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Abstract.

Background: Aphasia is an acquired deficit in the ability to communicate through language. Noninvasive neuromodulation
offers the potential to boost neural function and recovery, yet the optimal site of neuromodulation for aphasia has yet to be
established. The right posterolateral cerebellum is involved in multiple language functions, interconnects with left-hemisphere
language cortices, and is crucial for optimization of function and skill acquisition, suggesting that cerebellar neuromodulation
could enhance aphasia rehabilitation.

Objective: To provide preliminary behavioral and functional connectivity evidence from healthy participants that cerebellar
neuromodulation may be useful for rehabilitation of aphasia.

Methods: In Experiment 1, 76 healthy adults performed articulation and verbal fluency tasks before and after anodal,
cathodal or sham transcranial direct current stimulation (tDCS) was applied over two cerebellar locations (anterior, right
posterolateral). In Experiment 2, we examined whether anodal tDCS over the right posterolateral cerebellum modulated
resting-state functional connectivity in language networks in 27 healthy adults.

Results: TDCS over the right posterolateral cerebellum significantly improved phonemic fluency. Cerebellar neuromodulation
increased functional connectivity between the cerebellum and areas involved in the motor control of speech, and enhanced
the correlations between left-hemisphere language and speech-motor regions.

Conclusion: We provide proof-of-principle evidence that cerebellar neuromodulation improves verbal fluency and impacts
resting-state connectivity in language circuits. These findings suggest that the cerebellum is a viable candidate for neuro-
modulation in people with aphasia.

Keywords: Aphasia, cerebellum, transcranial direct current stimulation (tDCS), language, neuromodulation, resting-state
fMRI
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Aphasia is an impairment in the ability to under-
stand or use language. One-third of all stroke
survivors — approximately 250,000 new people each
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year in the USA — suffer from aphasia (Engelter et al.,
2006). In two-thirds of these cases, recovery is incom-
plete, resulting in decreased quality of life, limited
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independence, and substantial long-term disability
(Cruice, Worrall, & Hickson, 2011; Ellis, Simp-
son, Bonilha, Mauldin, & Simpson, 2012; Gialanella,
Bertolinelli, Lissi, & Prometti, 2011; Lyon, 1992).
With approximately 33 million stroke survivors
worldwide (Feigin et al., 2013), roughly 6-7 million
have chronic aphasia, and there are no effective med-
ical treatments to improve recovery. Currently, the
only widely accepted treatment options are speech-
language therapies, which have benefit, but do not
result in satisfactory recovery (Brady, Kelly, God-
win, & Enderby, 2012). In recent years, non-invasive
neuromodulation techniques have emerged as aug-
mentative treatments with potential to either boost
the effects of speech-language therapy or engender
greater spontaneous recovery from aphasia (Hamil-
ton, Chrysikou, & Coslett, 2011).

Repetitive transcranial magnetic stimulation
(TMS) and transcranial direct current stimula-
tion (tDCS) are neuromodulation methods that
can increase or decrease cortical excitability and
have shown promise for improving stroke recovery
(Schlaug, Renga, & Nair, 2008; Webster, Celnik,
& Cohen, 2006). The most common rTMS treat-
ment for aphasia attempts to inhibit the right pars
triangularis, part of the right hemisphere homolog
to Broca’s area which may interfere with aphasia
recovery (Chrysikou & Hamilton, 2011; Turkeltaub,
2015; Turkeltaub et al., 2012; Turkeltaub, Messing;
Norise, & Hamilton, 2011) or possibly word-finding
more generally (Naeser et al., 2011). Several small
randomized clinical trials have demonstrated that this
approach improves various measures of language
function in people with aphasia (Ren et al., 2014).
A few rTMS studies have aimed to excite the left
perilesional cortex, with possible beneficial effects on
aphasia (Szaflarski et al., 2011). Whether either treat-
ment approach has a clinically meaningful impact on
functional communication remains unclear.

Compared with TMS, tDCS has a broader
anatomic area of effect, is less expensive, more
portable, marginally safer, and more easily paired
with speech therapy, making it more amenable to
widespread clinical use (Schlaug & Renga, 2008).
For these reasons, in recent years the focus of non-
invasive neuromodulation work in aphasia has shifted
from rTMS to tDCS. Approaches to tDCS treat-
ment have been somewhat more varied than rTMS
treatments, involving inhibitory protocols, excitatory
protocols, or both. Like in rTMS studies, the targets
of stimulation have been limited to left hemisphere
peri-lesional areas and right hemisphere language

homologs (de Aguiar, Paolazzi, & Miceli, 2015).
These studies have been too varied in their designs
and too small to draw any firm conclusions about the
clinical effects of these treatments (Elsner, Kugler,
Pohl, & Mehrholz, 2013). Thus, it remains unclear
whether the current approaches to neuromodulation
for aphasia — targeting the left peri-lesional cortex or
right hemisphere language homologs — provide the
greatest possible benefit.

A few studies have attempted to optimize the
benefit of neuromodulation by individually target-
ing stimulation based on fMRI activity or responses
to single sessions of stimulation at various sites
(Fridriksson, Richardson, Baker, & Rorden, 2011;
Naeser et al., 2005; Shah-Basak et al., 2015). None,
however, have examined stimulation of sites other
than the left peri-lesional cortex or right hemisphere
language homologs. There are theoretical and practi-
cal limitations to these approaches, and it is possible
that neuromodulation of an alternative target may be
advantageous. Here, we conducted two experiments
in healthy young adults to provide proof-of-principle
data to test the therapeutic potential of neuro-
modulation of the right cerebellum for post-stroke
aphasia.

Why is the cerebellum a potential tDCS target
site to treat aphasia? In the last 25 years, our under-
standing of the role of the cerebellum in language
has expanded beyond its traditional role in articula-
tory control and the dysarthric speech that can result
from cerebellar damage (Marien et al., 2014; Mur-
doch, 2010). Anatomically, tract-tracing studies have
revealed connections between the lateral cerebellar
hemispheres and frontal and parietal association areas
in the contralateral cerebral cortex (Kelly & Strick,
2003; Strick, Dum, & Fiez, 2009), including connec-
tions between the right lateral cerebellum and left
frontal language areas (Kelly & Strick, 2003). Clin-
ically, damage to the cerebellum has been associated
with deficits in phonemic and semantic fluency, gram-
mar, and syntax (for review, see De Smet, Paquier,
Verhoeven, & Marien, 2013). Poorer phonemic and
semantic fluency in patients with cerebellar degen-
eration cannot be fully accounted for by slower
articulation speed, suggesting a cerebellar role in lan-
guage beyond articulation (Stoodley & Schmahmann,
2009a). Functional neuroimaging in healthy individ-
uals further links the cerebellum and language: right
posterolateral cerebellar activation is evident during
a wide range of language tasks, as demonstrated in
meta-analyses of published imaging studies (Keren-
Happuch, Chen, Ho, & Desmond, 2014; Stoodley &
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Fig. 1. Cerebellar functional topography. Results from meta-analysis (left, Stoodley & Schmahmann, 2009b) and prospective fMRI studies
(right, Stoodley et al., 2010, 2012) demonstrating topology of cerebellar functional areas. On the right, red =right index finger tapping;
blue = verb generation; purple = n-back working memory; green =mental rotation.

Schmahmann, 2009b) and in prospective neuroimag-
ing studies of cerebellar activation during verb gener-
ation (Fig. 1; Stoodley, Valera, & Schmahmann, 2010,
2012). Overt articulation engages the anterior sen-
sorimotor cerebellar representations of articulatory
muscles, whereas paradigms such as verbal fluency
and verb generation engage more lateral cerebel-
lar hemispheres which connect to prefrontal cortices
(Stoodley & Schmahmann in Marien et al., 2014;
Stoodley et al., 2012). Further, because the cerebel-
lum is thought to be particularly important during
skill learning, contributing to the optimization and
automatization of performance, itis possible thatcere-
bellar neuromodulation — acting via the established
cerebro-cerebellar circuits with left-hemisphere lan-
guage regions — could enhance post-stroke aphasia
recovery.

Consistent with this concept, increased activation
in the right cerebellum has been associated with
improved outcome in people with aphasia (Heath
et al., 2013; Szaflarski, Allendorfer, Banks, Vannest,
& Holland, 2013). Further, gray matter volume in
bilateral cerebellar areas is reduced in chronic post-
stroke aphasia, and the degree of atrophy is associated
with worse than expected speech production out-
comes given the severity of the stroke (Xing et al.,
2015). Thus, we hypothesize that cerebellar neu-
romodulation using tDCS could improve aphasia
recovery through its roles in language, learning, and

its-anatomical connections with left hemisphere lan-
guage areas.

In healthy individuals, cerebellar anodal tDCS
enhances visuomotor adaptation, motor learning and
retention of learned motor skills (Galea et al., 2011;
Schlerf, Galea, Bastian, & Celnik, 2012; Wessel et al.,
2015), but the effects of cerebellar tDCS on cogni-
tive performance are more varied (see Grimaldi et al.,
2016 for review).

Here we aim to provide proof-of-principle evidence
of the potential for cerebellar tDCS to affect language
performanceand cerebro-cerebellarlanguage circuits.
If cerebellar tDCS is to be a potential treatment for
aphasia, it is important to show that cerebellar tDCS
can improve performance on language paradigms.
Further, to understand whether neuromodulation of a
distal site, connected anatomically to the site of dam-
age (e.g. left hemisphere language regions in the case
of aphasia), is an effective approach to neurorehabil-
itation following stroke, we need to show that there
are distal effects on broader cerebro-cerebellar cir-
cuitsfollowingcerebellartDCS. Therefore, the current
study examined the effects of tDCS polarity (anodal
vs. cathodal) and location of application (medial vs.
lateral cerebellum) on articulation and verbal fluency
in healthy young adults. Secondly, we combined cere-
bellar anodal tDCS with resting-state functional MRI
to examine the effects of cerebellar neuromodulation
on cerebro-cerebellar language networks.
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2. Materials and methods

2.1. Experiment 1. Does cerebellar tDCS
modulate articulation and verbal fluency
performance?

2.1.1. Participants

Seventy-six healthy adults participated in the study
(30 males, 46 females; mean £ SD age 23.7 £6.2
years). Participants provided written, informed con-
sent and received compensation for their time, and the
study was approved by the Institutional Review Board
of Georgetown University Medical Center. All par-
ticipants were right-handed, native English speakers
with no history of neurological injury or psychiatric
or developmental disorder, and no contraindications
for tDCS, including pregnancy or current use of med-
ications that could modulate the effects of tDCS
(Hesse et al., 2007).

The participants were divided into three groups that
received either sham tDCS (15 participants), anodal
tDCS (n=30), or cathodal tDCS (n =30). Within the
active tDCS conditions (anodal, cathodal), groups
were further divided into those receiving cerebellar
tDCS to an anterior, medial site (“motor” position;
n=15 in cathodal group, n =16 in anodal group) and
those where the cerebellar tDCS was applied over the
right posterolateral cerebellum (“‘cognitive” position;
n=15 in cathodal group, n =15 in anodal group).

2.1.2. tDCS application and parameters

The NeuroConn DC-Stimulator Plus (NeuroConn
GmbH, [Imenau, Germany) was used to apply tDCS
via two 5 x5cm saline-soaked electrodes.. One
electrode was placed over the cerebellum and the
reference electrode was placed on the right deltoid.
Modeling of cerebellar tDCS by Parazzini and col-
leagues (2013) revealed that the maximal electric
field and current density were localized to the cerebel-
lar cortex, with minimal spread to other regions. To
modulate anterior, motor regions of the cerebellum
(see Stoodley & Schmahmann, 2010 for review), the
electrode was placed 3 cm lateral to the inion over the
right cerebellum, a montage which has been shown to
affect motor cortex activity (Galea, Jayaram, Ajagbe,
& Celnik, 2009). To modulate regions of the cere-
bellum involved in cognitive processes (see Stoodley
& Schmahmann, 2009b, 2010), the electrode was
placed 1 cm down and 4 cm lateral to the inion, over
the right cerebellum (“cognitive” position). This elec-
trode placement is estimated to be over lobule VII and
has been shown to modulate cognitive performance

(Pope & Miall, 2012). tDCS was applied for 20 min
at 2 mA in the active conditions. This level of current
applied for 20 min yields roughly 30 min following
the tDCS during which the subject could complete the
experimental tasks while under the effects of tDCS
(Galea et al., 2009). In the sham condition, the cur-
rent was ramped up over 15 s and then ramped down
again (Nitsche et al., 2003).

2.1.3. Behavioral measures

Three behavioral measures were used to tap
articulo-motor and cognitive-linguistic aspects of
speech. Each participant completed the tasks before
and after receiving active or sham tDCS for 20 min-
utes. The tasks included phonemic fluency, as well
as two articulation tasks. The order of the tasks was
counterbalanced across participants.

To test phonemic fluency, we used the Controlled
Oral Word Association Task (COWAT) with the let-
ters C, E, L at one time point and P, R, W at the other.
These forms of the COWAT were chosen because
there is a high correlation (r=0.82, n=54) between
the two forms, which allowed us to test phonemic flu-
ency before and after tDCS while avoiding practice
effects that could skew the results (Benton, Hamsher,
& Sivan, 1994). The order of the forms was coun-
terbalanced across participants and included as a
covariate in analyses. During this task, subjects were
orally prompted by the experimenter to verbally gen-
erate as many words as they could think of that started
with each of the letters during a 1 min period.

In the articulation conditions, participants were
asked to repeat /ba/ (simple articulation) or /pa ta
ka/ (sequenced articulation) for 30s. Repetition of
monosyllabic items requires successive opening and
closing movements of the vocal tract and are widely
recognized as a test of articulatory performance (Ack-
ermann & Hertrich, 2000). These two conditions
served as motor controls for the cognitive condition
to show that any change observed in the fluency task
were not due to effects on motor processes underly-
ing articulation of speech. Further, in the condition
where tDCS was applied to the anterior cerebellum,
comparing performance on these two tasks allowed
us to observe the effects of tDCS on simple (/ba/)
and more complex (/pa ta ka/) motor tasks requiring
articulatory sequencing.

2.1.4. Data analyses

Verbal responses during each task were recorded
using a Sony USB noise-cancelling microphone
for offline scoring. The digital voice recordings
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were analyzed using Audacity (http://audacity.
sourceforge.net/), which allowed us to determine the
rate of speech in syllables (/ba/) per sec or units (/pa
ta ka/) per second. To be consistent with the 30-s
articulation tasks, we analyzed the first 30s of data
in the verbal fluency task. When scoring the fluency
results, irregular plural forms (ex. people/person) of
a word were counted separately, but regular plural
forms of a word (ex. cat/cats) were only counted
as one response. Similarly, derivations that changed
grammatical class (ex. run/runner) were scored as
separate responses, while variations on inflectional
morphology (ex. run/running) were only counted as
one response. These scoring rules are based on evi-
dence that regular inflections are computed online
using morphological rules, whereas irregular inflec-
tions are stored as separate lexical items (Pinker &
Ullman, 2002; Prado & Ullman, 2009), and, similarly,
that derivational morphology is composed and stored
differently than inflectional morphology (Laudanna,
Badecker, & Caramazza, 1992; Miceli & Caramazza,
1988, although also see Raveh & Rueckl, 2000). As
such, irregular inflections and derivations may reflect
retrieval of a new lexical item, whereas regular inflec-
tions likely do not.

Because performance on these brief tasks may
vary considerably based on effort and attention, and
effects of tDCS are expected to be relatively small, we
excluded participants with task performance far out-
side the group (greater than £ 2 SD from the mean) on
any task either before or after tDCS. This resulted in
exclusion of 10 participants from the analysis (3 each
from the anodal-motor and sham groups, two from
the cathodal-cognitive group, and one each from the
anodal-cognitive and cathodal-motor groups). The
final group consisted of 66 participants (25 males,
41 females; mean & SD age 23.6 £ 5.9 years). There
were no significant differences between the five
groups in age or education.

Statistical analyses were performed in SPSS 22
using repeated-measures ANOVAs for each of the
three tasks, with a within-subject factor of time point
(pre-tDCS, post-tDCS), and between-subjects factors
of polarity (anodal, cathodal, sham), and location
(motor, cognitive, sham). Although sham participants
had the electrode placed at either the cognitive or
the motor position (counterbalanced within the sham
group), coding the location of stimulation for sham
participants separately allowed identification of an
effect of location without having to add an additional
between-subjects factor of active vs. sham tDCS. For
the ANOVA on the COWAT scores, the order of form

administration (CFL pre-tDCS, PRW pre-tDCS) was
entered as an additional between-subjects factor.

2.2. Experiment 2. Does cerebellar tDCS
modulate activation in cerebro-cerebellar
language circuits?

2.2.1. Participants

All participants provided written, informed con-
sent and were compensated for their time. The
study was approved by the Georgetown University
Medical Center Institutional Review Board. Twenty-
seven healthy young adults participated in the study
(23 females, 4 males; mean=+ SD age 24.4+2.6
years old). All participants were right-handed, native
English “speakers with no history of neurological
injury or psychiatric or developmental disorder, and
no contraindications for tDCS or MRI. Participants
were randomly assigned to either the sham tDCS
group (n=11), in which the tDCS current was ramped
up and immediately down over 15s, or the anodal
tDCS group (n=16), which received 1.5 mA anodal
tDCS applied for 20 min over the right posterolateral
cerebellum.

2.2.2. tDCS-fMRI

TDCS was conducted in the MR environment
using the NeuroConn DC-Stimulator MR (Neuro-
Conn GmbH, Ilmenau, Germany). One 5 x 7cm
saline soaked pad was placed over right posterolateral
cerebellum (4 cm lateral to inion and 1 cm down, over
right lobule VII) with the reference electrode on the
right pectoral muscle. One 7-min resting-state scan
was acquired prior to the administration of 20 min of
1.5mA anodal tDCS. A second 7-min resting state
scan was acquired post-tDCS.

2.2.3. Imaging parameters

Scanning was conducted on a 3T Siemens TimTrio
scanner with a 12-channel head coil located at
the Center for Functional and Molecular Imag-
ing at Georgetown University Medical Center.
Two (one pre-tDCS, one post-tDCS) 7-min rest-
ing state scans were acquired with the following
parameters: 47 interleaved slices, 168 volumes, rep-
etition time (TR) =2500 ms, echo time (TE) =30 ms,
3.2mm isotropic voxels, flip angle 90° field-of-
view =205 mm.

2.2.4. Statistical analyses
Resting-state functional connectivity analyses
were conducted using the CONN-fMRI Functional
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Connectivity toolbox (version 15e) (Whitfield-
Gabrieli & Nieto-Castanon, 2012; http://www.nitrc.
org/projects/conn). Images underwent standard pre-
processing including: realignment and unwarping,
segmentation, normalization, ART outlier detection,
and smoothing (§ mm FWHM). After pre-processing,
images were band-pass filtered (0.01 Hz ~0.09 Hz).
Other potential confounds such as white matter,
cerebrospinal fluid (CSF), movement parameters,
and time-series predictors of global signal were
removed from images, following the CompCor strat-
egy as implemented in the CONN toolbox (Behzadi,
Restom, Liau, & Liu, 2007). Whole brain BOLD sig-
nal was not included as a regressor so as to be able
to interpret anti-correlations (Murphy, Birn, Handw-
erker, Jones, & Bandettini, 2009).

We conducted seed-to-voxel analyses with a pri-
ori regions of interest (ROI) as the seed regions. The
ROIs were chosen from the AAL atlas (Tzourio-
Mazoyer et al., 2002), and consisted of regions
that comprise the language networks in the brain,
and included: cerebellar Crus I (language seed, see
below); inferior frontal gyrus (IFG) pars opercularis;
IFG pars triangularis; primary motor cortex (M1)
face area (see below); superior temporal gyrus (STG),
both anterior and posterior; angular gyrus; and ante-
rior and posterior regions of the supramarginal gyrus
(SMG). A cerebellar “language” seed was created in
MARSBAR as implemented in SPM8 from the peak
coordinates for language tasks based on a previous
meta-analysis (Stoodley & Schmahmann, 2009b).
This peak was located at MNI x=37.9 y=-63.7
z=-29.7 and we created a seed region using an
11-mm sphere centered on these coordinates. A pri-
mary motor area face seed (6 mm sphere; centered
on x=-55 y=—4 z=&6) was created using peak
coordinates for the tongue region of M1 based on
a previous functional connectivity study (Buckner,
Krienen, Castellanos, Diaz, & Yeo, 2011). As a con-
trol seed, we also looked at changes in functional
connectivity with a right cerebellar anterior lobe seed
(lobules I-1V), where we did not anticipate changes
in functional connectivity following tDCS. All ROIs
were examined bilaterally with the exception of the
cerebellar ROIs.

For each ROI, a whole-brain analysis was con-
ducted to identify voxels with highly correlated
timecourse data. Resting-state BOLD signal time-
series were extracted for each seed region and
correlated with every other voxel in the brain using
the CONN toolbox. At the first level, seed-to-voxel
correlation maps were created for each participant for

the pre- and post-tDCS data. Each participant’s post-
tDCS map was brought into a second level analysis to
examine the effect of group (anodal, sham) on seed-
to-voxel functional connectivity. We then statistically
compared these functional connectivity maps in the
anodal group vs. the sham group post-tDCS (both
anodal > sham and sham > anodal). The resulting
data were thresholded at P <0.005 at the voxel level,
with a false discovery rate (FDR) cluster corrected
P<0.05.

3. Results
3.1. Experiment 1

Results for the COWAT letter fluency task are
shown in Fig. 2A. Amongst the main effects
and interactions of time point, polarity, and loca-
tion, the repeated measures ANOVA identified only
a significant time point by location interaction
(F(1,56)=5.11, P=0.028; all other effects P>0.10).
Post-hoc paired t-tests demonstrated a pre- to post-
tDCS improvement in letter fluency for active tDCS
at the cognitive position (t(27) =3.39, P=0.002), but
not at the motor position (t(25)=0.15, P=0.88),
or for sham tDCS (t(11)=0.59, P=0.57). Separate
paired t-tests for each polarity at the cognitive posi-
tion demonstrated a significant pre-post improvement
in letter fluency for the anodal group (t(13)=2.63,
P=0.02) and a trend toward improvement for the
cathodal group (t(13)=2.09, P=0.057).

Results for the simple (/ba/) articulation task are
shown in Fig. 2B. The repeated measures ANOVA
revealed no main effects or interactions of time
point, polarity, and location (all P>0.10). Visual
inspection of Fig. 2B appears to demonstrate a pos-
sible inhibitory effect specific to anodal tDCS at
the motor position. Because the main repeated mea-
sures ANOVA is not sensitive to single condition
effects like this, we performed a one-way ANOVA
with the pre-post difference in /ba/ repetition as the
dependent variable, and five a priori contrasts testing
each group (anodal-motor, cathodal-motor, anodal-
cognitive, cathodal-cognitive, sham) against all other
groups. Supporting the apparent effect in Fig. 2B, the
contrast comparing the anodal-motor group to other
groups was significant (t(61)=-2.23, P=0.029). No
other significant effects were found (all P>0.10).
This result should be interpreted cautiously, how-
ever, given the negative result in the main repeated
measures ANOVA.
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Fig. 2. Effects of cerebellar tDCS on verbal fluency, articula-
tion, and articulatory sequencing. (A) Post-pre tDCS difference
scores for phonemic fluency performance for each group. The
ANOVA revealed a significant time X location interaction (**),
and post-hoc tests showed significant (*, survives multiple com-
parison correction) and trend-level (#, does not survive multiple
comparison correction) effects for greater improvement follow-
ing tDCS to the cognitive position. (B) Post-pre difference scores
for /ba/ articulation. (C) Post-pre scores for /pa ta ka/ articulation.
There was a significant main effect of time (") and post-hoc com-
parisons showed both significant (*) and trend-level effects (#) for
improvement in the active tDCS conditions.

Results for the sequenced (/pa ta ka/) articulation
task are shown in Fig. 2C. The repeated mea-
sures ANOVA revealed a main effect of time point
(F(1,61)=27.8, P<0.001), with no other main effects
or interactions amongst the factors of time point,
polarity, and location (all P> 0.10). Post hoc paired
t-tests for pre- to post-tDCS differences revealed

improvements in performance that survive correction
for multiple comparisons only in the two catho-
dal groups (motor position t(12)=3.08, P=0.009;
cognitive position t(13)=3.89, P=0.002). Trends
toward improvement that did not survive correction
were identified in the two anodal conditions (motor
position t(12)=2.27, P=0.04; cognitive position
t(13)=2.18, P=0.05), and no effect was observed
in the sham condition (t(11)=1.78, P=0.103).

3.2. Experiment 2. Effects of tDCS on
resting-state functional connectivity

Based on previous studies, we anticipated that our
electrode montage would specifically alter activation
in right Crus I of the cerebellum, with modulation of
the functional connectivity between the cerebellum
and the cerebral cortex, as well as knock-on effects
between cerebral cortical regions in the language
network. Figure 3 shows the pre-tDCS functional
connectivity in the whole group (anodal and sham)
between the right cerebellar Crus I ROI and the rest
of the brain. This functional connectivity pattern is
consistent with previous studies (e.g. Buckner et al.,
2011), and shows robust correlations between our
cerebellar right Crus I seed and fronto-parietal cog-
nitive networks.

Figure 4 shows the significant differences between
groups after tDCS (details in Supplementary Table 1).
There were no pre-tDCS connectivity differences
between groups for any of the seed regions in Fig. 4.
In all cases, anodal tDCS increased connectivity
between these regions compared with sham tDCS.
Post-tDCS, the anodal group showed greater func-
tional connectivity compared with the sham group
between the right Crus I seed and clusters in the
right middle occipital gyrus, the right precuneus, left
middle-temporal regions and the left superior frontal
gyrus (P<0.005, FDR cluster P <0.05; Fig. 4, Table
S1). As anticipated, the control seed in the right
anterior cerebellum (lobules I-IV) did not show any
changes in the anodal group relative to the sham
group post-tDCS. This suggests that our modulation
was able to target the right posterolateral cerebellum
without spread to anterior cerebellar regions.

Seed-to-voxel functional connectivity analyses of
the language network ROIs revealed altered connec-
tivity of the anterior SMG and M1 seeds following
anodal tDCS to the right posterolateral cerebellum
(Fig. 4, Table S1). Specifically, the left anterior SMG
showed increased functional connectivity with the
leftinsula and the precentral gyrus bilaterally. The left
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Fig. 3. Cerebellar functional connectivity pre-tDCS. (A) Functional connectivity (red-orange) between right anterior cerebellar seed (lobules
I-IV) and left motor cortex. Anti-correlations (blue-green) between this seed and frontal, temporal and parietal association cortices (peak
MNI: 8-42-16; t-value =30.45 in right I-IV not shown on color bar). (B) Functional connectivity between the right cerebellar “language”
seed in Crus I (Stoodley & Schmahmann, 2009b) reveals positive correlations (red-orange) with fronto-parietal networks including lan-
guage regions, and anti-correlations (blue-green) with somatomotor regions of the cerebral cortex (peak MNI: 42-64-34; t-value =41.60 in
right Crus I not shown on color bar). Maps are thresholded at P <0.001, FDR cluster corrected to P <0.05. M1 = primary motor cortex;
S1=primary somatosensory cortex; SMG = Supramarginal gyrus; mSFG =medial superior frontal gyrus; MTG =middle temporal gyrus;
OCC =occipital lobe; ITG =inferior temporal gyrus; mOFC =medial orbitofrontal cortex; IPL =inferior parietal lobule; MFG = middle
frontal gyrus; ACC = anterior cingulate cortex; Al =primary auditory cortex/Heschl’s gyrus.

M1 seed in the face/tongue region showed increased
connectivity with the left insula and left anterior cin-
gulate cortex.

4. Discussion

Here we provide proof-of-principle data suggesting
that cerebellar neuromodulation can improve perfor-
mance on phonemic fluency, and provide a potential
neural substrate of this effect through demonstra-
tion of functional connectivity changes in language
networks following anodal tDCS to the right pos-
terolateral cerebellum. The improvement in language
performance was specific to neuromodulation over
the posterolateral cerebellum, which interconnects

with prefrontal and parietal association cortices, rather
than tDCS placed over the anterior cerebellum, which
forms structural and functional circuits with somato-
motor regions of the cerebral cortex (see Stoodley
& Schmahmann, 2010 for review). The functional
connectivity changes after cerebellar tDCS suggest
that neuromodulation of the posterolateral cerebellum
increases the interaction between language regions
involved in cognitive aspects of language and those
involved in speech motor control. While these studies
were conducted in healthy young adults, the findings
suggest that neuromodulation of the right posterolat-
eral cerebellum has the potential to improve language
performance in people with aphasia.

At a more basic level, our findings also con-
tribute to our understanding of the cerebellar role in
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Fig. 4. Functional connectivity following cerebellar tDCS. Regions where significant differences in functional connectivity post-tDCS in the
anodal vs. the sham group are shown. Maps are thresholded at P <0.005 with a FDR P <0.05 cluster correction. (A) Increased connectivity
between right cerebellar language seed and multiple regions of the cerebral cortex; (B) Increased functional connectivity between the left
anterior SMG and the left insula, right rolandic operculum, and sensorimotor cortices bilaterally. (C) Increased functional connectivity between
the left M1 face/tongue seed and the anterior cingulate and left insula. M1 =primary motor cortex; S1=primary somatosensory cortex;
aSMG = anterior supramarginal gyrus; SFG = medial superior frontal gyrus; MTG = middle temporal gyrus; mOFC =medial orbitofrontal
cortex; ACC = anterior cingulate cortex; MOC = middle occipital gyrus; IOC = inferior occipital gyrus; Rolandic oper = Rolandic operculum;

pHipp = parahippocampal gyrus.

language and, more broadly, cognitive processes.
While the role of the cerebellum in language is still
considered “an enigma”, Marien suggests that, rather
than serving a specific cognitive function, the cere-
bellum may support central computations necessary
for multiple functions, including error detection or
prediction of the consequences of cognitive acts (see
Marien et al., 2014, and Marien, 2015 in The Linguis-
tic Cerebellum, p. xxii). Consistent with this, recent
studies have proposed that the role of the cerebellum
in prediction could be important during both language

production and comprehension. This has been most
evident in studies investigating cerebellar activation
(Moberget, Gullesen, Andersson, Ivry, & Endestad,
2014) or the effects of cerebellar neuromodulation
with rTMS (Lesage, Morgan, Olson, Meyer, & Miall,
2012) during sentence completion tasks. The only
other study using cerebellar tDCS to investigate lan-
guage performance reported that right cathodal tDCS
improved performance on a verb generation task
relative to anodal and sham tDCS (Pope & Miall,
2012). Here, we show that both anodal and cathodal
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cerebellar tDCS improve verbal fluency perfor-
mance, with a more robust effect of anodal tDCS.
These findings are consistent with the as-yet unclear
directionality of the effects of anodal vs. cathodal
cerebellar tDCS on cognitive task performance (see
Grimaldi, Argyropoulos, Bastian, et al., 2016 for
review). In our data, although anodal tDCS over the
cognitive location improved performance on verbal
fluency, anodal tDCS over the anterior cerebellum
produced a possible inhibitory effect on /ba/ rep-
etition. It has been suggested that the relationship
between the orientation of neurons in different cere-
bellar regions, as well as task-related differences, may
account for some of the variation in polarity effects
in cerebellar tDCS studies (Grimaldi et al., 2016).
Our data also have implications for our understand-
ing of how the cerebellum acts on the cerebral cortex —
in other words, the modularity of the cerebellar cortex
and the specificity of cerebro-cerebellar circuits. The
repeating, crystalline cellular structure of the cere-
bellar cortex, together with the lack of long-range
cortico-cortical projections within the cerebellar cor-
tex, has led to the proposal that the cerebellum has
a modular functional anatomy. In this way, repeated
modules receiving inputs from and sending outputs
to particular areas of the cerebral cortex, spinal cord,
and vestibular system are localized to discrete regions
of the cerebellar cortex. For example, in the sensori-
motor system, cerebellar homunculi are evident both
at the electrophysiological (Snider & Eldred, 1951)
and functional neuroimaging (e.g., Grodd, Hulsmann,
Lotze, Wildgruber, & Erb, 2001; Buckneretal.;2011)
level; these regions do not overlap with the regions that
show task-based activation (e.g. Stoodley & Schmah-
mann,2009b) or functional connectivity (e.g. Buckner
etal.,2011) with fronto-parietal cognitive control net-
works. These discrete cerebellar “modules” may be
why we were able to show specific location effects
of cerebellar tDCS, whereby modulation of cognitive
networks improved verbal fluency without affecting
simple articulation, and modulation of the sensori-
motor anterior cerebellum impacted production of
syllables (/ba/) without changing performance on ver-
bal fluency. Our data also show, at the neural level, that
functional connectivity was altered from right lobule
VII, but not the right anterior cerebellum, following
tDCS to the cognitive position. These findings are con-
sistent with a recent finite element modeling study of
cerebellar tDCS with the anode centered 3 cm to the
right of the inion (the same position as our “motor”
electrode placement; Rampersad et al., 2014), which
noted that distributions of electric field strengths are

narrower in the cerebellum than in the cerebral cortex.
This suggests that slightly different electrode posi-
tions may be able to modulate more specific regions
within the cerebellar cortex thanis possible in the cere-
bral cortex.

5. Potential clinical application of cerebellar
tDCS for aphasia

Only two prior studies have utilized cerebellar
tDCS in clinical populations, reporting amplitude
changes in long-latency stretch reflexes in subjects
with cerebellar ataxia and improvements in hand-
writing following anodal cerebellar tDCS in patients
with focal hand dystonia (Bradnam, Graetz, McDon-
nell, & Ridding, 2015; Grimaldi & Manto, 2013).
No study has examined the potential of cerebellar
tDCS to improve cognitive or linguistic impairments
inpatient populations.

Based on the results presented here and prior
research on the role of the cerebellum in learning and
cognition, cerebellar neuromodulation could have at
least three positive effects on aphasia recovery. First,
prior evidence of a direct role of the right posterior
cerebellum in language functions and the evidence
from Experiment 1 demonstrating improvement in
verbal fluency performance after tDCS, suggest that
cerebellar neuromodulation may directly improve
language performance, at least for certain functions.
In particular, improvements demonstrated here in ver-
bal fluency suggest an underlying effect of tDCS on
executive control and/or word finding (Lezak, 1983),
two functions commonly impaired in aphasia. Addi-
tional studies will be needed to determine if similar
tDCS protocols can enhance other language functions
as well.

Second, Experiment 2 demonstrates that cerebellar
tDCS can modulate network connectivity in lan-
guage and cognitive systems, including increasing
connectivity within the left hemisphere language net-
work and between language and motor areas involved
in speech production and articulatory planning (see
Price, 2010). Modulation of these language-motor
interactions may be especially useful for people with
nonfluent aphasias and apraxia of speech, consistent
with the proposed role of the cerebellum in both feed-
forward and feedback control of speech acquisition
and production (Tourville & Guenther, 2011). Given
sufficient reinforcement of this enhanced network
connectivity after multiple sessions of cerebellar
stimulation, Hebbian mechanisms could result in
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persistence of these changes and long-lasting effects
on reorganization of residual language networks after
stroke.

Finally, although not tested here, the cerebel-
lum has clear roles in learning and skill acquisition
through the error-based adaptation of internal mod-
els that enable fluent, optimized performance (Ito,
2008). Indeed previous studies have demonstrated
that cerebellar tDCS can enhance language learn-
ing in healthy populations (de Vries et al., 2010;
Floel et al., 2008; Meinzer et al., 2014). Pairing
cerebellar tDCS with speech-language therapy may
similarly enhance learning of compensatory strate-
gies and re-learning of language materials during
aphasia rehabilitation.

Cerebellar tDCS has some additional practical
advantages over current neuromodulation approaches
in aphasia. Encephalomalecia at the lesion site
makes directly targeting perilesional cortex difficult.
Because of variability in lesion distributions, perile-
sional stimulation may require extra procedures, like
fMRI to identify stimulation targets on an individual
basis (Baker, Rorden, & Fridriksson, 2010). Shunting
of electrical current through the area of encephalo-
malecia may also result in unpredictable effects that
vary from person to person. Electrical fields induced
by particular tDCS electrode configurations can be
modeled for each individual patient (Dmochowski
et al., 2013), but this procedure is currently labor
intensive and the accuracy of the models are hard
to verify. Further, electrical field modeling requires
a research quality MRI for tissue segmentation, pre-
senting a barrier to treatment access for some people
with aphasia. Targeting right hemisphere language
homologs is an alternative, although the role of the
right hemisphere in aphasia recovery is still hotly
debated and it remains unclear whether enhancement
or inhibition is the preferred strategy for right hemi-
sphere neuromodulation (Anglade, Thiel, & Ansaldo,
2014; Gainotti, 2015; Turkeltaub, 2015). Especially
with large strokes, encephalomalecia on the left may
still result in unpredictable patterns of current flow
when applying tDCS to the right hemisphere, espe-
cially when the “return” electrode is placed on the
left side of the head, as is common in these protocols
(de Aguiar et al., 2015).

In comparison, the right posterior lateral cerebel-
lum is distant enough from typical stroke locations
associated with aphasia that electrical current flow
patterns are unlikely to be affected by the encephalo-
malecia, especially with the return electrode placed
off of the head as in the experiments presented here.

Additionally, the cerebellum is a relatively compact
structure compared to the cerebrum, and small areas
of the cerebellum such as Crus I have widespread con-
nectivity to disperse cerebral sites, as demonstrated in
Fig. 3. As such, neuromodulation of the cerebellum
may have more anatomically widespread effects on
the cerebrum compared to direct stimulation of either
left perilesional cortex or right hemisphere language
homologs.

The two experiments presented here provide guid-
ance on designing cerebellar tDCS treatments for
aphasia. The results of Experiment 1 demonstrate
that electrode placement is a critical factor in mod-
ulating cognitive or language systems. It may seem
surprising that a relatively small difference in elec-
trode placement could impact the effect of tDCS
so much, but this is consistent with the anatomi-
cal connectivity of the cerebellum. As noted above,
functionally discrete areas of the cerebellum are laid
out topographically, with few if any long-range lat-
eral connections between different cerebellar cortical
regions. Functionally discrete regions of the cere-
bellum form closed-loop circuits with networks in
the cerebrum, but do not connect to other regions of
cerebellar cortex. For this reason, excitation or inhi-
bition induced by cerebellar tDCS is not expected to
spread laterally to neighboring areas of the cerebel-
lum. Therefore, a relatively small change in electrode
placement on the scalp over the cerebellum may have
substantial effects on the brain and behavioral out-
comes. This is evidenced in Experiment 1 by the
comparison between anodal stimulation effects at the
cognitive position for verbal fluency and the motor
position for repeated /ba/ articulation. This small shift
in the location of stimulation had significant effects
on both tasks, with facilitation of verbal fluency at
the cognitive position only, and inhibition of repeated
/ba/ articulation at the motor position only. This result
demonstrates that different functional brain networks
are affected by relatively small shifts in location of
the electrodes in cerebellar tDCS. From a practical
perspective, it is thus important to ensure accurate
electrode placement in future clinical studies of cere-
bellar tDCS for aphasia, at the risk of inadvertently
disrupting speech articulation systems.

With regard to the polarity of stimulation, the
results of Experiment 1 suggest that either anodal
or cathodal tDCS applied to the right posterior lat-
eral cerebellum may enhance verbal fluency, although
post-hoc testing suggested a marginally more reli-
able effect of anodal stimulation. Some have recently
suggested that cathodal tDCS applied outside motor
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cortex does not reliably inhibit cognitive task per-
formance (Jacobson, Koslowsky, & Lavidor, 2012).
Correspondingly, the literature is inconclusive as to
whether anodal or cathodal cerebellar tDCS improves
or disrupts task performance in healthy subjects
(Grimaldi et al., 2014). However, anodal tDCS of
the cerebellum has clearly been shown to enhance
performance during learning paradigms (Ferrucci
etal., 2013). This evidence, along with the marginally
superior results here for anodal compared to cathodal
tDCS, suggest that anodal stimulation over the right
posterior lateral cerebellum is most likely to enhance
language rehabilitation and recovery in aphasia.

6. Conclusions

TDCS is an inexpensive treatment with therapeu-
tic potential for post-stroke aphasia. Although current
studies have focused exclusively on stimulation of
either left perilesional cortex or homotopic areas
of the right cerebral hemisphere, the optimal tar-
gets for treatment are still a matter of great debate.
Given the growing appreciation of the brain as an
extensively-connected network of regions that work
together, the increased understanding of the role of
the human cerebellum in language, and the impor-
tance of cerebellar function to skill acquisition (or
re-acquisition) and stroke recovery, the cerebellum
is an innovative candidate site for neuromodulation
in aphasia. We have provided proof of principle
evidence that cerebellar tDCS can enhance verbal
fluency performance in healthy adults and can alter
both cerebellar-cerebral connectivity and connectiv-
ity within left cerebral language networks. Testing
the effectiveness of cerebellar tDCS in people with
aphasia will open up the possibility of applying cere-
bellar tDCS to a wide range of post-stroke deficits.
The cerebellum forms interconnected loops with mul-
tiple regions of the cerebral cortex, and, if shown to
be effective, cerebellar tDCS could also be used to
enhance recovery from motor, attention, or executive
function deficits resulting from stroke or traumatic
brain injury. Thus, testing cerebellar tDCS as a novel
treatment for post-stroke aphasia may have broad
impact for neurorehabilitation after brain injury.
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