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Cerebellar-Parietal Connections Underpin Phonological
Storage
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Previous research has accumulated convincing evidence to show that the human cerebellum contributes to the short-term storage of
verbal information, butits specific role in brain networks involved in phonological storage remains uncertain. In arandomized, crossover
and sham-controlled design, we here combined transcranial direct current stimulation (tDCS), applied to the right cerebellum, with fMRI
to investigate systematically the contribution of the human cerebellum to encoding, maintenance, and retrieval of verbal information.
After anodal, but not cathodal, tDCS, we found a reduced item recognition capacity together with an attenuated neural signal from the
right cerebellar lobule VIIb, specifically during the late encoding phase. Within this phase, tDCS furthermore affected task-associated
functional connections between right cerebellar lobule VIIb and the posterior parietal cortex. These findings suggest that the right
cerebellar lobule VIIb interacts with the posterior parietal cortex, specifically during the late stages of verbal encoding, when verbal
information enters phonological storage.
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Introduction

Several lines of research suggest that the cerebellum contributes
to cognitive processes such as attention shifting, perception,
memory, and even emotional processing (Ravizza et al., 2006;
Kirschen et al., 2010; Stoodley et al., 2010). One of the cognitive
faculties involving the cerebellum is verbal working memory.
Desmond et al. (Desmond et al., 1997; Chen and Desmond,
2005a), intensively studied the cerebellum’s contribution to the
related cognitive demands. Based on their fMRI studies showing
different coactivations between cerebral and cerebellar regions,
they formulated a human cerebrocerebellar verbal working
memory model that is supported by the cerebrocerebellar net-
work architecture of primates.

These animal studies identified corticopontine projections
from frontal regions that are distributed along medial portions of
the pontine nuclei (Brodal, 1978; Wiesendanger et al., 1979;
Leichnetz et al., 1984; Schmahmann, 1996; Schmahmann and
Pandya, 1997a, 1997b), which in turn project to superior cerebel-
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lar areas, including lobule VI and Crus I (Brodal, 1979, 1982;
Glickstein et al., 1994). Consistent with these anatomical obser-
vations in primates, Desmond et al. (Desmond et al., 1997; Chen
and Desmond, 2005a) found that, in humans, Broca’s area co-
activated with cerebellar lobule VI/Crus I directly after visual
presentation of the verbal items that subjects had to remember.
Based on these findings, they postulated that projections between
Broca’s areas and the superior portions of the cerebellum may
underpin articulatory control processes.

Neuroanatomical research in primates furthermore unveiled
connections between parietal regions and lateral pontine regions
(Brodal, 1978; Wiesendanger et al., 1979; Leichnetz et al., 1984;
Weber and Yin, 1984; May and Andersen, 1986; Schmahmann
and Pandya, 1989, 1991; Schmahmann, 1996; Brodal and Bjaalie,
1997), which project to the cerebellar paramedian lobule VIIb
(Brodal, 1979, 1982; Glickstein et al., 1994). Analogously to these
findings, Desmond et al. (Desmond et al., 1997; Chen and Des-
mond, 2005a) found hemodynamic coactivations between pari-
etal regions and right cerebellar lobule VIIb, specifically during
phonological storage processes. The strict rightsidedness of this
latter cerebellar activation in lobule VIIb fits the known cerebro-
cerebellar cross-lateralization, which implies that, just as the left
hemisphere is involved in language processing, the right cerebel-
lum is involved in language-based functions (Chen and Des-
mond, 2005a, 2005b; Friederici, 2011).

Previous studies either aimed at the identification of task-
related cerebellar activation (Desmond et al., 1997; Chen and
Desmond, 2005a) or used noninvasive cerebellar stimulation to
prove its causal role in verbal short-term memory (Ferrucci et al.,
2008; Boehringer et al., 2013). What remains speculative is the
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cerebellum’s specific role in different cog-
nitive subprocesses, for example, as de-
scribed by Desmond’s cerebrocerebellar
model (Desmond et al., 1997; Chen and
Desmond, 2005a). To this end, we here
used noninvasive cerebellar transcranial
direct current stimulation (tDCS) to
modulate an individual’s verbal memory
capacity together with fMRI to capture al-
tered activity either during encoding, late
encoding, maintenance, or retrieval of
verbal information within right cerebellar
subregions that were previously reported
to be involved (i.e., lobules VI, VIIIa/b,
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Figure 1.  Experimental schedule and Sternberg task. A, Experimental schedule over the course of the 3 weeks and the 3 tDCS

University of Leipzig.

conditions. On the first day, subjects were trained on the Sternberg task over two sessions with a 25 min break in between. On the

Experimental schedule

We used a sham-controlled, randomized,
crossover design. The order of tDCS condi-
tions was counterbalanced across subjects. For
each of the three tDCS conditions (sham, an-
odal, and cathodal tDCS), subjects were invited
to attend our laboratory on two successive days
(Fig. 1A). On the first day, they underwent two
training sessions for the Sternberg task (Sternberg, 1966), which we mod-
ified for the purposes of this study (see Modified Sternberg item recog-
nition fMRI task, below, for further details) outside of the MRI scanner to
establish stable baseline performance. There was a 25 min break between
the two sessions. On the second day, subjects first completed one session
of the Sternberg task (i.e., presession) before we applied one of the three
tDCS protocols over the right cerebellar hemisphere. After tDCS appli-
cation, participants were again engaged in the Sternberg task, but this
time during brain imaging (i.e., fMRI postsession; Fig. 1A).

Modified Sternberg item recognition fMRI task

In our fMRI variant of Sternberg’s item recognition task, each trial con-
sisted of the known four different phases as already implemented in the
original version (Sternberg, 1966), each demanding different cogni-
tive skills (Fig. 1B). First, participants had to encode the acoustically
presented set of digits (i.e., encoding phase). In the first three seconds
of the maintenance phase, encoding is paralleled by storage processes
(i.e., late encoding phase; Leung et al., 2004; Postle, 2006). In the
maintenance phase, which follows the late encoding phase, meaning is
elaborated and implemented to the semantic network (Craik et al., 2000).
In the fourth and last phase (i.e., retrieval phase), participants had to
retrieve the memorized verbal information from phonological storage
(Rypma and D’Esposito, 1999).

We here modified Sternberg’s version of the task by adapting its diffi-
culty to each subject’s individual memory capacities. This modification
allowed inferences not solely based on reaction times (D’Esposito et al.,
1998), but also on the number of recognized digits (i.e., memory capac-
ity), because tDCS-induced changes in reaction times may simply occur
because of a tDCS-induced interference with the known cerebellar motor
control functions such as timing (Ito, 2008).

In our previous tDCS studies, we used digit forward and backward
spans together with tDCS to investigate the cerebellum’s causal role in
verbal short-term memory processes (Boehringer et al., 2013). Because

second day, subjects were again trained on the Sternberg task before tDCS was applied. Afterward, subjects did the Sternberg task
again, but this time during fMRI. B, The Sternberg task as applied in this study. Before each trial, the difficulty level (i.e., the number
of digits that had to be remembered) was visually cued. In the encoding phase, digits were acoustically presented. In the late
encoding phase, verbal items enter phonological storage. In the maintenance phase, subjects had to hold the digits in memory. In
the retrieval phase, we acoustically presented the target digit and subjects had to decide whether it was part of the set of digits
presented during the encoding phase.

our digit span experiments showed a significant influence of cathodal
tDCS on memory recall (Boehringer et al., 2013), we decided to design
the tDCS/fMRI experiments accordingly. To this end, we applied tDCS
before subjects were engaged in the task using the same stimulation
parameters and even the same device (see tDCS, below, for more details).
For the same reason, we decided to modify the original Sternberg task
and to present the digits acoustically instead of visually.

In two brief extra sessions before the first training sessions, we tested
subject’s individual memory capacity using a staircase procedure by add-
ing one digit per trial. If the subjects failed to recognize the target digit on
two successive trials, the staircase was stopped. We computed the median
of recognized digits across both sessions. For the following sessions, we
used three difficulty levels centered on this median (i.e., median, median
minus five digits, median plus five digits). The variation by five digits was
derived from pilot experiments involving nine other subjects who per-
formed the Sternberg task outside of the MRI scanner. The task consisted
of four sessions and two runs for each subject. We computed the SD to
the median across sessions, which was five digits. Based on these pilot
experiments, we adjusted the difficulty levels to the median plus and
minus five digits.

Digits were presented acoustically via speakers (training and pre scan-
ning sessions) or MRI-compatible headphones (fMRI session) at a rate of
one digit per second (Fig. 1B). After a break of 7 s, the target digit was
acoustically presented and subjects had to decide via a button press
whether it was part of the set of digits or not. Trials were presented in
blocks of two trials of the same difficulty level (i.e., same amount of
digits). The intertrial interval between trials (and blocks) was 4 s. The
order of blocks was pseudorandomized over each session. Trial difficulty
was visually cued for 2 s before each block. Seven seconds after the pre-
sentation of the set of digits, the target digit was presented acoustically
and an “X” appeared on the screen. When the “X” appeared, subjects had
to indicate via button press whether the target digit had been part of the
foregoing set of digits. The target digit was part of this sequence in 50% of
all trials.
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Statistical analyses of behavioral data

To analyze the influence of tDCS on reaction times and the number of
recognized digits, we used a 3 X 3 factorial ANOVA for repeated mea-
sures, with the factors pre-post difference either of the reaction times or
number of recognized digits for each difficulty level (median minus five
digits, median, median plus five digits) and stimulation condition (an-
odal, cathodal, or sham tDCS). Post hoc paired ¢ tests comparing pre-
tDCS with post-tDCS performance were used to further investigate the
structure of significance.

tDCS

tDCS was applied with a pair of surface-soaked sponge electrodes (5 X 5
cm) using a commercial tDCS device (NeuroConn). A constant current
of 2 mA (current density 0.08 mA/cm *) was applied to the right cerebel-
lar hemisphere over a period of 25 min. In the anodal stimulation con-
dition, the anode was placed 2 cm below the inion and 1 cm posterior to
the right mastoid process (Ferrucci et al., 2008) to target the lobules
located in the lateral and more caudal parts of the cerebellum (also see
Introduction for our a priori hypothesis and the accordingly defined
ROI). The cathode was placed over the right musculus buccinator (Galea
et al., 2009) for an almost right-angled orientation of the current in
relation to the cerebellar surface. For cathodal stimulation, anode and
cathode were placed contrariwise. During the sham tDCS condition, the
constant current of 2 mA was applied according to common procedure
for only 30 s before being switched off (Gandiga et al., 2006). We used a
stopwatch to guarantee that the fMRI experiment started 7 min after
tDCS application.

fMRI

Image acquisition. MRI data were acquired with a Siemens Tim Trio 3T
scanner. For functional blood oxygenation level-dependent (BOLD) im-
aging, we used a T2-sensitive echoplanar imaging sequence (EPI). We
acquired 720 EPI volumes with each fMRI session, covering the entire
brain (data matrix 64X64, TR = 2000 ms, TE = 30 ms, flip angle = 90°,
bandwidth 1817 kHz, FOV = 1152 mm, in-plane resolution 3 X 3 mm,
slice thickness 4 mm, interslice gap 5 mm). The first three images were
implemented to guarantee a saturated BOLD signal and were discarded
from further analyses. Structural images from each subject (T 1-weighted
3D magnetization-prepared rapid gradient echo images = 650 ms, TR =
1300 ms, FOV = 256 X 240 mm, a = 10° two acquisitions, 1 mm
isotropic resolution) were coregistered to the first scan of the functional
scan series to superimpose individual brain functions on the underlying
brain anatomy.

Preprocessing of fMRI data. For preprocessing and postprocessing of
fMRI data, we used SPM8 (Wellcome Department of Imaging Neurosci-
ence, London, UK). According to common procedures, EPI scans were
first realigned using the six-parameter affine transformation and un-
warped using the B = 0 field map scan to account for movements during
scanning. Next, images were normalized to Montreal Neurological Insti-
tute (MNI) standard space and spatially smoothed with a Gaussian ker-
nel of 6 mm full width at half maximum.

Statistical analyses

We used the general linear model (GLM) to assess hemodynamic re-
sponses for each task’s phase/event (i.e., encoding phase, late encoding
phase, maintenance phase, recognition phase) of any given trial. On the
single-subject level, each GLM consisted of three sessions (sham, anodal,
cathodal tDCS) and each session of 12 regressors capturing the 12 differ-
ent conditions (four trial phases by three difficulty levels). The onset of
each event was convolved with the standard hemodynamic response
function (hrf) as implemented in SPM8. For the encoding phase, we first
applied a box-car function before convolution with the hrfto account for
the different trial lengths because the higher the difficulty level or the
better the participant, the longer the sequence of acoustically presented
digits. The correlation between regressors after the convolution process
was as follows: r = 0.065, SD = 0.046 (encoding vs late encoding), r =
0.385, SD = 0.035 (late encoding vs maintenance), r = 0.161, SD = 0.031
(maintenance vs retrieval), r = —0.296, SD = 0.009 (retrieval vs encod-
ing), indicating relatively low covariance for the purpose of assessing
phase-specific hemodynamic effects. For the assessment of significant
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activation within the part of the right cerebellum that was previously
shown to be involved in processes underpinning verbal working memory
(i.e., lobules VI, VIIa/b, VIIIa/b, Crusl; see Introduction and Desmond et
al., 1997; Chen and Desmond, 2005a), we restricted our search volume to
the anatomical territory of these cerebellar areas (i.e., small volume cor-
rection). To this end, we created a mask including lobules VI, VIIa/b,
VIIIa/b, Crusl based on the probabilistic cerebellar atlas by Diedrichsen
et al. (2009) as implemented in the Anatomy Toolbox for SPM8 (Eick-
hoff et al., 2005).

Assessment of task-related phase-specific neural activity. To assess brain
activation specifically related to each single phase (or event) of the Stern-
berg task, we implemented participants’ fMRI data acquired after sham
tDCS in the SPMS8 full factorial design and compared each task phase
(i.e., encoding, late encoding, maintenance) with the remaining phases
with the exception of the retrieval phase because this phase, compared
with the other exclusively cognitive phases of the task (i.e., encoding, late
encoding, maintenance), was heavily confounded by motor activity due
to the button press used by participants to indicate their decision (Fig. 3,
last row). To assess neural activation related to the retrieval phase, we
compared this phase with the remaining phases (i.e., encoding, late en-
coding, maintenance).

Assessment of tDCS-induced alterations in cerebellar activity. In accor-
dance with the influence of tDCS on subjects’ behavior (i.e., reduced/
increased number of recognized digits for any of the three difficulty
levels), we investigated tDCS influences on neural cerebellar activity. To
this end, we used the paired ¢ test to compare fMRI data acquired after
sham tDCS with either anodal or cathodal tDCS (corresponding to one
of the two polarities that significantly influenced digit recognition; i.e.,
same contrast as for the assessment of significant tDCS-induced behav-
ioral alterations) for the different phases of the Sternberg task (i.e., en-
coding, late encoding, maintenance, retrieval), searching for significantly
enhanced or lowered hemodynamic responses in the right cerebellar
regions of interest (i.e., lobules VI, VIIa/b, VIIIa/b, Crusl, see Statistical
analyses, above, for further details on small volume correction). The
significance level was set to p = 0.05 (familywise error [FWE] corrected).

Assessment of phase-specific tDCS-induced alterations in cerebrocerebel-
lar functional connectivity. To assess the task-related functional connec-
tivity of those cerebellar areas that showed an altered neural signal after
tDCS application, we applied the method of psychophysiological inter-
action (PPI; Friston et al., 1997). On the single-subject level, we first
extracted the first Eigenvariate of the task-related neural activation from
those cerebellar voxels that were significantly (i.e., p = 0.05, FWE cor-
rected) affected by either anodal or cathodal tDCS (see previous para-
graph for how we assessed tDCS effects within the right cerebellum). This
was done for the sham tDCS condition and for the tDCS condition with
significantly affected cerebellar activity (i.e., either anodal or cathodal
tDCS). For each of the two tDCS conditions, the PPI accounted for
phase-specific activation (i.e., comparing the task phase in which we
found the tDCS effect— either encoding, late encoding, maintenance, or
retrieval, see also previous paragraph for further specifications of the
phase-specific contrast—to the remaining phases). On the single-subject
level, we computed each of the two PPIs using a GLM model consisting of
the task regressors and the PPI regressor that captured the interaction
between task conditions and cerebellar activity. On the group level, we
applied the paired t test to compare the PPI of the sham tDCS condition
with the tDCS condition that significantly affected cerebellar activity
(i.e., either anodal or cathodal tDCS). The significance level for the PPI
analysis was set to p = 0.001 (uncorrected).

Association between verbal item recognition capacity and neural activa-
tion from the cerebellum and connected brain area(s). To investigate a
possible relationship between the individual item recognition capacity
and neural activation from either the cerebellar region that was af-
fected by tDCS or the brain area(s) found to be connected to this
cerebellar region, we performed Pearson’s linear correlation analyses.
We implemented the first Eigenvariate across significantly activated
voxels after sham tDCS (i.e., no influence of brain stimulation on
cerebellar activity) together with the percentage of recognized items
in a correlation analysis and tested for either a positive or negative
brain-behavioral relationship.
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Figure2. Changesin digit recognition due to cerebellar tDCS (post-tDCS — pre-tDCS) for the
three difficulty levels (i.e., high, medium, low) across the three tDCS conditions (i.e., anodal,
sham, cathodal). Only after anodal tDCS and only on the medium difficulty level did we find an
impaired digit recognition compared with sham tDCS (paired ¢ test comparing sham with an-
odal tDCS condition p = 0.02, corrected for multiple comparisons). Error bars indicate SEM.

To assess whether the tDCS-induced alterations in memory capacity
correlated with the tDCS-induced alterations in neural activity, we com-
puted pre-post differences of recognized items and the difference in neu-
ral activity from the right cerebellum (i.e., the first Eigenvariate from
sham tDCS minus the tDCS condition that significantly affected cerebel-
lar function) or area(s) found to be connected to the right cerebellum.
The differences in behavioral performance and the differences in neural
activity were together implemented in a Pearson correlation analysis to
again test for either a positive or negative brain-behavioral relationship.

Results
Statistical analyses of behavioral data
The 3 X 3 factorial ANOVA (3 task difficulty levels X 3 tDCS con-
ditions) of reaction times revealed a main effect for task difficulty
(Fa30) = 17.89, p < 0.001), but no effect with respect to the tDCS
conditions (F(, 30y = 0.80, p = 0.923), suggesting that cerebellar
tDCS had only negligible influences on subjects’ motor responses.
The same analysis, but with pre-post differences of recognized
digits, revealed a main effect of tDCS condition (F, 5o, = 4.35,
P < 0.05) and an interaction of tDCS and task difficulty (F, 40, =
3.45, p < 0.05) (Fig. 2). Post hoc paired t tests comparing pre-
tDCS with post-tDCS performance revealed a reduced digit rec-
ognition capacity only after anodal tDCS and only on the
medium difficulty level (t,5) = 2.56; p < 0.05), but not on the
lowest (median minus 5 digits: ¢,5) = 1.94; n.s.) or highest level
(median plus 5 digits: ¢,5) = —0.27; n.s). There was also no
significant effect for sham or cathodal tDCS for any of the three
difficulty levels.

Functional brain imaging
Assessment of task-related phase-specific neural activity
Comparing the encoding phase with the remaining phases (ex-
cept the retrieval phase, see Materials and Methods for further
details on how we assessed phase-specific neural activity), we
found a predominant bilateral activity of the auditory cortices
located in the middle and superior temporal gyrus (note that
digits were acoustically presented; Fig. 3, first row) next to some
other regions that are listed in Table 1.

For the late encoding phase, we identified significant activa-
tions in the posterior parietal cortex, insula, the supplementary
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motor area (SMA), the precuneus, the inferior frontal gyrus, the
right parahippocampus, the inferior/middle occipital gyrus,
the superior/medial/inferior frontal gyrus, the superior/mid-
dle temporal gyrus, the precentral gyrus, the middle cingulate
gyrus, and the cerebellar lobules VIITa and VIIb (Fig. 3, second
row, Table 1).

For the maintenance phase, we found significant activity in
the anterior/ventral inferior prefrontal gyrus (BA 47), which was
previously shown to be involved in verbal working memory (Ka-
pur et al., 1994; Demb et al., 1995; Ranganath et al., 2003) and in
phonological and semantic processing (McDermott et al., 2003;
De Carli et al., 2007; Friederici and Gierhan, 2013). Positioned
next to BA 47, we found significant activity in the superior tem-
poral gyrus (Fig. 3, third row; see Table 1 for the complete list of
significantly activated brain areas).

The retrieval phase was heavily confounded by motor activa-
tion due to the button press used by subjects to indicate their
decision. Accordingly, we found an activation pattern that pre-
dominantly encompassed motor regions such as the primary mo-
tor cortex on the left hemisphere (note that subjects pressed the
button with their right index finger), the premotor cortex, the
SMA, the inferior/superior occipital gyrus, postcentral gyrus, and
motor-associated regions within the cerebellum (Fig. 3, fourth
row) positioned next to some other regions that are listed in
Table 1.

Table 1 summarizes the peak voxels’ MNI coordinates, T
scores, cluster sizes, and anatomical assignments of all signifi-
cantly activated brain areas for each of the four task phases (i.e.,
encoding, late encoding, maintenance, and retrieval).

Assessment of tDCS-induced alterations in cerebellar activity
Because we found an effect of tDCS on digit recognition only
for anodal tDCS and only on the medium difficulty level (Fig.
2), we next looked for corresponding tDCS influences on cer-
ebellar function. On the medium difficulty level, we systemat-
ically compared fMRI data acquired after sham tDCS with
anodal tDCS for the different phases of the Sternberg task (i.e.,
encoding, late encoding, maintenance, retrieval), searching
for significantly altered hemodynamic responses from the
right cerebellar lobules VI, VIIa/b, VIIIa/b, Crusl (i.e., p <
0.05, FWE corrected, see Materials and Methods for further
details on small volume correction). We found significantly
lowered hemodynamic responses in one right cerebellar area,
namely lobule VIIb, which was exclusively evident in the late
encoding phase (peak voxel: x = 24,y = =73,z = —47,T =
5.48; Fig. 4A), suggesting that anodal tDCS attenuated cere-
bellar lobule VIIb activity specifically during this phase. Note
that this cerebellar cluster of attenuated neural activity sub-
stantially overlapped with the phase-specific cerebellar activa-
tion we found for the late encoding phase (Fig. 4A, Fig. 3,
second row), underlining the assumption that anodal tDCS
attenuated the function of that cerebellar region that was spe-
cifically involved in the late encoding of verbal information.

Consistent with the lack of tDCS influences on digit recogni-
tion when applied with inversed polarity (i.e., cathodal tDCS), we
found no significant increase or decrease in hemodynamic activ-
ity in the cerebellum for any of the task’s phases after cathodal
tDCS.

Assessment of phase-specific tDCS-induced alterations in
cerebrocerebellar functional connectivity

The paired ¢ test (i.e., sham compared with anodal tDCS) of the
phase-specific PPIs (i.e., accounting for neural activity specifi-
cally related to the late encoding phase, see Materials and Meth-
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ods for further details) seeded on the cerebellar representation of
the tDCS effect (i.e., attenuated neural signal caused by anodal
tDCS) revealed a tDCS-induced weakening of task-associated
functional connectivity between the right cerebellar lobule VIIb
and the posterior parietal cortex (peak voxel: x = —24, y = —49,
z=67, T = 5.05; Fig. 4B).

Association between verbal item recognition capacity and neural
activation from the cerebellum and connected brain area(s)

We found a significant positive correlation between neural acti-
vation from cerebellar lobule VIIb and the item recognition ca-
pacity after sham tDCS (r = 0.658, p = 0.006; Fig. 4C), suggesting
that the individual activity level in cerebellar lobule VIIb during
the late encoding phase in fact related to the individual memory
capacity. Accordingly, the higher the neural activity in cerebellar
lobule VIIb, the higher the amount of recognized items. After
anodal tDCS was applied, this positive relationship was no longer
present (r = 0.038, p = 0.888). In addition, the difference in item
recognition capacity (preperformance — postperformance)
showed no relationship with the difference in neural signal from
the cerebellar lobule VIIb (first Eigenvariate for sham — anodal
tDCS; r = —0.056, p = 0.837).

For the posterior parietal cortex, the brain area that we found
to be connected to the cerebellar lobule VIIb specifically during
the late encoding phase, we found no correlation with the item
recognition capacity after sham tDCS (i.e., during the late encod-
ing phase; r = 0.01, p = 0.971) and also no correlation between
the parietal cortex, as assessed by PPI analysis (first Eigenvariate
for sham — anodal tDCS), and the reduction in item recognition
capacity (preperformance — postperformance; r = —0.005, p =
0.985).

Comparison of four different phases of the Sternberg task. First row, Encoding phase versus late encoding und
maintenance phase (p = 0.005, uncorrected). Second row, Late encoding phase versus encoding und maintenance phase (p =
0.005, uncorrected). Third row, Maintenance versus encoding phase and late encoding phase (p = 0.005, uncorrected). Bottom
row, Retrieval phase versus encoding, late encoding, maintenance phase (p = 0.001, FWE corrected). (B, cerebellum; (G, calca-
rine gyrus; IFG, inferior frontal gyrus; INS, insula; 10G, inferior occipital gyrus; IPL, inferior parietal lobule; ITG, inferior temporal
gyrus; MCG, middle cingulate gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; PCG, postcentral gyrus; PHIPP,
parahippocampus; PPC, posterior parietal cortex; PREC, precuneus; SOG, superior occipital gyrus; SPL, superior parietal lobule; STG,
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Discussion

Our present findings indicate that only
anodal cerebellar tDCS causes an attenu-
ated memory recognition capacity. Only
after anodal tDCS did we also find signif-
icantly attenuated hemodynamic signals
from the stimulated right cerebellum,
namely from lobule VIIb, together with a
weakened functional connectivity of this
area with the posterior parietal cortex,
specifically during the late encoding phase
(Leung et al., 2004; Postle, 2006).

Cerebellar tDCS in cognitive
neuroscience

Most results showing how tDCS affects
brain function come from studies in
which tDCS was used to modulate motor
cortex excitability. These studies suggest
that anodal tDCS has a facilitatory influ-
ence, whereas cathodal tDCS exerts an in-
hibitory influence (Nitsche and Paulus,
2000; Lang et al., 2005; Butler et al., 2013).
If reduced hemodynamic signal reflects
inhibition of cortical excitability, then this
taxonomy obviously does not translate to
the present findings. However, previous
cerebellar tDCS studies also found an in-
hibitory effect on memory capacity that
was independent of whether tDCS was ap-
plied with anodal or cathodal polarity
(Ferrucci et al., 2008; Boehringer et al.,
2013). Based on these inhibitory effects,
Ferrucci and Priori (2014) recently hypothesized that cerebellar
tDCS may generally interfere with Purkinje cell long-term de-
pression by altering the fine-tuning of membrane potential and
the relative pace-making properties. The present findings con-
firm the inhibitory effect of anodal tDCS. What remains less clear
is why we did not find any significant effects caused by cathodal
tDCS.

Previously, we showed that cathodal tDCS impaired digit
spans (Boehringer et al., 2013: note that we did not assess the
effects of anodal tDCS in this previous study), whereas in the
present study, we found no effect for cathodal tDCS, but a
reduced recognition capacity after anodal tDCS. Because
tDCS was applied before the task in both studies with the same
parameters and even the same device, the most plausible ex-
planation for the different findings must be the different cog-
nitive processes involved. Although testing the digit span
demands recall of memorized digits, the Sternberg task only
requires their recognition. Given that, in a recent meta-
analysis, cathodal tDCS in combination with cognitive tasks
proved a significant lower effect size compared with anodal
tDCS (Jacobson et al., 2012), it could well be that the lower
cognitive engagement demanded by the Sternberg task (rec-
ognition instead of memory recall) and the less effective po-
larity are together responsible for the lack of effects that we
found after cathodal tDCS. In addition to these different
polarity-related tDCS effects, we also found that both the cer-
ebellar and behavioral effect were only present on the medium
difficulty level, which suggests that tDCS was only effective if
subjects were adequately engaged and not when the task was
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Table 1. Significantly activated brain areas
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Hemisphere X y z T Cluster size (voxels) Location
Encoding phase versus late encoding and maintenance (p = 0.005, uncorrected)
Left =51 —16 1 11.44 3443 Superior temporal gyrus
Left -39 —28 10 11.40 Superior temporal gyrus
Right 54 —22 13 10.14 Superior temporal gyrus
Late encoding versus encoding and maintenance (p = 0.005, uncorrected)
Left -33 23 4 5.14 398 Insula lobe
Left -3 62 4 3.96 85 Superior medial gyrus
Left =27 —43 =5 3.97 122 Parahippocampal gyrus
Left —60 —55 16 3.49 84 Middle temporal gyrus
Left 12 —43 28 343 15 Posterior cingulate gyrus
Left =51 —40 =5 3.42 15 Middle temporal gyrus
Left —57 —-13 —20 331 15 Middle temporal gyrus
Left —45 47 =5 3.25 5 Middle orbital gyrus
Left =57 5 -20 3.3 13 Middle temporal gyrus
Left —36 —55 —14 2.88 12 Fusiform gyrus
Left —18 —67 19 2.88 8 Fusiform gyrus
Right 36 23 =2 7.14 5868 Insula lobe
Right 48 —52 37 3.83 274 Angular gyrus
Right 63 —49 -2 3.53 75 Middle temporal gyrus
Right 48 =37 7 3.47 18 Superior temporal gyrus
Right 15 —88 =5 3.44 16 Lingual gyrus
Right 57 —4 —23 3.38 22 Middle temporal gyrus
Right 6 20 —14 3.29 12 Olfactory cortex
Right 48 =25 - 3.16 13 Fusiform gyrus
Right 9 —10 34 3.07 5 Middle cingulate gyrus
Right 12 —46 25 3.06 9 Posterior cingulate gyrus
Right 27 —64 —50 2.97 12 Posterior cingulate gyrus
Right 0 47 —20 2.89 33 Rectal gyrus
Maintenance versus encoding and late encoding (p = 0.005, uncorrected)
Left -33 41 -8 3.83 42 Middle orbital gyrus
Left =15 5 25 3.7 20 Corpus callosum
Left —42 =25 7 3.58 8 Superior temporal gyrus
Left —54 —58 49 3.39 10 Inferior parietal lobule
Right 30 44 -2 3.79 50 Middle frontal gyrus
Right 9 5 16 5 Caudate nucleus
Retrieval versus encoding, late encoding and maintenance (p = 0.001, FWE corrected)
Left =30 -1 -4 6.97 24 Fusiform gyrus
Right 63 —28 16 17.93 26247 Superior temporal gyrus
Right Ly} 56 =5 8.49 186 Middle orbital gyrus

too difficult or too easy. Based on these findings, we assume a
close interaction between tDCS polarity and the specific task-
related cognitive demand. This assumption is supported by
another tDCS study providing additional evidence that tDCS
polarity interacts differently with the strength of cognitive
engagement (Jones and Berryhill, 2012).

Influence of cerebellar tDCS during late encoding

To investigate whether anodal tDCS specifically impaired
memory encoding, late encoding, maintenance, or retrieval,
we assessed phase-specific hemodynamic cerebrocerebellar
responses (for further details, see Results, Fig. 1B, Table 1).
When systematically testing for a significant tDCS-induced
cerebellar effect, we found that anodal tDCS had a specific
effect on the first 3 s of the maintenance phase, when verbal
items enter phonological storage (Leung et al., 2004; Postle,
2006). These processes seem to involve the right cerebellum
and, more specifically, the posteriorly localized lobule VIIb,
which in previous studies was shown to coactivate with pho-
nological storage processes (Chen and Desmond, 2005a,
2005b). This assumption agrees with the present findings and
is further supported by the tDCS-induced attenuation of the
task-related functional connectivity between cerebellar lobule

VIIb and a cerebral area that is also well known for its involve-
ment in the manipulation and storage of verbal information,
the posterior parietal cortex (Collette et al., 1999; Honey et al.,
2000).

Influence of cerebellar tDCS on cerebellar-cerebral

functional connectivity

Anodal tDCS applied to the right cerebellar hemisphere weak-
ened the connectivity between right cerebellar lobule VIIb und
the posterior parietal cortex (Fig. 4B). These findings agree
with the assumption that cerebellar tDCS acts on cerebral
structures through cerebellar efferent projections (Ferrucci
and Priori, 2014). Furthermore, they emphasize the notion
that the posterior parietal cortex acts as a site of phonological
storage in verbal working memory processes. This assumption
agrees with previous fMRI studies by Chen and Desmond
(2005a), who investigated human subjects engaged either in
the Sternberg’s verbal working memory task or a pure motoric
rehearsal task not involving any storage demands. Both tasks
provoked considerable activations in the left inferior frontal
gyrus, corresponding to Broca’s area, as well as bilaterally in
the superior cerebellar hemisphere in lobule VI/Crus I. Con-
trarily, activation in the posterior parietal lobule and supra-
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Figure 4. A, After anodal tDCS was applied to the right cerebellum, we found significantly reduced neural activity in right
cerebellar lobule VIIb (i.e., red cluster of voxels) compared with sham tDCS on the medium difficulty level during the late encoding
phase (paired t test comparing sham vs anodal tDCS condition, p = 0.05, FWE small volume corrected; for display purposes, p =
0.001, uncorrected; also see Fig. 2 for related tDCS effects on item recognition capacity). Left, Coronal slice. Right, Sagittal slice, y =
—73. Please note the substantial overlap between the effect of anodal tDCS (paired t test comparing sham vs anodal tDCS
condition, colored in red) and the cerebellar activity that we found during the late encoding phase (full factorial design comparing
late encoding vs the encoding und maintenance phase, colored in green; for display purposes, late-encoding related activity
thresholded at p = 0.005, uncorrected). B, PPl seeded on the effect of anodal tDCS in right cerebellar lobule VIib, which captures
the interaction between task conditions and cerebellar activity, yielded a significant task-associated connectivity to the posterior
parietal cortex. The stronger functional connectivity after sham tDCS compared with anodal tDCS suggests that anodal tDCS
weakened the connections between cerebellar lobule VIib and the posterior parietal cortex specifically during the late encoding
phase (paired t test comparing sham vs anodal tDCS, p = 0.001, uncorrected). C, Correlation between first Eigenvariate extracted
from right cerebellar lobule VIIb (x = 24,y = —73,z = —47) across significantly activated voxels after sham tDCS (i.e., no
influence of brain stimulation on cerebellar activity) with the percentage of recognized items (r = 0.658, p = 0.006). This
relationship suggests that the higher the individual activity level in lobule VIIb, the higher the recognition capacity. This correlation
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sponding cerebrocerebellar projections
from Broca’s area to lobule VI/Crus I in
the superior cerebellar hemisphere. This
assumption agrees with Baddeley’s
model of the phonological loop, sug-
gesting that speech inputs enter the
phonological short-term store directly,
whereas nonspeech inputs are first sub-
jected to subvocal rehearsal (Baddeley,
1986).

Associations between recognition
capacity and cerebrocerebellar activity
and connectivity

The influence of anodal cerebellar tDCS
on participants’ recognition capacity
and on the individual level of cerebellar
hemodynamic activity together suggest
that the right cerebellar lobule VIIb is
involved in processes underpinning ver-
bal working memory. These findings are
further supported by the positive corre-
lation we found between both measures.
Accordingly, in the control condition
(i.e., after sham tDCS), participants
with stronger activity in cerebellar lob-
ule VIIb also recognized more items,
which alternatively can be interpreted as
apossible involvement of cerebellar lob-

underlines the assumption that lobule VIIb underpins phonological storage processes.

marginal gyrus, as well as in the inferior cerebellar lobule VIIb,
was observed only for working memory processes. Based on
the assumption that articulation is a common component of
motoric rehearsal and phonological storage, whereas phono-
logical storage is required only for the working memory pro-
cesses, Chen and Desmond (2005a) postulated that the
superior cerebellar activation together with activity in Broca’s
area, which are common to both tasks, reflects the articulatory
component, whereas the inferior cerebellar activation together with
activity in the posterior parietal lobule and supramarginal gyrus,
observed only during verbal working memory, reflects phonological
storage.

The present fMRI and functional connectivity findings un-
derline the assumption that cerebrocerebellar projections be-
tween lobule VIIb and posterior parietal cortex are involved in
phonological storage processes. Contrarily, we could not con-
firm the a priori expected activation in cerebellar lobule VI/
Crus I or in Broca’s area, suggesting that the articulatory
control process played only a minor or negligible role in our
fMRI version of the Sternberg task. The most plausible expla-
nation for the missing activation in this latter cerebrocerebel-
lar connection is the striking difference between the Sternberg
tasks used by Chen and Desmond (2005a) and our version.
Chen and Desmond (2005a) presented the verbal items visu-
ally, whereas we presented them acoustically to keep crucial
experimental parameters consistent with our previous tDCS
experiments (Boehringer et al., 2013). In our “acoustic” ver-
sion of the task, the path toward phonological storage may
have bypassed subvocal rehearsal processes necessary for
translating the visual content into verbal content, which may
explain the lack of activation that we found for the corre-

ule VIIb in item recognition or, in other
words, in retrieval instead of storage
processes (Fig. 4C). Our phase-specific
fMRI findings nevertheless point to an effect of anodal tDCS
not on memory retrieval, but on late encoding processes, sug-
gesting that lobule VIIb rather supports phonological storage.
Assuming undisturbed cerebellar function during phonologi-
cal storage processes (i.e., sham tDCS) and also no distur-
bances of the processes bridging late encoding with memory
retrieval (i.e., maintenance of the stored items), storage capac-
ity should equal recognition capacity. Therefore, the positive
brain-behavioral relationship that we found between recogni-
tion capacity and cerebellar activity also supports both our
assumption and the assumption made by Chen and Desmond
(2005a) that the cerebellar lobule VIIb underpins phonologi-
cal storage processes.

Contrarily, after anodal tDCS, neither cerebellar lobule
VIIb nor the connected posterior parietal cortex yielded a
relationship with the reduced item recognition capacity. Al-
though it is generally problematic to interpret such nonsignif-
icant findings, which may still become significant with an
increase in sample size, the lack of correlation between the
tDCS-induced reduction in item recognition capacity and at-
tenuation of neural activity from either the cerebellum or pos-
terior parietal cortex suggests that the effect of anodal tDCS on
recognition capacity is not solely related to the altered signal
and connections of these brain regions, but potentially also by
more distant tDCS effects on other relevant areas within the
brain network underpinning either the storage or retrieval of
verbal information.

Conclusion
Combining tDCS with fMRI, we confirm here previous specula-
tions on a specific cerebellar contribution to late encoding pro-



5036 - J. Neurosci., April 2, 2014 - 34(14):5029-5037

cesses (Chen and Desmond, 2005a). These findings are
supported by the tDCS-induced attenuated functional connec-
tivity between right cerebellar lobule VIIb and the posterior pa-
rietal cortex, suggesting that this cerebellar-posterior parietal
connection is crucial for processes underpinning phonological
storage.
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