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ABSTRACT

Transcranial direct current stimulation (tDCS) is an innovative technique recently shown to improve language
outcomes even in neurodegenerative conditions such as primary progressive aphasia (PPA), but the underlying
brain mechanisms are not known. The present study tested whether the additional language gains with repetitive
tDCS (over sham) in PPA are caused by changes in functional connectivity between the stimulated area (the left
inferior frontal gyrus (IFG)) and the rest of the language network.

We scanned 24 PPA participants (11 female) before and after language intervention (written naming/spel-
ling) with a resting-state fMRI sequence and compared changes before and after three weeks of tDCS or sham
coupled with language therapy. We correlated changes in the language network as well as in the default mode
network (DMN) with language therapy outcome measures (letter accuracy in written naming).

Significant tDCS effects in functional connectivity were observed between the stimulated area and other
language network areas and between the language network and the DMN. TDCS over the left IFG lowered the
connectivity between the above pairs. Changes in functional connectivity correlated with improvement in lan-
guage scores (letter accuracy as a proxy for written naming) evaluated before and after therapy.

These results suggest that one mechanism for anodal tDCS over the left IFG in PPA is a decrease in functional
connectivity (compared to sham) between the stimulated site and other posterior areas of the language network.
These results are in line with similar decreases in connectivity observed after tDCS over the left IFG in aging and
other neurodegenerative conditions.

1. Introduction

intervention is important for scientific and clinical reasons. Such un-
derstanding may lead to targeted clinical trials and discovery of adjunct

Several research studies have investigated the effects of transcranial
direct current stimulation (tDCS) as an augmentative technique to im-
prove language interventions in post-stroke aphasia (Hamilton et al.,
2011; Holland and Crinion, 2012; Schlaug et al., 2011) and, more re-
cently, in primary progressive aphasia (PPA) as documented by our and
other groups (see reviews by Sebastian et al., 2016; Tippett et al.,
2015). Understanding the brain mechanisms supporting successful

therapies, particularly important in neurodegenerative conditions with
no other pharmacological treatment options, as is the case in PPA. Early
investigations indicate that tDCS may work physiologically by altering
cell membrane potentials and thus affecting the synaptic conductivity
of neurons (Stagg, 2014; Stagg et al., 2009; Stagg and Johansen-Berg,
2013). Since tDCS changes synaptic conductivity and possibly brain
connectivity, functional connectivity alterations due to tDCS may be a
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potential brain mechanism for behavioral effects (Bachtiar et al., 2015;
Stagg et al., 2014). The present study tests this hypothesis for tDCS
enhanced effects in written language outcomes in a neurodegenerative
syndrome (PPA).

Primary progressive aphasia is a neurodegenerative syndrome in
which language is the first cognitive faculty that deteriorates. The most
common underlying diseases are Alzheimer's disease, frontotemporal
lobar degeneration, corticobasal degeneration, or progressive supra-
nuclear palsy. Three variants are currently identified based on language
functions compromised—at least at disease/symptom onset—that may
reflect the functions of brain areas that show initial atrophy: the non-
fluent (nfvPPA), the semantic (svPPA) and the logopenic (IvPPA) PPA
variants (Gorno-Tempini et al., 2011). Recently the language deficits in
each PPA variant have been characterized. It needs to be noted that the
two studies that looked at spelling deficits in the three PPA variants
found that the number of errors in PPA does not depend on the variant
(Sepelyak et al., 2011), although the type of errors may be distinct in
some variants (Shim et al., 2012). There is no disease-modifying med-
ication, but language therapy can help in many cases. Other groups and
ours have reported case studies of language interventions (Beeson et al.,
2011; Croot et al., 2009; Henry et al., 2013; Jokel et al., 2014; Newhart
et al., 2009; Rapp and Glucroft, 2009; Tsapkini and Hillis, 2013) that
have shown that participants can improve in naming of treated words
but without much generalization or sustained gains. Recently, two in-
dependent groups, including ours (Cotelli et al., 2014; Tsapkini et al.,
2014), reported on the additional beneficial effects of tDCS for both oral
and written word production, respectively. Subsequent studies have
reported similar findings (Gervits et al., 2015; Teichmann et al., 2016).

Written and oral naming deficits are among the first and most dis-
ruptive language symptoms in PPA (Sepelyak et al., 2011) and nega-
tively impact the quality of life. Writing has become increasingly im-
portant in today's society in which substantial communication happens
through email, texting, etc. In this context, writing is a good compen-
satory mechanism for alternative communication in cases of oral lan-
guage decline and an ideal target for treatment (Hillis et al., 2002).
Word representations in either a written or spoken modality may be
accessed from either modality or the semantic (word meaning) system
(Best and Nickels, 2000; Croot et al., 2009; Ellis, 1993). The im-
plication—which is the basis of several treatment studies for non-neu-
rodegenerative (Kiran, 2005; Kiran et al., 2001; Kiran et al., 2009) as
well as neurodegenerative (Beeson and Egnor, 2006; Henry et al., 2013)
language deficits—is that access to lexical and sublexical routes from
one modality may contribute to word retrieval in the other (Henry
et al., 2012). Thus, treatments stimulating residual knowledge across
the semantic, phonological, and orthographic domains have resulted in
cross-domain improvements (DeDe et al., 2003; Hillis, 1989). For ex-
ample, a combination of spelling treatment with spoken repetition
(Beeson and Egnor, 2006; DeDe et al., 2003; Hillis, 1989) improved
written and spoken production even in participants with semantic im-
pairments. In the present study, we used the Copy and Recall Treatment
(CART + Repetition) that has been successfully implemented (Beeson
and Egnor, 2006) to maximize treatment effects. Repetition has been
shown to have synergetic effects for both oral and written naming
(Beeson and Egnor, 2006). Each patient may have different spelling
deficits, although particular spelling deficits have not been un-
disputedly associated with particular variants (Sepelyak et al., 2011;
Shim et al., 2012).

Although beneficial effects of tDCS in PPA treatment have been
shown, the underlying brain mechanisms have not been identified.
Recent work in tDCS has identified possible mechanisms by which tDCS
induces change in the brain, including altering functional connectivity
networks as measured by resting-state fMRI (rsfMRI) in healthy controls
(Meinzer et al., 2013; Pena-Gomez et al., 2012; Polania et al., 2011;
Schlaug et al., 2008; Sehm et al., 2012; Stagg and Nitsche, 2011). There
are very few studies that have directly documented such effects in post-
stroke language rehabilitation using tDCS (Marangolo et al., 2013;
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Marangolo et al., 2016; Meinzer et al., 2013; Meinzer et al., 2015). To
our knowledge, no studies have looked at rsfMRI functional con-
nectivity change due to tDCS in PPA. Likewise, there have been no
studies examining functional connectivity change induced by tDCS or
language therapy even in more common dementias, such as Alzheimer's
disease (AD), as shown in recent comprehensive reviews on rsfMRI (Fox
et al., 2014). If changes in functional connectivity underlie the benefits
of tDCS at the neural level, we hypothesized that functional con-
nectivity would change particularly between the stimulated area and
other areas of the language network in the tDCS condition compared to
the sham condition. With regard to the direction of change, existing
data did not allow us to predict whether functional connectivity be-
tween nodes in the language network would increase or decrease due to
stimulation. Some studies in healthy controls (Meinzer et al., 2012) and
post-stroke aphasia (Marangolo et al., 2016) have found that functional
connectivity between language network nodes can increase tDCS ef-
fects. However, other studies in healthy aging populations (Meinzer
et al., 2013) and in mild cognitive impairment (Meinzer et al., 2015)
found decreases in functional connectivity with tDCS that correlated
with improved cognitive outcomes.

2. Methods
2.1. Participants

Twenty-four participants with primary progressive aphasia took
part in this study. All had a history of at least two years of progressive
language deficits with no other etiology (e.g., stroke, tumors, etc.),
atrophy predominantly in the left hemisphere and no primary memory
deficits. Diagnosis was based on differential diagnosis and three types of
evidence: neuropsychological and language testing, MRI, and clinical
assessment, according to the recently revised criteria (Gorno-Tempini
et al., 2011). Participants were all right-handed and native speakers of
English. The study was approved by the Johns Hopkins Hospital In-
stitutional Review Board. All participants provided informed consent
for research participation. See Table 1 for demographic and clinical
information on the participants. As shown in Table 1, participants in the
two groups were closely matched with regard to disease severity as well
as the language component of severity based on the revised fronto-
temporal dementia clinical dementia rating (FTD-CDR) used to rate
severity in primary progressive aphasia (Knopman et al., 2008). To
calculate severity, three raters independently scored each item for each
participant based on interaction with the participant and family, lan-
guage and cognitive testing, and questionnaires. They then convened to
discuss and produce a consensus score. Groups were also matched at
baseline in language and cognitive task scores (Table 2). In addition,
the two groups had similar numbers of participants with each PPA
variant. In the tDCS group, there were 5 with IvPPA, 3 with nfvPPA, and
4 with svPPA; in sham, there were 3 with IvPPA, 5 with nfvPPA, and 4
with svPPA.

2.2. Overadll design

Participants belonged to a larger cohort who received tDCS and
sham (plus language therapy) in a double-blinded, within-subject
crossover design (see Clinical Trial Identifier: NCT02606422 on
clinicaltrials.gov). This is an analysis of the first phase results of the
current clinical trial, focusing on the association between gains in
written naming (the primary outcome measure) and changes in con-
nectivity in participants who initially received tDCS versus those who
initially received sham. The crossover design used in the larger study
was introduced for recruitment purposes because PPA is a condition
without any disease-modifying treatment available. Given the com-
plexity of modeling a possible carryover effect with the additional effect
of neurodegeneration and the unknown effect of an adequate wash-out
period in neurodegenerative diseases, we focus on data only from the
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Table 1
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Patient demographics. For age, years post onset, severity, total treatment sessions and left IFG volume (in mm?®), values shown are Mean (Standard Deviation). P-
values are from Welch two sample t-tests for continuous outcomes and Fisher's exact test for categorical outcomes. R-squared (R sq.) is obtained from simple linear
regression of the change in letter accuracy against each covariate. Language severity is based on the language subset from the FTD-CDR scale. Total severity refers to
the sum of boxes, including language and behavior as added in Knopman et al., 2008. The two groups (tDCS vs. sham) were matched in all measures.

Combined (n = 24) tDCS (n = 12) Sham (n = 12) P-value R sq.
Sex 11F, 13M 5F,7M 6F, 6 M 0.999 0.012
PPA variant 8L, 8N, 8S 5L, 3N, 4S 3L, 5N, 4S8 0.873 0.099
Age 67.2 (6.5) 65.2 (7.0) 69.1 (5.6) 0.153 0.068
Years post onset 4.9 (3.0) 5.5 (3.5) 4.3 (2.4) 0.339 0.040
Language severity (FTD-CDR) 1.9 (0.8) 1.9 (0.9) 1.8 (0.7) 0.801 0.003
Total with language severity 0.5 2 2 0 - -
Total with language severity 1 5 1 4 - -
Total with language severity 2 12 6 6 - -
Total with language severity 3 5 3 2 - -
Total severity (FTD-CDR) 7.5 (4.9) 7.0 (4.5) 8.1(5.4) 0.569 0.122
Total treatment sessions 13.4 (1.9) 13.3(1.9) 13.5 (2.0) 0.836 0.003
Left IFG volume (*1000) 10.4 (1.8) 10.7 (1.6) 10.2 (2.0) 0.537 0.146

first phase of stimulation in a between-subject design. Half the patients
in the present study were randomly assigned to the sham condition and
half to tDCS. The tDCS phase consisted of anodal tDCS over the left
inferior frontal gyrus (IFG) and speech-language therapy, while the
sham phase consisted of a sham procedure explained below (Gandiga
et al., 2006) paired with speech-language therapy. We used anodal
tDCS over the left IFG. This decision was based on preliminary beha-
vioral results from our previous study with the same montage (Tsapkini
et al., 2014) as well as other previous studies in aging and neurode-
generative conditions that had also looked at resting-state connectivity
and used anodal stimulation over the left IFG to enhance age-associated
cognitive effects (Meinzer et al., 2013). Furthermore, the left IFG has
been identified by two recent meta-analyses of task-fMRI studies as a
main area associated with the central components of writing (Planton
et al., 2013; Purcell et al., 2011), the brain basis of orthographic long-
term memory (Rapp and Dufor, 2011) as well as the neural substrate of
the mechanism of phoneme-to-grapheme conversion (DeMarco et al.,
2017). Therefore, it was an appropriate brain target for both lexical and
sublexical spelling processes that may be disrupted in PPA.

Each condition consisted of 15 sessions of daily therapy, in which
patients received either tDCS or sham simultaneous with the start of
language therapy. (Limitations working with an elderly population and
other co-morbidities introduced some variability in the number of
sessions; the exact number of sessions for each group is reported in
Table 1.) The language therapy involved oral and written picture
naming/spelling therapy, and was based on previously successful
treatments of PPA patients by Beeson and Egnor following a spell-study-
spell procedure in similar studies (Beeson and Egnor, 2006; Rapp and

Glucroft, 2009) as well as in our previous tDCS study on spelling re-
habilitation in PPA (Tsapkini et al., 2014). The scientific premise be-
hind this therapy that has shown to yield beneficial effects in PPA, even
in behavioral-only therapies, was that by training all components of the
naming system (semantics, orthography and phonology) we target each
word by multiple modalities and processing routes and thus facilitate
treatment outcomes (Beeson and Egnor, 2006). There were two sets of
materials: trained items (practiced at each session of either tDCS or
sham stimulation), and untrained items (not practiced but only tested
before treatment and at follow-up points). MRI and behavioral data
were collected before the start of treatment and immediately after the
treatment phase. Each participant was trained in a set of 10-30 words
according to the level of language severity and was also evaluated at
each follow-up time on a matched set of untrained words that was not
practiced. There were two phases of stimulation in the crossover design
mainly for recruitment purposes. We report on the immediate effects of
the first phase for trained items only since our behavioral study has
revealed differential effects of treatment for each variant for untrained
items but not for trained items in the first phase of stimulations. The
focus of the present paper is on the changes in functional connectivity
related to improvements, which were seen only in spelling trained
words.

2.3. Written word production/spelling intervention

We adapted the basic design of a spell-study-spell procedure used in
studies to an oral and written naming paradigm (Beeson and Egnor,
2006) or to a similar spelling paradigm (Rapp and Glucroft, 2009). In

Table 2

Means (standard deviations) for baseline tasks grouped by first-phase condition.
Task tDCS first Sham first F(Q1, 22) P-value
Letter fluency (FAS, sum of categories, words generated in 1 min) 17.83 (11.98) 13.67 (13.04) 0.665 0.424
Semantic fluency (fruits/animals/vegetables, sum of categories, words generated in 1 min) 13.92 (12.57) 12.36 (8.04) 0.122 0.731
Object naming (Boston Naming Test, 30 total) 12.82 (11.67) 12.92 (10.80) 0.000 0.983
Action naming (Hopkins Assessment for Naming Actions, 35 total) 13.91 (10.74) 15.33 (10.00) 0.109 0.745
Digit span forward (9 total) 4.29 (2.26) 4.58 (2.05) 0.109 0.744
Digit span backward (9 total) 2.92 (2.09) 2.71 (1.72) 0.071 0.792
Spatial span forward (9 total) 4.23 (1.23) 2.85 (1.80) 4.270 0.053
Spatial span backward (9 total) 4.00 (1.57) 3.10 (1.79) 1.510 0.234
Sentence anagrams (Johns Hopkins University, 10 total) 5.40 (3.72) 6.09 (4.21) 0.158 0.696
Object semantics (Pyramids and Palm Trees, 15 total) 12.73 (2.61) 14.00 (1.41) 2.165 0.156
Action semantics (Kissing and Dancing, 15 total) 12.82 (2.18) 12.00 (3.57) 0.430 0.519
Sentence repetition (National Alzheimer's Coordinating Center, 37 words total) 29.50 (8.64) 26.91 (10.55) 0.374 0.548
Syntactic comprehension (SOAP, 40 total) 27.60 (7.95) 27.36 (8.00) 0.005 0.947
Verbal learning (Rey Auditory Verbal Learning Test, Delayed Recall, 15 total) 3.83 (3.30) 2.75 (2.63) 0.791 0.384
Spelling words (Johns Hopkins Dysgraphia Battery, % correct) 88.82 (18.18) 79.06 (17.01) 1.614 0.219
Spelling non-words (Johns Hopkins Dysgraphia Battery, % correct) 74.71 (24.25) 69.86 (23.54) 0.206 0.655




B.N. Ficek, et al.

particular, we used the same picture for oral and written naming. For
each word produced incorrectly or not produced we prompted with
semantic cues, and then provided the correct word to be studied for
spelling and oral repetition. Each patient was given a set of 10-30
words for practice during the treatment.

In detail, each training trial, the patient was shown a picture on the
computer, asked to orally name the object, and then write it down. If
the patient could not name the object, he was asked to “talk” about the
picture, what it is, what it does, etc. (i.e., to provide three properties of
the pictured item) to check and reinforce semantic knowledge as in
semantic feature analysis. If he could still not name the word, he was
provided with the correct word. If he made an error, he was given
corrective feedback and repeated opportunities to correctly say the
object name. Likewise, if the patient wrote the word incorrectly, the
clinician would provide a model of the correct spelling in a spell-study-
spell procedure, rehearsing the letters one-by-one in a letter-by-letter
manner and reinforcing learning by copying.

2.3.1. Behavioral outcomes measures

The data analyzed in the present study are part of the data collected
in our larger study (ClinicalTrials.gov Identifier: NCT02606422) that
included changes in oral and written naming measures for trained and
untrained items. The primary outcomes for the present study were
changes in written naming because writing has the potential to be a
good compensatory mechanism for alternative communication in cases
of oral language decline in some PPA variants, as exemplified in the
introduction. Fig. 1 shows the relationship between spoken and written
word production mechanisms (Ellis and Young, 1988). Although the
modules of orthography and phonology may interact with each other,
and this is the basis of many treatments including ours, they still con-
stitute independent systems and are involved differentially in different
tasks. For example, written naming and reading may be performed
without necessarily accessing the phonology of the word and oral
naming may be performed without accessing the orthography of the
word. In the present study we looked at the effects of tDCS within the
orthographic system itself. The proxy we used to measure performance
in written naming was letter accuracy instead of whole-word accuracy
because we wanted to capture more subtle changes at the graphemic
level as well as the letter-sound correspondences, i.e., to capture
changes in both the lexical and sublexical representation of each word.
In the present study we did not use composite scores to measure lan-
guage improvements for two reasons: (1) if tDCS is claimed to have a
trained-task specific effect then we should directly measure outcomes
specific to the task; and (2) composite scores usually measure a variety
of tasks, but if a particular brain area is a neural substrate for a certain
cognitive or language function, but not another, and only that function
is affected by tDCS, then the effects may be diluted in the presence of all
the other functions measured together. Therefore, composite language

“spoken word” written word

l object l

Visual
Analysis

Acoustic
Analysis

Phonology Orthography

sublexical

Speech Motor
Control

Graphic Motor
Control

“spoken word” written word

Fig. 1. Interactive model of lexical processing.
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or cognitive scores (such as MMSE or total language batteries' scores)
may be more comprehensive for science communication purposes but
are not very informative of the exact language or cognitive processes
affected.

2.4. tDCS methods

We targeted the left inferior frontal gyrus (IFG) for anodal stimu-
lation, using a Soterix CT 1 X 1 device. The center of the site of sti-
mulation corresponded to the F7 electrode, using the EEG 10-20 elec-
trode position system (Homan et al., 1987); however, electrode patches
were big, 5 X 5 = 25 cm?, and thus extended the region of stimulation
beyond the left IFG. The reference electrode, the cathode, was placed on
each participant's right cheek, shown to successfully isolate the targeted
area (Hummel et al., 2006; Tsapkini et al., 2014). Stimulation was
delivered at an intensity of 2 mA (estimated current density 0.08 mA/
cm?; estimated total charge 0.048C/cm?) for a maximum of 20 min in
the tDCS condition and 30 s in the sham condition. The stimulator was
not connected to a mainline power source and could not produce an
excess of 4mA of current. We used non-metallic, conductive rubber
electrodes covered by saline-soaked sponges (NaCl concentration
0.09%) to minimize the potential for chemical reactions at the interface
of the skin and electrodes. In both conditions, the electrical current was
increased in a ramp-like fashion at the onset of the stimulation, eliciting
a transient tingling sensation on the scalp that usually disappeared after
30s. TDCS continued sending current, while sham ramped down to
0 mA. This procedure has been shown to successfully blind participants
to their treatment condition (Gandiga et al., 2006) and was overall very
well-tolerated. Additionally, the electrical current flow was modeled by
a group with expertise in this type of modeling (see Supplementary Fig.
S1; Courtesy of Dr. Marom Bikson).

2.5. Resting-state fMRI methods

MRI scans were obtained at the Kennedy Krieger Institute at Johns
Hopkins University, using a 3 T Philips Achieva MRI scanner equipped
with a 32-channel head coil. Resting-state fMRI (rsfMRI) data were
acquired for approximately 9 min (210 time-point acquisitions) before,
after, and two months post-intervention. We used a 2D EPI sequence
with SENSE partial-parallel imaging acceleration to obtain an in-plane
resolution of 3.3 x 3.3mm? (64 x 64 voxels; TR/TE = 2500/30 ms;
flip angle = 75° SENSE acceleration factor = 2; SPIR for fat suppres-
sion, 3 mm slice thickness). The data were co-registered with structural
scans into the same anatomical space. Structural scans, acquired axially
with a scan time of 6 min (150 slices), used a T1-weighted MPRAGE
sequence with 3D inversion recovery, magnetization-prepared rapid
gradient, isotropic with a resolution of 1 x 1 x 1mm?®
(FOV = 224 x 224 mm? TR/TE = 8.1/3.7 ms; flip angle = 8°; SENSE
acceleration factor = 2).

Using MRICloud, a cloud-platform for automated image parcellation
approach (atlas-based analysis (ABA)), the MPRAGE scan was parcelled
into 283 structures (Mori et al., 2016). In detail, each participant's high
resolution MPRAGE was segmented by using a multi-atlas fusion label
algorithm (MALF) and large deformation diffeomorphic metric map-
ping, LDDMM (Ceritoglu et al., 2013; Miller et al., 2005; Tang et al.,
2013). This highly accurate diffeomorphic algorithm, associated with
multiple atlases, minimizes the mapping inaccuracies due to atrophy or
local shape deformations. All analyses were performed in native space.
To control for relative regional atrophy, volumes for each ROI were
normalized by the total intracerebral volume (total brain tissue without
myelencephalon and cerebrospinal fluid). The resting-state fMRI was
also processed in MRICloud and analyzed in a seed-by-seed manner.
The image processing was described in our previous publication (Faria
et al.,, 2012) including routines imported from the SPM connectivity
toolbox for coregistration, motion, and slice timing correction; phy-
siological nuisance correction using CompCor (Behzadi et al., 2007);
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Fig. 2. Schematic representation of the structure-based analysis performed. The T1-high resolution and the respective parcellation map (A, only cortical parcels
represented) is co-registered (B) to the rsfMRI (C), therefore bringing the structural labels to this latter space (D), from where the Fisher z-correlations between ROIs

are extracted (E).

and motion and intensity TR outlier rejection using “ART” (https://
www.nitrc.org/projects/artifact_detect/). The MRICloud pipeline fol-
lows well established steps for rsfMRI processing: after exclusion of
“outlier” TRs, detected by ART routine (parameters: 2 standard devia-
tions for motion and 4 standard deviations for intensity, more severe
than the default of 9), the movement matrix combined with the phy-
siological nuisance matrix is used in the deconvolution regression for
the remaining TRs. These two steps for motion correction (outlier re-
jection and regression of motion parameters) ensure the minimization
of the motion effect. The parcels resultants from the high resolution T1
segmentation were brought to the resting state dynamics by co-regis-
tration. Time-courses of 19 cortical and deep gray matter ROIs (thirteen
from the language network and six from the DMN) were extracted and
the correlation among them, as well as the Fisher z-transformed scores,
were calculated (see Fig. 2).

In the present study, we examined changes in functional con-
nectivity in the language network, as identified in task-based fMRI
studies of spoken and written word production, to determine whether
functional connectivity change is a mechanism for tDCS effects in PPA.
Thirteen ROIs were predefined to comprise the Language Network: the
pars opercularis, pars orbitalis, and pars triangularis of the left and right
inferior  frontal gyrus (IFG_opercularis I, IFG_opercularis_R,
IFG_orbitalis_L, IFG_orbitalis R, IFG_triangularis_L, IFG_triangularis_R),
left middle temporal gyrus (MTG_L), left supramarginal gyrus (SMG_L),
left superior temporal gyrus (STG_L), left inferior temporal gyrus
(ITG_L), left fusiform gyrus (FuG_L), pole of the left middle temporal
gyrus (MTG_L_pole) and pole of the left superior temporal gyrus
(STG_L_pole). We also included the right IFG (IFG_opercularis R,
IFG_orbitalis_R, IFG_triangularis_R), since current distribution in tradi-
tional tDCS has been shown to affect areas contralateral to the stimu-
lated areas (Brunoni et al., 2012). Six ROIs were included to comprise
the DMN: the left angular gyrus (AG_L), right angular gyrus (AG_R), left
middle frontal gyrus (dorsal prefrontal cortex) (MFG_DPFC_L), right
middle frontal gyrus (dorsal prefrontal cortex) (MFG_DPFCR), left
posterior cingulate gyrus (PCC_L) and right posterior cingulate gyrus
(PCC_R) (Andrews-Hanna et al., 2007; Greicius et al., 2003).

2.6. Statistical analyses

2.6.1. tDCS effects on letter accuracy

For all participants, behavioral data including language treatment
test scores (letter accuracy, i.e., percentage of letters corresponding to
sounds making up words) were collected before and after the written
naming/spelling treatment intervention, with percentage of correct
letters as the primary outcome. Percentages were used because the
number of items was different in each patient according to the severity
of the deficit. As an example, some participants were given ten words to
learn and some were given 30 words. We report the percentage point
change in percent correct out of total stimuli. For example, if they
improved from 10/100 letters (10%) to 30/100 letters (30%), they
showed a change of 20 percentage points. Spelling was scored on a rule-
based system, in which each letter was given one point if correct, and

points were subtracted if letters were deleted, added, substituted,
transposed, or moved (see scoring system from Goodman and
Caramazza, 1985). Each item was entered into a database and scored. A
second person reviewed the scores and noted any discrepancies in
scoring based on the same rule system, which were then discussed to
generate a consensus score. Raters were identical in their scoring for
95-98% of letters. Welch two sample t-tests were conducted on the
difference for tDCS vs. sham groups in absolute change in percentage
correct from before and after treatment. Although we report one type of
outcome in the present study—letter accuracy—this corresponds to the
correct letters of words that could be lexically retrieved correctly
without using cues. We did not observe any case of modality specific
naming deficit in our cohort of participants, indicating that those who
could retrieve the name of the word in written modality could also
retrieve it orally. Therefore, it is in reality a composite score of naming
and spelling performance.

2.6.2. tDCS effects on brain connectivity

Pearson's correlation coefficients were Fisher z-transformed (Fisher,
1915) for the stimulated area (left IFG) as well as its right hemisphere
homologue. We also included other common language network ROIs, in
particular for written and oral language production in the left hemi-
sphere (IFG, SMG, STG, MTG, ITG and FuG) according to recent studies
(Gitelman et al., 2005; Purcell et al., 2011; Purcell and Rapp, 2013), as
well as the right and left hemisphere areas of the DMN (Greicius et al.,
2003) since it has also been involved in post-therapy changes of func-
tional connectivity after speech language therapy (Marcotte et al.,
2013). The coordinates of ROI centers used are listed in Table 3.

Table 3
Centers of the ROIs in the Montreal Neurological Institute (MNI) coordinate
system. Center location of each ROI is averaged over 24 subjects.

ROIs L/R Network Coordinates

X y z
IFG pars opercularis L Language —46.23 9.75 16.81
IFG pars opercularis R Language 46.80 15.85 15.43
IFG pars orbitalis L Language —43.15 29.10 —4.28
IFG pars orbitalis R Language 43.56 31.59 —5.78
IFG pars triangularis L Language —45.90 23.57 11.70
IFG pars triangularis R Language 46.51 27.42 8.56
FuG L Language —33.15 —45.86 —18.95
ITG L Language —48.71 —25.41 —26.15
MTG L Language —55.62 —38.22 —4.03
MTG pole L Language —40.21 11.30 —32.59
SMG L Language —52.46 —35.48 29.59
STG L Language —53.57 —28.56 5.35
STG pole L Language —42.08 9.63 —20.00
AG R DMN 44.28 —57.30 36.63
AG L DMN —42.98 —60.49 36.51
MFG DPFC L DMN —34.93 44.05 14.00
MFG DPFC R DMN 35.24 46.20 13.26
PCC L DMN -7.38 —52.41 24.65
PCC R DMN 8.61 —50.47 25.08
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For each pair of the ROIs, we evaluated the average treatment effect
(ATE) of tDCS on interregional correlations. Denoting the correlation
(Fisher z-transformed) between a certain pair of ROIs after intervention
as Y and the treatment condition as S (S = 1 for tDCS, S = 0 for sham),
the target of inference, i.e., ATE (denoted by 0), is:

8=E[YIS=1]-E[YIS=0],

where E[X|W = w] is the expectation of random variable X given
variable W at level w.

In order to obtain efficient and consistent estimation of the ATE, we
employed a semi-parametric method assembled with automated cov-
ariate selection (Tsiatis et al., 2008), which simultaneously lowered the
estimated standard error, eliminated subjectivity in model selection and
ensured consistency and asymptotic normality. Specifically, for each
pair of the ROIs (i.e., intra-language network, DMN and inter-Language-
DMN network), we used the z-transformed correlation coefficients be-
fore intervention, baseline demographic variables (i.e., age and sex),
clinical variables including years post-onset, the patient's PPA variant,
language severity and total severity of dementia using the clinical de-
mentia rating (FTD-CDR) score, and the volume of left IFG before in-
tervention as covariates. We conducted forward model selection using
Akaike information criterion (AIC) (Akaike, 1998) separately for the
tDCS and sham groups before combining them to estimate the ATE. We
applied the standard sandwich estimator approach (Freedman, 2006) to
calculate the standard error with adjustment for the small sample size.
The Wald statistic was then attained for hypothesis testing. P-values
were adjusted to control for the family-wise error rate (FWER) in
multiple testing following the Holm procedure (Holm, 1979). We report
the estimated ATE, standard error, Wald test statistic, raw and adjusted
P-values, and 95% confidence interval for all pairs of the ROIs (see
Results Section 3), i.e., the pairs in the language network, DMN and the
pairs between the DMN and language network (inter-Language-DMN).

2.6.3. Association between changes in letter accuracy and changes in brain
connectivity

Associations between the behavioral improvements and the func-
tional connectivity changes were tested. For each pair of the ROIs with
an unadjusted P-value < .05 in the treatment effect analysis, the before-
and-after behavioral difference was regressed against the before-and-
after functional connectivity correlation difference. t-tests were then
performed on the model coefficients (see Results Section 3).

3. Results
3.1. tDCS tolerability

Overall, tDCS was well-tolerated by participants in the study. When
debriefed at the end of the study they were at chance when guessing the
stimulation condition and did not report any side effects except for
tingling or itching sensations in the beginning of each session.
Participants were asked to report their general pain levels 1-2 times
during each session with the Wong-Baker FACES Pain Rating Scale
(www.WongBakerFACES.org). The maximum pain rating per session
was averaged across sessions and participants. The tDCS mean rating
was 2.63 (standard deviation 3.27, range 0-10); the sham mean rating
was 2.26 (standard deviation 2.22, range 0-10). No episodes of intol-
erability occurred, nor did any adverse effects.

3.2. tDCS effects on letter accuracy

3.2.1. Improvement of behavioral scores for tDCS vs sham

In both the tDCS (combination of current stimulation and language
therapy) and sham (language therapy only) groups, significant im-
provements in percentage of correct letters in trained words were ob-
served after treatment (Table 4, Fig. 3; Trained tDCS group mean im-
provement: 44.03, P-value: 6.33 x 10>, sham group mean
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improvement: 23.00, P-value: 1.82 X 10~%). Additional behavioral im-
provement in the tDCS group as compared to the sham group was
identified by a Welch two sample t-test (additional mean improvement
for trained items: 21.03, P-value: 0.020). At the individual level, all
patients improved except for one patient in the sham group whose
performance did not change. In the present study we focus on the re-
lationship between connectivity and treatment gains for tDCS versus
sham, rather than the behavioral effects of tDCS versus sham.

3.3. tDCS effects on brain connectivity

3.3.1. Effects of tDCS on correlations between the language network ROIs

Among the 78 ROI pairs comprising the 13 predefined language-
related regions, significant negative tDCS effects were detected at a
significance level of 0.05 in five pairs before adjusting for multiple
testing: IFG_orbitalis_ L. and MTG_L, IFG_triangularis_L and MTG_pole_L,
IFG_opercularis L. and IFG_orbitalis R, IFG_triangularis L: ITG_L and
IFG_opercularis R: SMG_L. The tDCS effect on functional connectivity
between IFG_orbitalis L and MTG_L also survived the FWER correction
for multiple testing (adjusted P-value: 0.008) with an estimated tDCS
effect of —0.33 (standard error 0.09 and 95% confidence interval
[-0.50, —0.16]). In all five pairs, a negative tDCS effect on ROI cor-
relations was observed (see Table 5). Fig. 4 illustrates these five sig-
nificant pairs.

3.3.2. No effects of tDCS on correlations between the DMN ROIs

In the predefined DMN, significant tDCS effect was not observed on
the correlation between any ROIs at a significance level of 0.05 before
any multiple testing adjustment.

3.3.3. Effects of tDCS on functional connectivity between the language
network and the DMN

Among the 78 pairs involving both the Language Network and the
DMN, relatively lower correlation in the tDCS group contrasted to the
sham group was identified in twelve pairs at a significance level of 0.05,
with only one pair (MFG_DPFC_L and MTG_L) surviving the FWER ad-
justment (see Table 6 for exact values and Fig. 5 for visualization).

3.4. Association between changes in functional connectivity and letter
accuracy

We further investigated, for those pairs with a significant tDCS ef-
fect, whether the change in functional connectivity was associated with
the improvement in behavior (language scores) for trained items. We
found a significant association between the behavioral improvement
and the correlation change in the pair of IFG_triangularis_L and ITG_L
using a t-test at significance level 0.05 (t(22) = —2.58, P-
value = .017), which was one of the five significant pairs in the
Language Network. No significant association was found in any other
pair in the Language Network or inter-Language-DMN pairs (see
Table 7, Fig. 6).

4. Discussion

Our goal was to identify changes in functional connectivity associated
with tDCS in individuals with PPA and to determine how these changes
may relate to therapy gains. Three results are worth noting. First, con-
sistent with previous papers, the behavioral data indicate that tDCS
coupled with language therapy was associated with greater gains in letter
accuracy in trained words than sham coupled with language therapy.
More importantly for our hypotheses, the effects of tDCS on resting-state
fMRI functional connectivity were significant only between pairs that
included the stimulated area(s), i.e., parts of the left [FG targeted in the
intervention. Resting-state fMRI connectivity between the left frontal
stimulated area(s) and temporal areas of the language network was ob-
served to be lower in the active tDCS condition than in sham, and this
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Table 4
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Letter accuracy measurements. Mean *+ Standard Deviation of behavioral scores in trained items before and after intervention and the pre-post changes are reported
for each treatment group. P-values from one sample t-tests for changes within treatment groups are listed in the rows labeled “P-values for changes”. Mean and 95%
confidence interval of additional gain for tDCS over sham are reported in the fourth column. P-values from Welch two sample t-tests for additional gain of tDCS over

sham are listed in the fifth column.

Trained tDCS (n = 12) Sham (n = 12) Additional gain tDCS over sham P-value for additional gain tDCS over sham
Before 40.83 + 26.85 53.24 + 26.61 - -

After 84.86 + 27.29 76.25 + 25.93 - -

Change 44.03 + 24.44 23.00 + 14.44 21.03 [3.80, 38.25] 0.020 (df = 17.85)

P-values for changes 6.33e-05 1.82e-04 - -

difference was statistically significant. Finally, the changes in functional
connectivity between the left IFG orbitalis and the temporal cortex were
also associated with the improvement in behavioral (language) treatment
outcomes, i.e., in letter accuracy as a proxy for written naming. There
was no significant connectivity change comparing tDCS and sham within
the default mode network (DMN). There were also a few inter-network
tDCS effects on functional connectivity. Only one pair between an area of
the DMN (the left DLPFC) and an area of the language network (the left
MTG) survived multiple comparisons but no areas were related to be-
havioral outcomes. Though other studies have demonstrated decreases in
functional connectivity due to frontal tDCS in aging (Meinzer et al.,
2012; Meinzer et al., 2013) and mild cognitive impairment (Meinzer
et al., 2015), to our knowledge, this is the first study to document such
changes (1) after repeated anodal tDCS over the left frontal areas re-
sulting in lower functional connectivity of the stimulated areas, (2) in a
neurodegenerative condition and in particular in PPA, and (3) with po-
sitive correlation of functional connectivity changes with therapy gains.

4.1. Lower functional connectivity as a mechanism for anodal tDCS over the
left IFG?

Our results align well with studies that showed that one left-IFG
tDCS session resulted in decreased functional connectivity between
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100 -

letter_accuracy
(4]
o

0- O

' ' ' ' '
before after before after before

nonfluent (tDCS:3, Sham:5) semantic (tDCS:4, Sham:4)

100 -
/,A
§ e
5 75
()
—
|
Q
8 s0-
_l
[0}
b=
Q@ 25- /
O-

f ' ' ! '
before after before after before

logopenic (tDCS:5, Sham:3)

VA

frontal and temporal areas in healthy aged controls (Meinzer et al.,
2012, Meinzer et al., 2013) and those with mild cognitive impairment
(Meinzer et al., 2015). In the present study we extended this premise
and showed that after repetitive stimulation these effects are
strengthened and significantly correlate with therapy gains. Although
no other studies compare the effects of repeated and consecutive tDCS
vs. sham in neurodegeneration, the present and above mentioned stu-
dies in aging and MCI, contradict some previous findings showing in-
creases in functional connectivity within the trained network or in the
DMN after or during one session of tDCS in healthy young controls
(Keeser et al., 2011; Pena-Gomez et al., 2011). Therefore, given the
conflicting results on the directionality of the effects of non-invasive
stimulation on intrinsic connectivity, it is just as possible that the sti-
mulation would decrease connectivity. Some possible mechanisms for
this effect would be that tDCS introduces noise at the site of stimulation
and “uncouples” it from its other network couplings.

In language rehabilitation without tDCS, a previous study on post-
stroke language rehabilitation (Marcotte et al., 2013) had shown that
functional connectivity within the language network during task-fMRI
increased in the same hemisphere after successful rehabilitation. In fact,
in our study, we did not replicate this result, despite finding an insig-
nificant increase in functional connectivity within the language net-
work in the sham condition. To our knowledge, the only other study

Fig. 3. Box plots and scatter plots for be-
havioral scores by treatment group and
variants. Y-axes are for absolute letter ac-
curacy in % and X-axes are for time points.
Different variants—nonfluent, semantic and
logopenic—are separated in three columns.
Treatment groups are color-coded as red for
tDCS and blue for Sham. In the scatter plots,
individuals are further coded as circles for
tDCS and triangles for Sham. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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Table 5
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Identified intra Language Network ROI pairs with significant tDCS effects on inter-regional correlation before family-wise error rate (FWER) correction. Pairs are
identified by asymptotic two-sided Wald tests on average treatment effect (ATE) at significance level 0.05 before adjusting for multiple comparisons. Estimates of
ATE, standard error (SE), Wald statistics (Stat.), P-values, FWER corrected P-values (Adj. P.), 95% confidence intervals (CI) are reported. Results are ranked by test

statistics.
ROI pairs Estimate (SE) Stat. P-value Adj. P. CI
IFG_orbitalis_L: MTG_L —0.33 (0.09) —3.891 0.000 0.008 [-0.50, —0.16]
IFG_triangularis_ L: MTG_L_pole —0.35 (0.10) —3.368 0.001 0.058 [-0.56, —0.15]
IFG_opercularis_L: IFG_orbitalis R —0.32(0.12) —2.622 0.009 0.665 [-0.57, —0.08]
IFG_triangularis_L: ITG_L —0.15 (0.07) —2.221 0.026 1.000 [-0.29, —0.02]
IFG_opercularis R: SMG_L —0.17 (0.08) —2.086 0.037 1.000 [-0.33, —0.01]

that has looked at the effects of tDCS on functional connectivity using
resting-state fMRI during language (or rather speech) rehabilitation is a
recent study by Marangolo and colleagues (Marangolo et al., 2016) that
applied 15 consecutive sessions of bilateral tDCS (anodal over the left
IFG and cathodal over the right IFG) along with speech therapy treating
post-stroke speech apraxia in nine participants in a cross-over design.
The study showed that improved speech outcomes were correlated with
increases in functional connectivity between the stimulated area and
other areas of the language network in the left hemisphere. In our
study, as well, all functional connectivity differences after intervention
involved the stimulated area, but consecutive tDCS induced lower, re-
lative to sham, functional connectivity between frontal and temporal
areas in the language network, rather than increases as in the Mar-
angolo and colleagues study.
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A possible explanation for the changes in connectivity in our study
versus the previous post-stroke aphasia studies is the type of partici-
pants. In the Marcotte and colleagues, as well as the Marangolo and
colleagues studies (Marangolo et al., 2016; Marcotte et al., 2012),
participants were chronic post-stroke aphasic patients who may have
had damage in the left IFG and possibly its tracts to other areas. Also,
lesions due to stroke may have induced changes in functional con-
nectivity, and the BOLD signal in the left IFG may have decreased from
the ischemic infarct. Therefore, the effects and implications of this in-
tervention may be particular to tDCS but also to participants' neurolo-
gical condition (aging and neurodegeneration versus recovering from
stroke).

Another explanation of our findings may be related to the baseline
functional connectivity in PPA as well as in aging and other forms of
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Fig. 4. Intra-language network tDCS effects over sham in functional connectivity. Edge thickness is proportional to the absolute value of the tDCS effect, and the color

map shows the value of the tDCS effect.
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Table 6

Identified inter-Language-DMN ROI pairs with significant tDCS effects on inter-regional correlation before family-wise error rate (FWER) correction. Pairs are
identified by asymptotic two-sided Wald tests on average treatment effect (ATE) at significance level 0.05 before adjusting for multiple comparisons. Estimates of
ATE, standard error (SE), Wald statistics (Stat.), P-values, FWER corrected P-values (Adj. P.), 95% confidence intervals (CI) are reported. Results are ranked by test
statistics.

ROI pairs Estimate (SE) Stat. P-value Adj. P. CI

MFG_DPFC_L: MTG_L —0.34 (0.09) —3.742 0.000 0.014 [-0.52, —0.16]
MFG_DPFC L: ITG_L —0.26 (0.08) —3.368 0.001 0.058 [-0.41, —0.11]
MFG_DPFC _L: IFG_triangularis_L —0.21 (0.07) —-3.153 0.002 0.123 [-0.34, —0.08]
MFG_DPFC_R: STG_L —0.23 (0.09) —2.732 0.006 0.472 [—0.40, —0.07]
MFG_DPFC _R: IFG_opercularis_L —0.14 (0.06) —2.433 0.015 1.000 [-0.26, —0.03]
MTG_L_pole: PCC_L —0.17 (0.07) —2.428 0.015 1.000 [-0.31, —0.03]
IFG_triangularis_L: PCC_R —0.17 (0.07) —2.359 0.018 1.000 [-0.31, —0.03]
MTG_L_pole: PCC_R —0.18 (0.08) —2.359 0.018 1.000 [-0.34, —0.03]
AG_R: MTG_L —0.17 (0.07) —2.353 0.019 1.000 [-0.30, —0.03]
MFG_DPFC R: MTG_L —0.24 (0.12) —2.100 0.036 1.000 [-0.47, —0.02]
MFG_DPFC_L: MTG_L_pole —0.19 (0.09) —2.093 0.036 1.000 [-0.36, —0.01]
IFG_triangularis_L: AG_L —0.12 (0.06) -1.979 0.048 1.000 [-0.25, —0.00]

neurodegeneration. Studies of functional connectivity in AD have
shown decreased posterior connectivity in typical AD with episodic
memory deficits (Caffo et al., 2010; Greicius et al., 2004; Seeley et al.,
2007; Supekar et al., 2008) but increased anterior connectivity in lo-
gopenic or early-onset AD (Lehmann et al., 2015) as well as in normal
aging (Keeser et al., 2011; Meinzer et al., 2013). As shown in the above
studies on these populations, functional connectivity in aging and
neurodegeneration may be particularly altered; tDCS may regulate the

baseline abnormalities in connectivity between frontal and temporal
brain areas as shown in a previous study even after one tDCS applica-
tion (Meinzer et al., 2013).

Here we would like to comment on the particular functional cou-
plings that were found to change in the language network. The first
observation is that all pairs that showed changes in functional con-
nectivity that correlated with language effects of tDCS over sham in-
volved the stimulated area. Although our analysis did not allow us to
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Fig. 5. Inter-Language-DMN network tDCS effects over sham in functional connectivity. Edge thickness is proportional to the absolute value of the tDCS effect, and
the color map shows the value of the tDCS effect.
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Table 7
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Letter accuracy changes regressed against correlation changes with intercept on previously identified pairs. Type of the ROI pair (L: intra Language Network; I: inter-
Language-DMN; D: DMN); estimate, standard error (SE), T-statistic, P-value and 95% confidence interval (CI) of the linear coefficient of correlation change; the R-
squared (R sq.) of the linear model are reported. Within networks, ROI pairs are ranked by test statistics in previous test on average treatment effect on inter-regional

correlation.

ROI pairs Type Estimate (SE) T stat. P-value CI R sq.

IFG_orbitalis_L: MTG_L L —29.01 (17.68) —1.64 0.115 [—-65.67, 7.66] 0.109
IFG_triangularis_L: MTG_L_pole L —23.46 (15.55) —-1.51 0.146 [—-55.72, 8.80] 0.094
IFG_opercularis_L: IFG_orbitalis_R L 5.27 (16.33) 0.32 0.750 [—22.25, 39.18] 0.015
IFG_triangularis_L: ITG_L L —39.43 (15.30) —2.58 0.017 [-71.16, —7.70] 0.232
IFG_opercularis R: SMG_L L —39.36 (22.83) -1.73 0.099 [—86.68, 7.96] 0.119
MFG_DPFC_L: MTG_L 1 —16.96 (17.36) -0.98 0.339 [—52.96, 19.03] 0.042
MFG_DPFC_L: ITG_L 1 —26.25 (19.99) -1.31 0.203 [-67.70, 15.21] 0.073
MFG_DPFC _L: IFG_triangularis_L I 17.59 (21.78) 0.81 0.428 [—27.58, 62.76] 0.029
MFG_DPFC R: STG_L 1 —0.42 (21.93) —-0.02 0.985 [—45.90, 45.05] 0.000
MFG_DPFC_R: IFG_opercularis_L 1 —15.74 (18.68) -0.84 0.409 [—54.47, 22.99] 0.031
MTG_L_pole: PCC_L I —1.03 (23.00) —-0.04 0.965 [—48.73, 46.67] 0.000
IFG_triangularis_L: PCC_R 1 —19.51 (16.41) -1.19 0.247 [—53.54, 14.53] 0.060
MTG_L_pole: PCC_R 1 0.26 (22.43) 0.01 0.991 [—46.25, 46.78] 0.000
AG_R: MTG_L I 7.14 (29.23) 0.24 0.809 [—-53.48, 67.76] 0.003
MFG_DPFC R: MTG_L 1 23.46 (20.10) 1.17 0.256 [—-18.23, 65.15] 0.058
MFG_DPFC_L: MTG _L_pole 1 —25.48 (19.93) -1.28 0.215 [—-66.81, 15.86] 0.069
IFG_triangularis_L: AG_L 1 —22.10 (24.48) -0.90 0.377 [—-72.87, 28.67] 0.036
MTG_L_pole: PCC_R I 0.26 (22.43) 0.01 0.991 [—46.25, 46.78] 0.000

look at directionality of effects, the specificity and focality of these pairs
in the language network confirms that they probably resulted from the
stimulation, as the current flow model also suggests (see Supplementary
Fig. S1). The couplings themselves shed light on possible mechanisms of
current flow in tDCS and point towards structural connectivity ex-
planatory accounts of tDCS effects. In particular, the pair
IFG_opercularis_L: IFG_orbitalis R is connected through the corpus cal-
losum; the pair IFG_triangularis_L: MTG_pole corresponds to the un-
cinate fasciculus; the pairs IFG_ opercularis l: SMG.L and
IFG_orbitalis_L: MTG_L (which survived multiple comparisons) could
reflect the structural connectivity attributed to the arcuate fasciculus;
and the pair IFG_triangularis_L: ITG_L could reflect the structural con-
nectivity of the inferior longitudinal fasciculus or the inferior occipito-
frontal fasciculus. The latter has been recently found to connect directly
the posterior temporal areas and the orbito-frontal region (Catani et al.,
2003), crucial for semantic processing since it elicits semantic para-
phasias when stimulated directly in direct electric stimulation studies
intra-operatively (Mandonnet et al., 2007). Although this hypothesis
needs to be confirmed by structural connectivity analyses, it is con-
sistent with previous studies in other functional networks, in particular
in the DMN, that showed that resting-state functional connectivity re-
flects structural connectivity (Greicius et al., 2009). Additionally, we
and other groups have routinely found that the left ITG is an area re-
sponsible for naming in both lesion studies as well as in PPA (Race
et al., 2013; Tsapkini et al., 2011).
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It is worth commenting briefly on the lack of significant changes in
the DMN observed in our study. This finding is in line with the pre-
viously mentioned tDCS studies with one or multiple applications that
did not look for or did not find effects of tDCS in the DMN (Marangolo
et al., 2016; Meinzer et al., 2013), and the study by Marcotte and col-
leagues on regular language rehabilitation that found upregulation of
DMN activity after language rehabilitation in post-stroke aphasia
(Marcotte et al., 2013). Our results taken together with these studies
confirm that tDCS over the left frontal cortex coupled with language
therapy does not induce changes in the DMN and therefore the effects
that we see are language-specific and not domain-general changes,
pointing towards the specificity of tDCS effects. In the present study, we
additionally found changes in the inter-network connectivity between
the language network and DMN but these did not survive multiple
comparisons correction. This may indicate that, although the effects of
tDCS may not be specific to the DMN, by altering one network (the
language network), the inter-network communication may also be al-
tered. However, larger studies are needed to confirm these preliminary
findings.

4.2. Variant effects and additional outcomes

Despite the fact that we have 24 participants (which is more than
previous treatment studies using resting-state methodology in neuro-
degenerative diseases), this number may not be enough in PPA given

Fig. 6. Scatter plot by treatment groups and PPA
variants for change (after minus before) of absolute
letter accuracy in % against change in connectivity
for the IFG_triangularis L: ITG_L pair. Variants are

stimulation color-coded as red for nonfluent, green for semantic
e (DCS and blue for logopenic. Treatment assignments are
il Sham coded as circles for tDCS and triangles for Sham.

Fitted lines and pointwise confidence bands are
Va'ia"'n ( plotted for each variant with the corresponding
== nonfluen

coded color and for all patients with the dot-dashed
line and the color black. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

=8= semantic

== logopenic
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the variability of the syndrome and underlying pathologies (Gorno-
Tempini et al., 2011; Seeley et al., 2007). Although there is no evidence
that pathology itself may play a role in moderating the effects of tDCS,
and given that spelling deficits are common in all three variants, we
have taken several measures to mitigate the possible effects of these
limitations. First, we randomized the treatment condition (tDCS vs.
sham) within each variant. Randomization and patient flow resulted in
the following numbers in each variant in each treatment condition:
1IvPPA: 3 sham, 5 tDCS, nfvPPA: 5 sham, 3 tDCS, and svPPA: 4 sham, 4
tDCS. Second, we matched the initial language performance of those
who received tDCS combined with language intervention and those
who received sham combined with language intervention, so partici-
pants in each condition were at matched stages of disease progression.
In addition, Fig. 6 illustrates the effects of tDCS on functional con-
nectivity stratified by variant, as well as individual results. Studies with
adequate power to look at the effects of tDCS in each variant may
elucidate the effect of variant in the functional connectivity changes
induced by tDCS.

The primary outcome for measuring language performance in our
study was the letter accuracy of therapy items, which could have po-
tential limitations in assessing generalization of both the tDCS effect on
language performance and the association between the connectivity
change and performance improvement. Another measurement is the
whole-word accuracy of therapy items, a crude estimate for some par-
ticipants but still an indicator of generalization of results. Whole-word
accuracy results were similar to letter-accuracy results for non-logo-
penic participants (15 in total) for both: (A) tDCS effect on language
performance (additional mean improvement for non-logopenic sub-
jects: 27.36, Welch two sample t-test P-value: 0.037, df: 9.74; additional
mean improvement for all: 8.46, Welch two sample t-test P-value:
0.391, df: 19.10), and, (B) the association between the connectivity
change on IFG_ triangularis . and ITG_L and the performance im-
provement (Fig. 7) (whole-word accuracy changes regressed on con-
nectivity changes on IFG_triangularis L and ITG_L, for non-logopenic
subjects estimated linear coefficient: -41.40, SE: 17.37, T-statistic:
—2.38, P-value: 0.032, 95% confidence interval: [ —78.64, —4.16]; for
all estimated linear coefficient: -33.57, SE: 16.71, T-statistic: —2.009,
P-value: 0.058, 95% confidence interval: [ —68.31, 1.18]). Such simi-
larity suggests potential generalization despite the need of more suffi-
cient data to support more accurate analysis by variant.

4.3. Limitations of the present study

Given that our design only addressed the additional effects of tDCS
during language therapy in PPA, we did not compare changes of con-
nectivity without any intervention, i.e., only due to disease progression
or aging. Other studies, however, that have included aging populations

& y_change
8
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o

0.0
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and neurodegenerative diseases confirmed the initial abnormalities in
resting-state neural networks observed in the present study and the
possibility to be modified by tDCS (Caffo et al., 2010; Meinzer et al.,
2013).

The findings are tied to our style of processing and analysis. While
anatomically derived ROIs enjoy variance reduction via averaging over
voxels within the region, voxel based approaches, such as seed corre-
lations, can interrogate less structured hypotheses at the expense of
increased multiplicity concerns. In addition, decomposition methods,
such as principal and independent component analysis, can perform
dimension reduction and investigate promising directions of variations
(networks). Another concern is the focus on static connectivity (corre-
lations over the entire scan). Recent efforts in dynamic connectivity
have raised the possibility of its importance in the study of connectivity.
Stimulation may impact dynamic connectivity as much as or more than
static connectivity, and this modulation may be essential for the study
of interactions with behavior.

Finally, the present study may be limited by the spatial resolution of
the electrode patches used to deliver tDCS. TDCS generally provides
reduced spatial specificity compared to more targeted approaches such
as transcranial magnetic stimulation (TMS). TDCS was chosen as a
therapeutic tool because it is has an excellent safety record, it is easily
tolerated, and, because it is also small and inexpensive, it has potential
for future implementation at the speech therapist's office. Due to the
5 X 5cm size of the sponge electrodes, tDCS may have stimulated
surrounding brain regions in addition to the intended target. For this
reason we added the DMN as a control network and showed that
findings were specific to the language network. Future investigations to
assess the effectiveness of TMS as a therapeutic tool for PPA are war-
ranted.

5. Conclusions

The present study has important implications for both clinical
practice and our understanding of the brain mechanisms involved in
repeated tDCS in neurodegenerative syndromes. Isolating the additional
effect of tDCS over the left IFG from language therapy itself allowed us
to investigate the brain mechanism of this particular tDCS application.
The positive correlation between changes in functional connectivity in
fronto-temporal areas of the language network with the therapy out-
comes confirmed that these changes in functional connectivity are a
possible mechanism underlying tDCS effects in neurodegenerative dis-
orders, as implied by previous studies after one tDCS application
(Meinzer et al., 2013).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101734.

Fig. 7. Scatter plot by treatment groups and PPA
variants for change (after minus before) of absolute
whole-word accuracy in % against change in con-
nectivity between the IFG_triangularis_L: ITG_L pair.

s"ml"lzgon Variants are color-coded as red for nonfluent, green
e . .
for semantic and blue for logopenic. Treatment as-
A Sham . . .
signments are coded as circles for tDCS and triangles
for Sham. Fitted lines and pointwise confidence
variant

bands are plotted for each variant with the corre-
sponding coded color and for all participants with the
dot-dashed line and the color black. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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