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Abstract: Non-invasive transcranial direct current stimulation (tDCS) can enhance recovery after stroke.
However, fundamental knowledge about how tDCS impacts neural processing in the lesioned human
brain is currently lacking. In the present study, it was investigated how tDCS modulates brain function in
patients with post-stroke language impairment (aphasia). In a cross-over, randomized trial, patients named
pictures of common objects during functional magnetic resonance imaging (fMRI). Concurrently, excitato-
ry (anodal-) or sham-tDCS (1 mA, 20 min, or 30 s, respectively) was administered to the left primary motor
cortex, a montage with demonstrated potential to improve aphasic language. By choosing stimuli that
could reliable be named by the patients, the authors aimed to derive a pure measure of stimulation effects
that was independent of treatment or performance effects and to assess how tDCS interacts with the
patients’ residual language network. Univariate fMRI data analysis revealed reduced activity in domain-
general regions mediating high-level cognitive control during anodal-tDCS. Independent component func-
tional network analysis demonstrated selectively increased language network activity and an inter-
correlated shift from higher to lower frequency bands, indicative of increased within-network communica-
tion. Compared with healthy controls, anodal-tDCS resulted in overall “normalization” of brain function
in the patients. These results demonstrate for the first time how tDCS modulates neural processing in stroke
patients. Such information is crucial to assure that behavioral treatments targeting specific neural circuits
overlap with regions that are modulated by tDCS, thereby maximizing stimulation effects during therapy.
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INTRODUCTION

Transcranial direct current stimulation (tDCS) of the
brain involves a weak electrical current that is adminis-
tered via scalp attached electrodes. TDCS has successfully
been used to modulate neural excitability and consequent-
ly behavioral performance in health and disease [Floel,
2014; Miniussi et al.,, 2013; Perceval et al., 2016]. Acute
behavioral effects of tDCS, as observed during or immedi-
ately after the end of the stimulation, are thought to be
mediated by polarity specific modulation of the neural
resting-membrane potential, resulting in enhanced or
reduced excitability [Stagg and Nitsche, 2011]. Moreover,
previous studies have demonstrated that behavioral
improvements due to multi-session tDCS may be main-
tained for longer time periods after the end of the stimula-
tion, with follow-up periods ranging from 1 week to 12
months [Cohen Kadosh et al., 2010; Dockery et al., 2009;
Meinzer et al., 2014a; Reis et al., 2009]. These long-term
effects of tDCS and its excellent safety profile [Bikson et al.,
2016] have encouraged the use of tDCS to enhance the recov-
ery potential in stroke patients suffering from language
impairment (aphasia) by facilitating neural circuits engaged
during treatment [Holland and Crinion, 2012].

Recent reviews and meta-analyses have emphasized the
potential of tDCS to enhance treatment outcome in apha-
sia, but also highlighted variable stimulation effects within
and between studies [De Aguiar et al., 2015; Elsner et al.,
2015; Holland and Crinion, 2012; Monti et al., 2013]. This
is likely explained by the limited understanding of how
tDCS modulates brain functions in stroke patients and
whether stimulation effects of specific montages over-
lapped with the neural networks engaged during treat-
ment. Indeed, while a number of studies have
demonstrated that tDCS can enhance treatment-induced
motor recovery and neural plasticity in stroke patients
[Allman et al., 2016; Lefebvre et al., 2015; Lindenberg
et al., 2010; Stagg et al., 2012], only one study investigated
the underlying mechanisms of superior treatment effects
due to tDCS in aphasia [Marangolo et al., 2016]. In this
study, the combination of language therapy and bi-frontal
tDCS resulted in enhanced connectivity within the
lesioned left hemisphere compared with treatment and
sham-tDCS.

However, these studies only addressed the combined
effects of treatment and tDCS, which does not allow to
obtain a direct measure of how the stimulation itself
impacts on brain function (i.e., the state patients are in
during treatment). Thus, the presumed mechanisms by
which tDCS provided “better working conditions” during
treatment remained elusive. Such knowledge is imperative
to assure that behavioral treatments targeting specific neu-
ral circuits in the lesioned brain are modulated by a given
tDCS montage, thereby maximizing stimulation effects
during therapy. Direct information about how tDCS
impacts on brain function can be derived from studies that
combine functional magnetic resonance imaging (fMRI)

with simultaneous intrascanner tDCS [Meinzer et al.,
2014b]. Previous studies that used this technique in
healthy individuals and patient populations have demon-
strated that tDCS not only modulates local task-related
brain activity at the stimulation site but also functionally
connected distant brain regions [Antal et al., 2011; Holland
et al.,, 2011; Lindenberg et al., 2013, 2016; Meinzer et al.,
2012a, 2013b; Polania et al., 2011; Ulm et al., 2015].

In the present study, we used this technique to investi-
gate how tDCS interacts with the residual language net-
work in a group of patients with post-stroke aphasia,
thereby exploring the neural effects of acute tDCS effects
as they would be present during concurrent therapy. We
employed a cross-over, sham-tDCS controlled design and
the patients named pictures of common objects during
fMRI. This task was chosen as naming impairment is
among the most common symptoms of aphasia [Lazar and
Antoniello, 2008] which has frequently been targeted in
previous tDCS trials in aphasia (for review see De Aguiar
et al. [2015]). To assure that potential changes in neural
processing due to tDCS were not confounded by perfor-
mance [Fridriksson and Morrow, 2005; Price et al., 2006]
or treatment effects [Lefebvre et al., 2015; Lindenberg
et al., 2010; Marangolo et al., 2016; Stagg et al., 2012], we
only included object pictures that could be named correct-
ly by individual patients during repeated baseline assess-
ments. Intrascanner tDCS targeted the left primary motor
cortex (M1), a montage that improved short- and long-
term naming treatment outcome and everyday communi-
cation compared with treatment with sham-tDCS in a pre-
vious clinical trial of our group [Meinzer et al., 2016].

The goals of this study were twofold: First, the within-
group comparison of patients scanned during active- ver-
sus sham-tDCS explored for the first time in post-stroke
aphasia potential stimulation effects on functional brain
activity (standard univariate approach; [Meinzer et al.,
2013a]) and also large-scale functional network modula-
tions (using independent component analysis, ICA; [Carter
et al., 2012]). Second, to further qualify the functional rele-
vance of potential tDCS effects, we also compared the
patients” data acquired during both stimulation conditions
with those of matched healthy controls group that were
scanned without stimulation. This analysis assessed whether
tDCS-induced changes in brain function would result in
more “normal” patterns of brain activity and connectivity in
language-related regions in the patients, as previously
shown in healthy older individuals and patients with Mild
Cognitive Impairment [Meinzer et al., 2013b, 2015a].

MATERIALS AND METHODS
Sample Characteristics

Clinical and demographic information of the patients (6
women, 10 men; mean * SD 56.7 = 10.1 years of age) are
detailed in Table I. All patients were in the chronic stage,
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Figure I.
Lesion overlay plot: Colors indicate the number of patients with lesions in a given area. [Color
figure can be viewed at wileyonlinelibrary.com]

defined as at least 12 months post-stroke (mean *SD
54.3 = 45.3 months post stroke) and had varying lesion
sites and sizes (Fig. 1). None of the patients had previous-
ly participated in a tDCS study. Only patients without
lesions affecting the hand representation of the left motor
cortex and underlying white matter were included (i.e.,
the stimulation site). Patients with contraindications for
tDCS and fMRI (e.g., cardiac pacemaker, history of seiz-
ures), a history of alcohol or drug abuse, other severe neu-
rological, psychiatric or medical conditions or taking
medication that may interfere with tDCS effects (e.g., anti-
depressants, anxiolytics) were excluded. After an initial
screening for exclusion criteria, eligible patients were test-
ed with the standardized German aphasia test battery
(Aachen Aphasia Test [AAT]) to determine the degree and
severity of language impairment. Because the main goal of
the present study was to investigate how tDCS interacts
with the reorganized naming network after stroke (i.e., in
the presence of a structural lesion), we only recruited
patients with mild aphasia to assure that the patients
could correctly name enough stimuli to be included dur-
ing the cross-over phase (for details please see below).
While all the patients in the present study had beneficial
recovery in the chronic stage (i.e., when they were tested),
clinical case reports obtained through treating neurologists
and speech therapists indicated that all patients had
moderate-severe aphasia in the sub-acute stage after
stroke. Please note, only residual naming impairment was
observed in the AAT at the time of testing. However, all
patients reported subjective naming impairment during
more challenging everyday situations. Moreover, naming
latencies during baseline testing were above age-corrected
norms [Kargel et al., 2015], which confirmed those subjec-
tive reports. Sixteen age-matched healthy individuals
served as control group and were scanned with the same
fMRI design (8 women, 8 men, 58.9 £ 159 years of age),
but without stimulation.

The study was approved by the local ethics committee
of The Charité University Hospital (Berlin, Germany), con-
ducted in accordance with the Helsinki declaration and
registered with clinicalTrials.gov (NCT01845129). Prior to
study inclusion the patients provided written informed
consent and were paid €150 for their participation.

Baseline Naming Assessments and Stimulus
Selection

Given that it has been suggested that the impact of dif-
ferent interventions (e.g., tDCS) on brain function in apha-
sia “should be assessed using tasks that the patients can
perform” [Price et al., 2006], the naming task only includ-
ed pictures that could be named correctly during repeated
behavioral baseline assessments. Moreover, as perfor-
mance levels have been shown to impact on functional
imaging parameters during language tasks in healthy indi-
viduals and patients with aphasia [Antonenko et al., 2012;
Fridriksson and Morrow, 2005; Meinzer et al., 2012b], this
strategy also aimed to minimize potential confounds
induced by variable and erroneous naming performance in
patients with aphasia and to assure stable imaging results
in both stimulation sessions. All patients completed two
behavioral baseline naming assessments. During each ses-
sion, 344 line drawings of common object pictures from
the Snodgrass [Snodgrass and Vanderwart, 1980] and
International Picture Naming Project [Szekely et al., 2004]
corpora were presented in random order using a laptop
computer. Details of this standardised set have been
described in previous studies of our group [e.g., Floel
et al., 2011; Meinzer et al., 2010, 2016; Menke et al., 2009].
Pictures were presented in eight sets of pictures (N =43/
set) with short breaks in between sets. Each picture was
preceded by a brief auditory stimulus and presented for
3 s followed by a blank screen (max. 27 s). The patients
were required to respond by naming each picture aloud as
quickly and accurately as possible. After the first naming
attempt, the investigator proceeded to the next item by
pressing the mouse button. Verbal responses were digital-
ly recorded and subsequently transcribed. Response laten-
cies for correctly named pictures were determined using
Adobe Audition® software by calculating the difference
between picture onset (identified by the auditory stimulus)
and the onset of naming responses were calculated. Pic-
tures that could be named correctly during both baseline
assessments were identified on an individual basis and the
160 responses with the fastest mean latency were selected.
Those items were divided into two sets (80/set) that were
matched for baseline response latency (mean = SD ms Set;
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1432.07 £ 711.79 vs. Set, 1420.84 = 717.01; P = 1.00) and lin-
guistic variables (word length 6.67 +0.38 vs. 6.71=0.29;
frequency 145.15*=23.82 vs. 144.5 *+26.18; both P>0.77).
In addition, sets were matched for semantic categories (#
manipulable objects: 19.00 +3.12 vs. 19.53 =+ 2.31; # man-
made objects: 24.39 =3.85 vs. 24.46 £2.71; both P> 0.44).
The sets were randomly assigned to the two fMRI ses-
sions. Controls were scanned with the same picture sets
used in the patient group (i.e., one set from each patient
was chosen and randomly assigned to participants of the
control group).

Transcranial Direct Current Stimulation

We used an established intrascanner tDCS set-up that
has successfully been used by our group to assess neuro-
functional changes due to tDCS in healthy individuals and
patient populations [Lindenberg et al., 2013, 2016; Meinzer
et al.,, 2012a, 2013b, 2014c]. Details of this method have
previously been reported [Meinzer et al., 2014b]. In short,
tDCS was administered using an MRI-compatible direct
current stimulator (DC-Stimulator Plus-MR®, NeuroConn,
llmenau). The anode (5 X 7 cm?) was attached over the
left representation of the hand M1 using two elastic rubber
bands as in previous studies of our group (C3 of the 10-20
EEG system, [Lindenberg et al., 2013, 2016; Meinzer et al.,
2014c, 2016]). The return electrode (10 X 10 cm?) was posi-
tioned over the right supraorbital region. The larger size
of this electrode renders the stimulation functionally inert
at this site (i.e., there is no direct cathodal effect under-
neath the return electrode) without compromising the
effects underneath the anode [Nitsche et al., 2007]. A con-
stant direct current of 1 mA was administered and
ramped-up over 10 s prior to the start of the picture nam-
ing task and remained stable for 20 minutes (anodal-tDCS)
or was turned off after 30 s (sham-tDCS). After each ses-
sion the patients completed a brief adverse effects ques-
tionnaire (adapted from Brunoni et al. [2011]); after each
session patients were also asked to guess whether they
thought active- or sham-tDCS was administered.

Functional Imaging Data Acquisition

Functional and structural images of the patients were
acquired using a 3-Tesla Siemens Trio MRI system at the
Berlin Centre for Advanced Imaging of the Charité Uni-
versity Hospital with approximately one week in between
sessions. Healthy controls were scanned only once using
the same sequences. The overt picture naming task
employed an event-related design and a T2*-weighted
echo-planar imaging (EPI) sequence (TR=10s, TA=2s,
8 s delay of TA; echo time 30 ms, matrix 64 X 64, 32 X
3 mm slices, 0.75 mm gap, flip angle 90°, in-plane resolu-
tion 3 X 3 X 3 mm®). Two runs were acquired with a total
of 40 naming and 10 baseline trials (the smaller number of
baseline trials was chosen to reduce the time the patients

had to spend in the scanner) using a sparse acquisition
design [e.g.,, Meinzer et al.,, 2012a, 2013b]. This allows
assessing overt verbal responses during a scanner off
phase to avoid articulation related artifacts. Picture stimuli
were presented via a projector and a system of mirrors.
Trials were jittered and each trial commenced with a blank
screen that was displayed for either 14 s (mean: 1.6 s) fol-
lowed by an object picture (always 3 s). Subsequently, a
blank screen was displayed for another 3-6 s, depending
on the picture onset. The patients were instructed to name
each picture aloud as fast as possible during this time. A
single whole brain volume (2 s) was acquired at the end of
each 10 s trial (i.e., 1-4 s after picture offset; sparse sam-
pling). Individually selected pictures were presented in
random order with interspersed fixation cross baseline tri-
als (no response was required during the baseline trials).
Naming responses were recorded using an MRI-
compatible microphone, recorded and transcribed for sub-
sequent analysis. Accuracy and response latency of correct
responses was determined using the recorded responses.
After the end of the functional runs, standard high resolu-
tion 3D T1l-weighted and fluid attenuation inversion recov-
ery (FLAIR) images were acquired for lesion identification
and to facilitate normalization of the functional images.
Prior to scanning, a short training session was conducted
outside of the scanner using a different set of pictures.
Controls were scanned with the same fMRI paradigms.

fMRI Data Analysis Pre-Processing

Statistical Parametric Mapping (SPM8, Wellcome
Department of Imaging Neuroscience, London) was used
for data analysis. Pre-processing comprised slice-timing,
image re-alignment to the first image of the time series,
co-registration with the T1-weighted structural image. The
high-resolution T1-weighted image was warped into stan-
dard space using unified segmentation and cost function
masking [Meinzer et al.,, 2013a]. The resulting normaliza-
tion parameters were then applied to the co-registered
functional images. Afterward, data were spatially
smoothed with an 8 X 8 X 8 mm® Gaussian kernel. Data
pre-processing was identical for healthy controls (except
that there was no cost function masking).

Univariate Statistical Analysis

Data were analyzed in the context of the general linear
model (GLM). The statistical design matrix comprised
covariates-of-interest (i.e., correct picture naming and base-
line trials for both sessions). Movement parameters
obtained during image re-alignment were also included to
improve the overall model fit. Afterward, a high-pass filter
(128 s) was applied, the data were modeled with a finite
impulse response (FIR) and the contrasts-of-interest were
estimated for each patient (picture naming vs. baseline tri-
als for each session). For the group analysis, a whole brain
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paired t-test assessed differences in functional task-related
activity between the two sessions (anodal->sham-tDCS
and vice versa). The resulting contrast images were thresh-
olded at a voxel threshold of P < 0.001. Only voxels surviv-
ing a corrected cluster threshold of P<0.05 family-wise
error (FWE) corrected are reported. Again, statistical anal-
ysis was identical for the healthy control group (except
that only one session was analyzed). Areas showing differ-
ences between the two stimulation sessions in the whole
brain paired t-test in the patients (please see below for
details) were saved as regions-of-interest (ROIs) for com-
parison with the data of the healthy control group. For
this comparison, mean beta values were extracted from
each ROI and compared between the patients and healthy
controls using unpaired t-tests.

Independent Component Analysis

In a second step, we explored potential stimulation
effects at the functional network level using ICA. This
approach has successfully been used to identify changes in
network structure due to recovery or intervention in stroke
patients [Carter et al., 2012; Ulm et al., 2016]. ICA is well
suited even for sparse sampling data, as long as the sam-
ples are evenly spaced with regard to the TR (which was
the case in our study). Moreover, ICA based on sparse
sampling and continuously acquired data yielded highly
consistent networks in a previous study [Yakunina et al.,
2016]. Importantly, while wunivariate data analysis
approaches are biased to detect effects in non-lesioned
regions (due to reduced statistical power in regions lesion
overlap; [Meinzer et al., 2013a; Price et al.,, 2006]), ICA
offers a number of options to overcome this bias. For
example, after identification of spatially independent net-
work components across groups of patients, mean activity
values or frequency distributions can be calculated within
each network of interest and intervention effects in differ-
ent parts within those networks in individual patients con-
tribute to an overall change score. Thus, this approach is
more resilient to the impact of different structural lesions
in groups of patients.

In the present study, ICA was performed using the
GIFT toolbox (version 4.0a, http://icatb.sourceforge.net).
Pre-processed images from the univariate SPM8 analysis
were entered into the ICA. A full description of the ICA
algorithm and theoretical justification has been outlined
previously [Calhoun et al., 2001; Jafri et al., 2008]. Briefly,
using a modified minimum description length (MDL) algo-
rithm [Li et al., 2007] and two principal component analy-
sis (PCA) steps, the individual fMRI datasets were
reduced into 18 spatially independent components. A
group spatial ICA was then performed using the infomax
algorithm [Bell and Sejnowski, 1995] resulting in indepen-
dent spatial maps and time courses for every component,
subject, and session. The infomax algorithm was then
repeated 10 times using ICASSO [Himberg and Hyvarinen,

2003] to improve the reliability of the decomposition. The
spatial ICs were then back reconstructed onto each indi-
vidual. Components that were deemed artifacts due to
prominent white-matter or cerebrospinal fluid involvement
were removed from consideration. This resulted in 16
components taken into the task-dependent analysis and a
Bonferroni corrected significance level of P <0.003 (0.05/
16). In order to identify components that were associated
with the picture naming task, a regression analysis was
performed on the ICA time courses with the design matrix
from the univariate analysis. This results in a set of beta
weights for each regressor, subject and component. The
resulting beta weights represent the degree to which the
component was modulated by the task relative to the base-
line. This is analogous to the GLM fit at each voxel in uni-
variate analyses, however, here it is on the ICA time
course. Higher beta weights represent a larger task-related
modulation of a component for a particular regressor.
Initially, beta weights associated with picture naming
across all patients and sessions were used to determine
components associated with the task. Three spatial compo-
nents were identified to be positively associated with the
picture-naming task with positive beta weights during the
naming task and negative beta weights for the baseline
using a one-sample t-test (Bonferroni-corrected, P < 0.003)
within the GIFT toolbox. The spatial extent of the compo-
nents in the two stimulation conditions was compared in
SPM (P <0.05 FWE corrected). The components were
labeled the language, motor, and visual components for
ease of understanding based on peak activity in the
respective components (for details please see below).
Between session differences (anodal- vs. sham-tDCS)
were determined by a second-level analysis of the ICA
results. There were no significant differences in spatial
maps between anodal and sham stimulation conditions.
Mean activity differences between the stimulation condi-
tions within each component were tested using paired t-
tests. In addition, frequency distribution of the component
time courses were evaluated by computing the power
spectral density for all components of interest across stim-
ulation conditions [Balsters et al., 2013; Garrity et al., 2007;
Salvador et al., 2005]. The spectral power of each compo-
nent time course was combined into three equally spaced
data driven frequency bins (0-0.0167, 0.0168-0.0334, and
0.0335-0.050 Hz). Please note, the spectral resolution is a
function of the TR of the study (here TR=10). In our
study, the Nyquist frequency (i.e., the minimum rate a sig-
nal can be sampled without introducing errors, which is
twice the highest frequency present in the signal) is 0.05
Hz, which corresponds to 1 cycle every 20 s. This is rela-
tively low frequency, but still includes a large portion of
the typical BOLD fMRI spectrum. Importantly, enhanced
lower frequency fluctuations are indicative of enhanced
functional network integrity, connectivity, and perfor-
mance, while higher frequencies may be associated with
reduced connectivity and brain pathology [Balsters et al.,
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2013; Garrity et al., 2007, Malinen et al., 2010]. Differences
between stimulation conditions were computed for each
bin using paired t-tests.

ICA Comparison with Healthy Controls

Following the initial ICA in the patients, we wanted to
assess whether active stimulation resulted in network
properties with closer resemblance to those in the healthy
control group. Therefore, we needed to identify compara-
ble networks in the HC group as those identified in the
initial ICA in the patients. In order to constrain the compo-
nents we used the Multivariate Objective Optimization
Independent Component Analysis with Reference (MOO-
ICAR) method [for a detailed description of the method
see Du and Fan, 2013], implemented in the GIFT toolbox.
Briefly, following identical pre-processing steps as in the
patients, the fMRI data from the HCs was reduced into
components using an ICA approach, but constrained using
the networks identified in the initial patient ICA. Mean
beta-weights were then calculated for each of the three
components in the HCs [Du and Fan, 2013]. Please note,
the three components were also positively associated with
the task in the control group. Frequency distributions of
the component time courses were also evaluated by com-
puting the power spectral density for the three compo-
nents in healthy controls using the same time bins as in
the patients. Differences in mean activity and spectral
power between healthy controls and patients (separately
for both stimulation conditions) were calculated for each
component using independent ¢-tests.

RESULTS

Details of demographic and clinical characteristics of the
patients are reported in Table I. All patients tolerated the
stimulation well and only mild adverse effects were
reported during both stimulation conditions (anodal-/
sham-tDCS tingling: N =3/2 patients; itching: 1/3; mild
burning: 1/1; all P>0.16). 9 of 16 patients guessed the
stimulation condition correctly during the first session, 7/
16 during the second session. The proportion of correct
guesses were not different from chance level (binomial
tests P =0.804). Thus, the patients were unable to reliably
distinguish between anodal- or sham-tDCS.

Naming Performance During the Cross-Over
Phase

Two matched picture sets were used in the cross-over
imaging phase that had been pre-selected based on perfor-
mance during two baseline assessments. Those pictures
only comprised correctly named pictures with the fastest
response latencies to minimize performance effects.
Accordingly, patients performed close to ceiling levels
during both imaging sessions and were able to name

Sham-+DCS

@
&

Figure 2.
Univariate analysis: lllustrates activity patterns associated with
correct naming trials during sham-tDCS (blue) and anodal-tDCS
(red). Left (L) and right (R) hemisphere (voxel threshold
P <0.001; cluster P < 0.05 FWE-corrected). [Color figure can be
viewed at wileyonlinelibrary.com]

AnodaltDCS

greater than 90% of the pictures correctly in each session.
No significant performance differences between the stimu-
lation conditions were found with regard to response
accuracy (mean = SD % anodal-tDCS: 90.70 =7.07, sham-
tDCS: 90.47 = 6.15, t(15) = 0.19, P = 0.84) or response laten-
cy (anodal-tDCS: 1.252 =288 ms, sham-tDCS 1.253 = 281
ms, #(15) = 0.04, P = 0.96). Thus, neural tDCS-effects in this
study (see below) were independent of performance
effects.

Task-Related Functional Activity during the
Cross-over Phase (Univariate Analysis)

During both imaging sessions, similar patterns of func-
tional task-related activity were found in the patients. As
expected for a naming task, activity patterns comprised
bilateral visual and motor related areas, but also fronto-
temporal language-related regions (see Fig. 2 and Support-
ing Information Table 1, the latter details the statistics for
the respective contrasts). However, the within group com-
parison of activity patterns during anodal- and sham-tDCS
in the patients also revealed that three regions showed a
selective decrease during anodal- compared with sham-
tDCS. Those were located mainly in regions mediating
high levels of cognitive control (i.e., bilaterally in the ante-
rior cingulate cortex; ACC, Brodmann Area, BA 32, cluster
size k=92, Z=4.75, peak MNI coordinates x/y/z= -9/
27/24; left insula, BA 13, k=73, Z=3.73, —42/0/3
[Menon and Uddin, 2010]) and the right lingual gyrus (BA
19, k=118, Z=4.63, 27/—67/—1, Fig. 3A). No differences
were found for the inverse contrast (anodal->sham-
tDCS).

A subsequent ROI analysis that compared activity in the
above regions during the two stimulation conditions in
the patients with that of healthy controls revealed: (1)
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Figure 3.

Univariate analysis: (A) Regions showing significant activity
reductions in the patients during anodal- versus sham-tDCS.
Those regions were used for comparison with data of the
healthy control group. (B) lllustrates activity in the three ROls
during anodal-tDCS and sham-tDCS in the patients relative to
activity of healthy controls that was acquired during the same
task but without stimulation. * = significant differences within
and between groups. Means and SEMs are reported. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

higher activity in the patients during sham-tDCS in the
anterior cingulate cortex (£(30)=2.40, P=0.023) and the
left insula (£(30) =2.19, P =0.036). Activity in the right lin-
gual gyrus tended to be higher in patients compared with
controls (#(30) =1.76, P=0.09). (2) During anodal-tDCS,
the observed activity decreases in the patients (all ROIs
t(15)>4.13, P <0.0009) resulted in a more “normal” activity
in all ROIs and no significant differences were found
between patients and healthy controls (all £(30) = 1.44-1.57,
all P=0.12-0.17, see Fig. 3B).

Independent Component Functional Network
Analysis

Three spatial components were identified that were pos-
itively associated with the picture naming task in the
patients (i.e., positive beta weights during the naming task
and negative beta weights for the baseline condition, Fig. 4
and Supporting Information Table 2). Those were named
as “language,” “motor,” or “visual” components. The
within group comparison between the stimulation condi-
tions in the patients demonstrated no spatial differences in
any of the three task-related components. However, the
paired f-test on mean activity (i.e., beta weights) in the
respective components demonstrated significantly greater
activity during anodal- compared with sham-tDCS in the
language component in the patients (#(15)=2.904,
P=0.011). No significant tDCS-effects were found for

R L

Figure 4.
Independent component analysis: lllustrates the three networks
that were associated with the naming task as identified by inde-
pendent components analysis. Green = language network; pur-
ple = motor network; yellow = visual network. Left (L) and right
(R) hemisphere (Bonferroni corrected, P < 0.003). [Color figure
can be viewed at wileyonlinelibrary.com]

either the visual (#(15)=0.448, P =0.660) or the motor
component (t(15=0.224, P=0.826, Fig. 5, Supporting
Information Table 3). Analysis of the frequency distribu-
tion of each components time course in the patients identi-
fied a significant reduction in the highest frequency bin
(0.0335-0.0500 Hz) during anodal- compared with sham-
tDCS in the language component (f(15)= —2.435,
P =0.028), coupled with a significant increase in the lowest
frequency bin (0-0.0167Hz) during anodal- compared with
sham-tDCS (t(15) = 2.254, P =0.040; correlation r= —0.74,
P=0.0012). No significant tDCS-effects were found in
either the motor or visual components (Fig. 6, Supporting
Information Table 4). Given that enhanced lower versus
higher frequency fluctuations have been linked to
enhanced within network integrity, connectivity and per-
formance [Balsters et al., 2013; Garrity et al., 2007; Malinen
et al., 2010], this analysis suggests a beneficial effects of
tDCS on functional network structure in the patients.

0.6 I Healthy controls
B Aphasia anodal

% 0.5 Il Aphasia sham
c
<]
a
£ 04 *
8
=
= 03
2
2
T 02
©
=
©
E 0.1

0

Visual Motor Language
Figure 5.

Independent component analysis: Shows selective modulation of
mean activity in the language network in the patients during
anodal- versus sham-tDCS. * = significant difference between
sham- and anodal-tDCS in the patients. Means and SEMs are
reported. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6.

Independent component analysis: lllustrates the inter-correlated
shift of enhanced lower frequency oscillations and reduced
higher frequency oscillations in the patients during anodal- ver-
sus sham-tDCS in the language component. * = significant differ-
ence between sham- and anodal-tDCS in the patients. Means
and SEMs are reported. [Color figure can be viewed at wileyon-
linelibrary.com]

The between group comparison revealed that mean
activity in the language component was numerically lower
in the patients compared with healthy controls during
sham-tDCS and higher in the patients compared with con-
trols during anodal-tDCS (please see Fig. 5). However, the
statistical comparison of mean activity between patients
(either during anodal- or sham-tDCS) and controls
revealed no significant differences in any of the three com-
ponents (all P>0.19, Supporting Information Table 3). For
the frequency analysis, no differences were found between
controls and patients except for enhanced power in the
middle frequency bin in the patients for the visual compo-
nent during sham-tDCS (£(30) =6.22, P <0.001). This dif-
ference was no longer significant during anodal-tDCS
(t(30) = 1.37, P = 0.18; Supporting Information Table 3).

DISCUSSION

This study investigated for the first time how tDCS mod-
ulates local brain activity and functional network character-
istics in patients with chronic post-stroke aphasia. We
employed an MI-tDCS montage that enhanced naming
treatment outcome in a previous clinical trial of our group
[Meinzer et al., 2016] and the stimulation was administered
during simultaneous fMRI while the patients performed a
naming task. This allowed investigating how tDCS inter-
acted with the residual language network in patients, there-
by exploring the neural effects of acute tDCS effects as they
would be present during concurrent therapy. By choosing
stimuli that could reliably be named by the patients, we
aimed to derive a “pure” measure of stimulation effects
that is independent of treatment or performance effects.

In line with previous intrascanner tDCS studies in other
populations [Antal et al., 2011; Holland et al., 2011; Lin-
denberg et al, 2013, 2016, Meinzer et al., 2012a, 2013b;
Polania et al.,, 2011], our results demonstrate that tDCS
modulated neural processing on multiple levels: First, the
univariate data analysis revealed that anodal- vs. sham-
tDCS resulted mainly in reduced activity in domain gener-
al brain regions associated with high-level cognitive con-
trol [Menon and Uddin, 2010]. (2) The ICA demonstrated
that anodal-tDCS selectively enhanced activity in a larger
language-related network but not in other task-related
components. (3) The spectral frequency analysis demon-
strated a shift from higher to lower frequency oscillation
during anodal-tDCS, which indicates higher within-
network connectivity [Balsters et al., 2013; Garrity et al.,
2007; Malinen et al., 2010]. Importantly, these effects were
confined to the language network. (4) The comparison of
data acquired in the patients with those of healthy controls
showed that anodal-tDCS resulted in an overall
“normalization” of task-related activity and network char-
acteristics. (5) Neural facilitation in the present study was
evident in the absence of confounding treatment or perfor-
mance effects, thus reflecting the direct effects of tDCS on
brain function. (6) Lastly, M1-tDCS did not affect the
motor network. This suggests that stimulation effects are
not primarily determined by the stimulation site but rather
depend on the task that is performed during tDCS. We
will discuss those findings in more detail below.

Univariate Task-Related Activity Analysis

This analysis explored tDCS-induced local changes in
task-related activity and demonstrated that anodal- versus
sham-tDCS resulted in reduced activity in the ACC, the
left insula and the right lingual gyrus. Moreover, while the
patients exhibited enhanced activity in those regions com-
pared with healthy controls during sham-tDCS, activity
levels were no longer different in the two groups during
anodal-tDCS. Reduced task-related activity due to anodal-
tDCS in previous intrascanner tDCS studies [Antal et al.,
2011; Holland et al.,, 2011; Meinzer et al.,, 2012a, 2013b,
2015a] has been linked to enhanced neural efficiency or
less effortful processing [Kar and Wright, 2014]. In the pre-
sent study, such an interpretation is supported by the
function those regions subserve: ACC and left insula are
part of the domain general salience network that facilitates
access to working memory and attentional resources, rapid
access to the motor system and behavioral response selec-
tion [Menon and Uddin, 2010]. Activity in these regions is
up-regulated during task conditions that require more con-
trolled processing [Dosenbach et al, 2006; Erb and
Obleser, 2013; Harris et al., 2009], including word retrieval
tasks [Meinzer et al.,, 2012b; Persson et al., 2004]. More-
over, anodal-tDCS reduced activity in these areas com-
pared with sham-tDCS in healthy older adults during
semantic word-retrieval [Meinzer et al., 2013b]. Similarly,
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right lingual gyrus is not part of the classical language net-
work but has been shown to be up-regulated during more
effortful retrieval [Cho et al, 2012] and modulated by
semantic priming during naming tasks in healthy individ-
uals and patients with aphasia [Heath et al., 2012a, 2012b].
Thus, in the context of enhanced language network activi-
ty and connectivity during anodal-tDCS (ICA, see below),
the results of the univariate analysis may reflect overall
reduced retrieval demands in the patients during naming
and that identical performance was achieved more effi-
ciently at the neural level [Price et al., 2006].

Independent Component Analysis

In recent years it has been recognized that the effects of
circumscribed brain pathology, such as a stroke, may
affect large-scale functional network structure [Carter
et al., 2012]. Moreover, tDCS effects are not limited to the
stimulation site but extend to distant brain regions and
even interconnected networks [Lindenberg et al., 2013,
2016; Meinzer et al.,, 2012a, 2013b; Polania et al., 2011].
Such effects cannot be captured with a wunivariate
approach [Meinzer et al., 2013a] that also lacks power to
detect potential effects in regions showing substantial
lesion overlap in stroke patients [Meinzer et al., 2013a;
Price et al., 2006]. The ICA approach employed in this
study addressed both problems: First, it allowed assessing
for the first time tDCS effects on larger task-related func-
tional networks in aphasia. Second, mean activity values
or frequency distributions within identified networks
could be calculated, and tDCS effects in different parts of
a given network in individual patients contributed to an
overall change score, rendering this approach more resil-
ient to the impact of variable structural lesions.

This illustrated by the fact that we were able to show a
specific increase of overall activity in the language net-
work in the patients during anodal- compared with sham-
tDCS, which was not evident in the univariate analysis.
Indeed, the strongest effects in the latter analysis were
found in regions that were unaffected by the structural
lesion. The different results in the two analyses also sug-
gest that, depending on lesion site and language reorgani-
zation in individual patients, different regions contributed
to this overall activity increase. Such an assumption would
be in line with previous imaging studies in aphasia show-
ing that different parts of the residual language network
can subserve recovery or treatment effects (for recent
reviews see [Crinion and Leff, 2015; Meinzer et al.,
2015b]). Previous studies found differences in functional
network structure in language, motor and attention net-
works in stroke patients compared with healthy controls
[Carter et al., 2010; Warren et al., 2009]. In the present
study, mean activity levels were lower in the patients com-
pared with controls during sham-tDCS, but the direct
comparison did not reach significance. This is likely
explained by the fact that only patients with mild residual

aphasia were included and performance levels during the
naming task were close to ceiling levels. Nonetheless, sig-
nificantly enhanced language network activity during
anodal-tDCS resulted in further normalization of language
network activity compared with healthy controls. Similar-
ly, the spectral frequency analysis revealed that active
stimulation resulted in an inter-correlated shift from
higher to lower frequency bands, selectively within the
language network. Such a shift has previously been linked
to enhanced within-network connectivity and more effi-
cient processing in other populations [Balsters et al., 2013;
Garrity et al., 2007; Malinen et al., 2010]. Frequency distri-
butions were also more similar to those of healthy controls
during anodal- compared with sham-tDCS. Thus, the pat-
tern of network modulations was highly consistent with
that of the univariate analysis.

In sum, these findings suggest that anodal-tDCS resulted
in more efficient recruitment and connectivity specifically
within the patients” language network. However, because
we only included patients with mild naming impairment, it
remains to be determined in future studies whether similar
effects may have contributed to enhanced treatment effects
in a previous clinical trial that used the same montage dur-
ing intensive naming therapy in more severely affected
patients [Meinzer et al., 2016]. Moreover, we successfully
eliminated the confounding effects of performance on func-
tional brain activity patterns and patients performed equal-
ly well and close to ceiling levels during both stimulation
conditions; consequently, our results reflect direct effects of
anodal-tDCS on neural processing. However, while there is
substantial overlap between brain regions recruited during
easy and more difficult naming conditions or errors, the lat-
ter are typically associated with enhanced activity in core
language regions or neural systems supporting attentional
processes and working memory [e.g., Fridriksson and Mor-
row, 2005; Meinzer et al., 2006; Postman-Caucheteux et al.,
2010]. Thus, it cannot be fully determined whether the
changes seen in this study are identical to those responsible
for behavioral effects seen during treatment.

Language Versus Motor Network Modulation

Previous behavioral studies demonstrated that pre-
activation of the motor system, which is tightly connected
to the language system [Pulvermuller and Fadiga, 2010;
Willems and Hagoort, 2007], can facilitate language proc-
essing in healthy individuals [Dick et al.,, 2009; Hadar
et al., 1998; Holle and Gunter, 2007; Meinzer et al., 2014c]
and patients with aphasia [Harnish et al., 2014; Hesse
et al.,, 2007, Meinzer et al., 2011]. However, the neural
mechanisms underlying those beneficial behavioral effects
remained largely elusive. Interestingly, while previous
intrascanner M1-tDCS studies demonstrated modulation of
activity in primary and secondary motor cortices during
motor tasks [Antal et al.,, 2011; Lindenberg et al., 2013,
2016; Sehm et al., 2012], neither activity nor frequency
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distributions in the motor network were affected by the
stimulation in the present study. The latter is in line with
a previous study that administered M1-tDCS during a
word-retrieval task in healthy individuals [Meinzer et al.,
2014c]. In this study, stimulation effects were found in
bilateral prefrontal but not motor regions. Importantly,
previous intrascanner tDCS studies that used resting-state
paradigms [Lindenberg et al., 2013, 2016; Sehm et al,
2012] demonstrated that M1 stimulation also modulates
connectivity of bilateral frontal and parietal cortices, the
cerebellum and subcortical areas. This suggests that neural
stimulation effects may largely depend on the task that is
performed during tDCS and can occur in a number of dif-
ferent brain regions and networks that are influenced by
the current. Therefore, our results are likely specific to the
naming task and stimulation site that were used in the
present study. Moreover, modeling studies have demon-
strated that the conventional (vs. high-definition) tDCS set-
up used in the present study does not result in selective
modulation of M1, and that other regions in between the
two electrodes may be affected by the current [Bortoletto
et al., 2016; Kuo et al., 2013]. In the future, simultaneous
fMRI and high-definition tDCS [Gbadeyan et al., 2016] that
allows administration of the current with high spatial pre-
cision may allow to scrutinize the exact source of the neu-
ral modulation found in the present study.

Future Directions

We only included patients with mild aphasia that were
able to name a sufficient number of pictures to elicit reliable
activity patterns during fMRI. Future studies are required to
explore tDCS effects in more severely affected patients.
However, variable and low naming performance in these
patients may require different activation paradigms (e.g.,
language comprehension tasks) to allow exploring the inter-
action between residual language network activation and
tDCS. Moreover, the intrascanner paradigm also allows
assessing the neural mechanisms of improved language per-
formance due to tDCS, as previously shown in other popu-
lations [Holland et al., 2011, Meinzer et al., 2012a, 2013b,
2015a]. This would allow teasing apart the relative contribu-
tion of performance and stimulation effects. In addition, the
present study aimed at elucidating the neural mechanisms
by which M1-tDCS impacts on naming network activity,
inclusion of resting-state fMRI conditions would allow iden-
tifying the network(s) affected by M1-tDCS independent of
tasks. Finally, the flexibility of the intrascanner paradigm
will also allow exploring how other effective montages mod-
ulate neural processing in aphasia.

CONCLUSIONS

Our results demonstrate that MI1-tDCS selectively
enhanced activity and connectivity within a larger naming
network which was accompanied by reduced activity in

regions associated with higher order cognitive control.
Both phenomena may have contributed to superior out-
come in a previous study that combined naming treatment
was with M1-tDCS [Meinzer et al., 2016].
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