayed next to the start
point. They were asked to do a shooting movement without
any visual feedback in an arbitrary direction within the first
quadrant (0°-90°). When they passed the 10-cm mark from
the start point, a 5-mm-diameter red circle was temporar-
ily shown at a random angle, from 5° to 85° with step size
of 5°. After one second, this circle faded and a graded arc
similar to the one in the localization block was displayed.
Subjects reported where in the arc the red circle appeared.
The shooting movement was added to this block to make it
more similar to the localization block.

Adaptation phase

In this part, a 30° CCW rotation was imposed between
hand motion and the cursor on the screen that represents
the hand (Block and Celnik 2013; Galea et al. 2011; Izawa
et al. 2012). Subjects did not know in advance about the
rotation. All other aspects of shooting movements were
similar to that of the familiarization block. All participants
learned to successfully compensate for the cursor rotation
after a short practice. Target direction was kept at 45°. Sub-
jects completed VAS forms before and after this phase, and
tDCS was applied during this phase.

Visuomotor rotation was kept constant through all the
blocks of the post-adaptation phase.

Retrain block

Subjects performed 60 additional movements toward 45° in
the presence of 30° visuomotor rotation.

Movement without visual feedback

In the baseline generalization block, Izawa et al. (2012)
observed that movements without visual feedback tend
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Table 1 Biological tissue conductivities

Tissue Electrical conductivity (S/m)
Scalp 0.43

Skull 0.01

CSF 1.79

GM 0.32

WM 0.15

Electrode 2

to be attracted to a 45° target in which subject had visual
feedback. It was not clear whether this observation was due
to movement repetition toward 45° or other factors. In this
initial block, subjects were asked to reach toward different
targets [15°, 25°, 35°, 45°, 55°, 65°, 75°] without visual
feedback to examine whether this directional preference
happens without repetition.

Modeling the current pathway

Although behavioral studies of tDCS have become more
frequent, the mechanism by which tDCS affects the brain
and the localization of its effected regions are not totally
clear. To better understand these effects, computational
models and specifically finite element models can help us
to estimate the affected area. We built a realistic human
head model to visualize electric field (E) or current density
distribution in the brain. High-resolution anatomical scans
of a healthy subject (24 years old, male) were used to build
masks of scalp, skull, cerebrospinal flow, gray matter and
white matter of the brain. We assumed isotropic electrical
conductivity for each of these tissues. Table 1 shows elec-
trical conductivity of different tissues in low frequency
ranges (Shahid et al. 2014). The electrodes size and mon-
tage were similar to our experimental procedure (Fig. 2a).

We used quasi-static approximation of Maxwell’s equa-
tion to determine the induced electric potential by tDCS
(Plonsey and Heppner 1967). Under this assumption, elec-
tric potential on volume conductor model can be described
by Laplace equation:

(V.(cVV)) =0 (1)

where o and V are the conductivity of biological tissue and
the electric potential, respectively. Estimation of induced E
was obtained by gradient of V. Moreover, Ohm’s law pre-
dicts the current density:

E = grad(V); 2)

J =0F;

J, the normal component (perpendicular component) of
current density corresponding to 2 mA current intensity,
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was applied to an active electrode, and ground bound-
ary condition was assigned to the reference electrode. We
assume all external boundaries to be isolated and continu-
ity of normal current density to be preserved for all inner
layers.

To quantify the maximum value of current density (elec-
tric field), we calculated the average of values greater than
0.75 of maximum value.

Computational model of visuomotor adaptation

We used population-coding framework, which was devel-
oped to simulate information encoding in the brain, to
model the adaptation process in the presence of tDCS. In
this method, if the stimuli are in a neuron’s response field,
then the neuron will fire. A large population of neurons can
cover variety of stimuli (Pouget et al. 2000). Each neuron’s
response to a stimulus is defined as the number of spikes
per second (firing rate). Average responses of each cell
are assumed to be Gaussian (Pouget et al. 2000). An aver-
age over all cells’ responses specifies the full response to a
stimulus (Maunsell and Van Essen 1983). Therefore, ampli-
tude of these Gaussian functions corresponds to the firing
rates of the neurons. On the other hand, anodal (cathodal)
tDCS has been shown to increase (decrease) spontaneous
firing rate of neurons (Bindman et al. 1964; Nitsche et al.
2008; Nitsche and Paulus 2000). This has been reported in
early animal studies (Bindman et al. 1962; Gartside 1968;
Purpura and McMurtry 1965). By changing the amplitude
of these Gaussian functions, we can incorporate the effect
of tDCS to our population-coding model. Amplitudes of
Gaussian functions were set to 0.5, 0.8 and 1.1 for cathodal,
sham and anodal stimulation, respectively.

Experimental studies have shown that the population-
coding approach is a good model of activity in the sen-
sory and motor regions of brain. Some of the well-known
examples of this strategy are the responses of “place cells”
within the hippocampus, neurons in the vision’s cortical
areas (Maunsell and Van Essen 1983; Usrey and Reid 1999)
and neurons in the motor cortex (Georgopoulos et al. 1986;
Pouget et al. 2000). This property has also been observed in
cerebellar neurons (Coltz et al. 2000; Krauzlis 2000; Tagu-
chi et al. 2004).

It has been suggested that in visuomotor adaptation, the
brain uses prediction error in each trial to update the FM
such that its prediction would be closer to the actual value
for the next trial. We implement an FM with a set of Gauss-
ian basis functions (g(u)), i.e., population-coding structure:

pGu; w) = w! g(u)
g=1lg1(w),g),...

w=[wi,..

,gm()]” 3)

T
-’Wm]



Exp Brain Res (2016) 234:997-1012

1003

(a)

(b)

(d)

(e)

Min

Fig. 2 Simulation of current density distribution using two square
pad electrodes. The colorbar scale is from Min = 0 to Max = 0.17 A/
m?, forb, ¢ and d plots. a Electrodes’ montage. b Back view of cur-
rent density distribution on the surface of gray matter. ¢ An arbitrary
slice in axial plane corresponding to the dashed line in b (y = 171)
shows the induced current density across lateral and anterior parts of

p, u and w; are FM output, motor command and weights
of FM, respectively. The standard deviation and distance
of two neighboring Gaussian functions were assumed to

Current Density (A/m?)  Max

the cerebellum. d Sagittal view of cortical surface shows induced cur-
rent density across lateral part of the cerebellum. Selected region by
red box is expanded for better view of the obtained result. e Induced
current density vectors across a sagittal plane are visualized with red
cones. Close-up of the region in the dashed square is shown in inset
(color figure online)

be 20° and 5°. The predicted sensory consequence (€) of

motor comeand u is computed as follows:
c=u+w g )
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For each trial, u (motor command) is determined by mini-
mizing the difference between the target position (¢*) and
the predicted sensory consequence as follows:

u(n) = arg min (c* — &)’ 5)

The produced motor command u(n) will result in cursor
motion c(n). Prediction error is computed as follows:

1
e(n) = 2 (c(n) — é(n))? (©6)

Weights of FM are modified to minimize the prediction
error (e(n)) based on a gradient descent algorithm (Izawa
et al. 2012):

wi(n +1) = aw;(n) — n%
= aw;(n) + n(c(n) — c(n))gi(u(n)) 7

The learning parameters were set to ¢ = 0.99 and n = 0.1.
The pseudocode for the adaptation algorithm is explained
in (Yavari and Towhidkhah 2014). Simulations were per-
formed using a perturbation value similar to the experi-
mental setup, i.e., 30°. Learning rates for three simulated
groups can be compared with the data in adaptation phase
of the experiment. After training of the model, we used
Eq. 3 to compute FM predictions for different motor com-
mands (movement directions). These results were com-
pared with obtained experimental results in the localiza-
tion blocks. Similarly, Eq. 6 was used for quantifying the
required motor commands for movement toward targets at
various angles which can be compared with the results of
generalization blocks.

Results
Experiment results
Performance during the preadaptation phase

In the first block of the experiment, subjects performed
shooting movements toward different targets with no visual
feedback. Figure 3 shows the movement errors for all sub-
jects. As it can be seen, 60° angle worked like an attrac-
tor direction which means performance error is zero in this
direction and positive and negative for smaller and greater
angles. One-way ANOVA revealed a significant effect of
angle on error (P < 0.001). Various factors can contribute
to this effect, e.g., nonlinear dynamics of arm, direction-
dependent changes in the arm stiffness (Shadmehr 2004)
and direction dependency of proprioceptive sensory (Ros-
setti et al. 1994; van Beers et al. 1998, 2002; Wilson et al.
2010). This effect has also been observed in some previous
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Fig. 3 Mean and SEM of reach movement error in different angles in
baseline generalization block (first block in the experiment) and pre-
adaptation generalization block. Error bars show SEMs. As it can be
seen, performance error is zero in 60°/45° direction and positive and
negative for smaller and greater angles in baseline/preadaptation gen-
eralization block

Table 2 Mean + SEM of change in attention, mental and physical
fatigue, and pain in three groups

Parameter Attention  Mental fatigue Physical Pain

group fatigue

Anodal 72+£2 —122+£22 —-138+£15 128=*1.5

Cathodal 61+16 -33+£14 —44+12 166%+19

Sham 81+27 —-173+21 -93+£19 87+£14

One-way P=0975 P=0.241 P=0.353 P =0.549
ANOVA F=003 F=151 F=1.09 F=0.61

modeling studies (Bhushan and Shadmehr 1999; Shadmehr
and Mussa-Ivaldi 1994).

Interestingly, in the baseline generalization block, the
movements were attracted toward the 45° target (similar to
Izawa et al. 2012). The observed shift of attractor from 60°
to 45° may come as a result of movement repetition toward
the 45° direction in the previous blocks (Diedrichsen et al.
2010) and/or the presence of visual feedback for movement
toward this direction.

One-way ANOVA revealed that performance of three
groups was not significantly different in familiarization
and baseline blocks (P > 0.05). Moreover, WM test results
showed that subjects are able to correctly recall the stimuli
after one second. The mean (4+SD) error of the remem-
bered position was —0.35 (£1.2)°, —0.48 (£1.26)° and
—0.22 (£1.3)° for subjects in anodal, cathodal and sham
groups, respectively. There was no significant difference
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Table 3 Parameters of the axexp(—b*x)+c  a(95%CI) b (95 % CI) ¢ (95 % CI)

fitted exponential functions to

adaptation curves of anodal, Anodal
thodal and sh:
cathodal and sham groups Sham
Cathodal

0.4583 (0.417, 0.4996)
0.45 (0.42, 0.48)
0.4452 (0.4117, 0.4787)

0.1356 (0.1187, 0.1524)
0.1252 (0.1154, 0.1350)
0.1017 (0.09073, 0.1126)

0.08019 (0.07626, 0.08411)
0.0825 (0.069, 0.096)
0.08906 (0.08519, 0.09292)

between three groups in WM performance (ANOVA and
post hoc Dunnett’s 7 test; P > 0.05).

Performance during the adaptation phase

All subjects reported their perceived level of attention,
mental and physical fatigue, and pain before and after
tDCS. One-way ANOVA revealed no significant differences
between groups in these parameters (P > 0.05; Table 2).

In the adaptation phase, all subjects finished 200 trials
toward the 45° target while receiving tcDCS. All subjects
successfully adapted to the visuomotor rotation. The aver-
age reach direction for all groups as a function of trial dur-
ing the adaptation phase is shown in Fig. 4a. In order to
explain the effect of tcDCS on adaptation rate, learning
curves were normalized and smoothed with the help of a
7-sample-length moving average window. We then used
an exponential function to fit the learning curves for each
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group. The parameters of fitted functions for anodal and
cathodal curves are given in Table 3. The adaptation rate
was significantly greater when anodal stimulation has been
used (P < 0.05). The fitted exponential functions to anodal
and cathodal groups are shown in Fig. 4b. This has also
been reported in previous studies (Block and Celnik 2013;
Galea et al. 2011; Jayaram et al. 2012). Moreover, Table 3
also shows the larger final asymptotic value for cathodal
stimulation (P < 0.05). Simulation results suggest that this
observation might also be resulted from tcDCS effect on
FMs.

Performance change in localization and generalization
blocks

As it was expected, in both generalization blocks the pres-
ence of visual feedback for the movements toward 45° led
to the elimination of error in this direction. This means that
after adaptation, subjects moved their hand toward 15° so
that the rotated visual feedback passed through the 45°
target. This adaptation also generalized to the neighboring
angles. The magnitude of generalization decreased as the
deviation from 45° target increased.

To partially account for inter-individual differences, we
calculated the difference in the performance from pre- to
post-adaptation generalization block individually for each
subject. Changes in the subjects’ behavior for these blocks
are shown in Fig. 5. Our three experimental groups did not
show any significant difference in any of the angles, i.e.,
15°, 25°, 35°, 45°, 55°, 65° and 75° (one-way ANOVA and
post hoc Dunnett’s ¢ test, P > 0.05). Generalization blocks

Change in Reach Angle (deg.)

Anodal

-28 ¢ Cathodal

Sham

-30 . . . . .
15 25 35 45 55 65 75

Target Angle (deg.)

Fig. 5 Changes in reach angles from baseline to post-adaptation gen-
eralization phases are shown for our three experimental groups. Error
bars visualize the SEMs. There is no significant difference between
three stimulation conditions
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Fig. 6 Mean and SEM of change in subjects’ perception of their
hand position for angles close to 30°. Perception change in anodal
group is significantly larger than in cathodal

were added to evaluate IM. The absence of any significant
difference between groups may demonstrate that tcDCS did
not influence IM.

An interesting observation, shown in Fig. 5, is the asym-
metry of generalization function, i.e., learning in 45° direc-
tion produced more generalization for larger angles com-
pared to smaller ones. This observation may be the result of
mechanical properties of arm and/or dependency of sensors
precision on joints’ angles.

In the localization phase, subjects’ estimation of their
unseen hand’s position was measured. Subjects can use
at least three sources of information for positional sense:
vision, proprioception and FM’s output (Yavari et al. 2014).
However, in localization blocks, subjects did not have the
visual feedback. Moreover, subjects were asked to replace
their hand to the bottom of the screen before their answer.
This helped us minimize the effect of proprioception.
Therefore, in this phase, subjects’ answers were based on
the sensory consequences of their own action.

Before visuomotor adaptation, subjects’ error in their
perception of hand position was small. There is some evi-
dence that visuomotor adaptation changes subjects’ per-
ception of their hand’s position (Cressman and Henriques
2009; Synofzik et al. 2008). Similar to the generalization
block, for each subject we calculated differences in the
position perception from before to after adaptation to mini-
mize the individual differences. Since maximum changes in
perception for our three groups happened around 30°, we
used a bin around this direction and compared the results.
Figure 6 shows changes in perception for the first five tri-
als of post-adaptation localization block. One-way ANOVA
found a significant effect of electrode montage (P < 0.05).
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We followed our ANOVA with Bonferroni-corrected post
hoc and found a significant difference between our anodal
and cathodal groups (P < 0.05). We only used the first five
trials of post-adaptation localization task in Fig. 6 as move-
ment repetition without visual feedback is shown to wash-
out the learning effects (Kitago et al. 2013; Smeets et al.
2006). Interesting observations in the localization phase
were as follows: (1) Perception change for anodal group
is greater than cathodal; (2) for all three groups, the maxi-
mum perceptual change happens at an angle smaller than
45°. This is consistent with the observed data for healthy
subjects in Izawa’s study (Izawa et al. 2012).

As we explained before, FM provides subjects with
another source of information for perception of their hand’s
position. Having this as well as the facilitatory/inhibitory
effect of anodal/cathodal tDCS stimulation in mind, our
first observation is consistent with the hypothesis that tDCS
changes FMs. However, our experimental result cannot
explain the other observation. To explain this observation,
we decided to run a simulation study, which is described
in the next section. Our simulation results suggest that this
observation might also be a result of changes to FMs by
tDCS.

Since localization task evaluates forward model (Izawa
et al. 2012), significant difference between groups in this
task may demonstrate tcDCS effect on forward model. This
can be considered as evidence for the existence of internal
FMs in cerebellum.

Simulation results

Obtained results from simulations are described in this
section.

Current density distribution

We simulated the electrical current flow in subjects’ heads
for 2 mA current intensity and electrode configuration
that is shown in Fig. 2a. Surface maps of current density
demonstrate that current predominantly flows laterally and
passes through anterior parts of cerebellum (Fig. 2b—d).

In most tDCS studies with targets other than the cere-
bellum [e.g., primary motor cortex (Nitsche et al. 2003a,
b) and dorsolateral prefrontal cortex (Fregni et al. 2005)],
current amplitude is set to 1 mA. In targeting the cerebel-
lum, however, 2 mA amplitude has been used (Boehringer
et al. 2013; Ferrucci et al. 2008, 2012, 2013; Galea et al.
2009, 2011; Jayaram et al. 2012; Pope and Miall 2012).
Because scalp and skull are much thicker in the occipital
lobe, it is expected that these local variations have an effect
on current intensity in the cerebellar cortex. Our simulation
results showed peak cortical current density of 0.21 A/m>.
Moreover, maximum cortical electric field was estimated to

be 0.67 V/m. A similar value has been reported for 1 mA
primary motor cortex stimulation (Datta et al. 2009). This
confirms a need for larger amplitude current in cerebellar
stimulation.

Induced current density vectors across a sagittal plane
are shown in Fig. 2e. As it can be seen, current density
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Fig.7 Simulation results. a Learning curves for three groups; b
change in the forward model with respect to baseline; ¢ change in the
inverse model with respect to baseline which shows generalization of
learning from 45° to the neighbor angles
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reduces as electrode distance from cortex increased. More-
over, due to high impedance of the skull, much of the cur-
rent is shunted along the skin; i.e., current tends to flow
through the scalp rather than passing through the skull.

Population coding

All three models were trained to learn 30° CCW rotation in
movement toward 45°. Error reduction curves are shown in
Fig. 7a. In this figure, two features are similar to the experi-
mental results (Table 3): (1) higher error reduction rate in
anodal compared to that in cathodal group and (2) greater
asymptotic value in cathodal compared to that in anodal
group.

Perception changes for three groups were obtained from
models (Fig. 7b). Two features in this figure are also simi-
lar to the experimental results: (1) Maximum change in
perception happens in angles smaller than 45° for all three
groups; (2) maximum amplitude of curves decreases from
anodal to sham and cathodal groups.

Generalization profiles obtained from models are shown
in Fig. 7c. We found better generalization for angles above
45° for all three groups. This asymmetry has also been
observed in experimental results. It should be noted that
generalization pattern is also largely affected by mechani-
cal properties of elbow and arm or upper-level control sig-
nals. This may explain the differences between experimen-
tal and model results.

Interestingly, simulation results demonstrated that the
model could account for some key observations in our
experiment. Therefore, these observations may be, at least
partly, explained by a forward model in cerebellum that is
affected by tDCS.

Discussion

In this paper, we used tDCS in a visuomotor adaptation
paradigm to investigate the formation of an internal model
in the cerebellum. Current density and electric field distri-
bution were simulated using a realistic human head model.
Visuomotor adaptation in the presence of tcDCS was simu-
lated using a population-coding framework.

Experimentally, there are some improvements to the
experiments in Izawa et al. (2012):

1. In their position perception task to evaluate FM’s
function, subjects pointed to their right hand’s loca-
tion with their left hand. It has been shown that train-
ing with right hand changes the left hand’s movements
(Balitsky Thompson and Henriques 2010; Birbaumer
2007; Parlow and Kinsbourne 1989; Sainburg and
Wang 2002; Taylor et al. 2011; Wang 2008; Wang and
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Sainburg 2006). Therefore, the final pointed location
could be affected by the subject’s right hand training.
To solve this problem, we modified this phase of the
experiment with a novel method to evaluate subjects’
perceptions of their hand’s positions. In our method,
we used a graded arc such that subjects’ report where
they believed their hand crossed the arc. Other methods
have been proposed to examine perception of position
for the unseen hand. In (Haggard et al. 2000; Jola et al.
2011; Jones et al. 2010; van Beers et al. 1998; von Hof-
sten and Rosblad 1988), subjects were asked to move
their unseen hand to the position of a visual target or
to align their unseen hand with their other hand, while
their eyes were either open or closed. In (Darainy et al.
2013; Jones et al. 2010), subjects reported whether
their unseen hand’s position is at the right or left of
their body midlines. All these methods can estimate the
subjects’ perceptions for only a single point (visual tar-
get, seen hand position or body midline) and as such
are not effective to study the role of FM in perception.
We think that our method overcomes these limitations.

Brain lesion studies have some fundamental limita-
tions: (a) It is usually very difficult to find patients with
lesions located exactly in the area of interest; (b) most
cerebellar degeneration occurs by chronic disease often
accompanied by compensatory neural mechanisms
affecting other brain regions; and (c) each patient’s
individual lesion has its own characteristics, making it
difficult to compare different patients’ data. An alter-
native method to avoid these problems is to use brain
stimulation techniques, e.g., t/TMS and tDCS. These
techniques can temporarily manipulate the function of
our region of interest. In this study, we applied anodal,
cathodal and sham tDCS over the right cerebellum,
while subjects adapted to a visuomotor task.

In their study, Izawa et al. (2012) observed that reach-
ing movements without visual feedback were attracted
to 45° target. However, it was not clear whether this
observation comes as a result of movement repetition
toward this direction or other factors. In the first phase
of our experiment, we added a block of reaching move-
ments toward different targets in the first quarter with-
out visual feedback to investigate whether this attrac-
tion occurs without repetition. Our result showed an
attractor in the 60° direction which might be a result of
mechanical properties of the arm (mechanical imped-
ance, arm configuration, etc.) or pattern of propriocep-
tive precision and acuity. Interestingly, this attractor
angle was shifted to the 45° direction in baseline gen-
eralization block in which movement errors generally
decreased compared to the first phase. This could be as
a result of visual feedback in this angle and/or move-
ment repetition toward this direction.
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We observed that subjects’ perceptions of their hand
position changed after visuomotor adaptation. This is in
agreement with previous experimental results (Cressman
and Henriques 2009; Synofzik et al. 2008). Maximum per-
ceptual change for all groups occurred at an angle smaller
than 45°. This is consistent with the healthy subjects’
results in Izawa et al. (2012) paper. In summary, lack of
generalization of motor learning and changes that we have
observed in the subject’s perception of hand position as a
result of different tDCS manipulations indicate that the cer-
ebellum can be seen as internal FM but not IM. We also
modeled visuomotor adaptation in the presence of tcDCS
using a biologically inspired structure. Interesting common
features between simulation and experimental results con-
firmed that our experimental outcomes could be caused by
manipulation of FM by tcDCS. In simulations, adaptation
of FM to 30° perturbation gradually changes reach direc-
tion so that the cursor hit the target at 45° (Fig. 7a). Dur-
ing the adaptation, FM weights are tuned as a function of
both previous motor commands and sensory prediction
errors (Eq. 7) in a way that the peak of the forward model
gradually shifts from 45° angle to smaller angles, i.e., the
most repeated sensory states. This is consistent with the
results of previous studies (Gonzalez Castro et al. 2011;
Izawa et al. 2012). The simulation results show difference
in the peak angle and the magnitude of the subjects’ “illu-
sion” about their hand position depending on the amplitude
of Gaussian functions. However, the values are different in
the measured data and simulations, but similar trends are
consistent with the hypothesis that these features might be
resulted from FM manipulation by tcDCS.

To check whether the applied current would pass
through the cerebellum, we also performed a simulation
study using a realistic human head model. The obtained
results confirmed that the current intensity and electrode
montage used in our experiments would result in the pas-
sage of current from the intended regions of the cerebel-
lum. Also in this study, we tried to partly compensate for
the individual differences between subjects by comparing
each subject’s performance before and after adaptation
instead of comparing mean behavior of all subjects before
and after adaptation.

tDCS is a relatively new technique in neuroscience stud-
ies. Its capability to modify spontaneous neuronal excit-
ability by de- or hyperpolarization of resting membrane
potential turns it to a valuable research tool. In general,
cathodal stimulation hyperpolarizes neurons and dimin-
ishes cerebral excitability, while anodal stimulation can
result in neuronal depolarization and increase in excitabil-
ity (Bindman et al. 1962; Purpura and McMurtry 1965).
Published papers suggest that tDCS is an effective tech-
nique to manipulate desired brain regions and to study the
effect of this manipulation.

However, the current pathways in the head are not
exactly known. Modeling studies (Bikson et al. 2012)
can be used to estimate the electrical current pathways
in brain and map out the exact affected brain regions. On
the other hand, HD electrodes (Datta et al. 2009) can be
used to sharpen the focal point of stimulation and therefore
increase the precision of this technique. These could be
addressed in future works.
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