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Direct Current Stimulation Over the
Anterior Temporal Areas Boosts
Semantic Processing in Primary

Progressive Aphasia
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Objective: Noninvasive brain stimulation in primary progressive aphasia (PPA) is a promising approach. Yet, applied
to single cases or insufficiently controlled small-cohort studies, it has not clarified its therapeutic value. We here
address the effectiveness of transcranial direct current stimulation (tDCS) on the semantic PPA variant (sv-PPA),
applying a rigorous study design to a large, homogeneous sv-PPA cohort.
Methods: Using a double-blind, sham-controlled counterbalanced cross-over design, we applied three tDCS condi-
tions targeting the temporal poles of 12 sv-PPA patients. Efficiency was assessed by a semantic matching task
orthogonally manipulating “living”/”nonliving” categories and verbal/visual modalities. Conforming to predominantly
left-lateralized damage in sv-PPA and accounts of interhemispheric inhibition, we applied left hemisphere anodal-
excitatory and right hemisphere cathodal-inhibitory tDCS, compared to sham stimulation.
Results: Prestimulation data, compared to 15 healthy controls, showed that patients had semantic disorders predomi-
nating with living categories in the verbal modality. Stimulation selectively impacted these most impaired domains: Left-
excitatory and right-inhibitory tDCS improved semantic accuracy in verbal modality, and right-inhibitory tDCS improved
processing speed with living categories and accuracy and processing speed in the combined verbal 3 living condition.
Interpretation: Our findings demonstrate the efficiency of tDCS in sv-PPA by generating highly specific intrasemantic
effects. They provide “proof of concept” for future applications of tDCS in therapeutic multiday regimes, potentially driv-
ing sustained improvement of semantic processing. Our data also support the hotly debated existence of a left temporal-
pole network for verbal semantics selectively modulated through both left-excitatory and right-inhibitory brain stimulation.
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& Spine Institute, ICM-UMR INSERM-CNRS-UPMC 1127, Frontlab team, Paris, France; 3Brain & Spine Institute, UMR INSERM-CNRS-UPMC 1127, Team

of Cerebral Dynamics Plasticity & Rehabilitation, Paris, France; 4Laboratory for Cerebral Dynamics Plasticity & Rehabilitation, Boston University School of

Medicine, Boston, MA; 5Department of diagnostic and functional neuroradiology, Piti�e-Salpêtrière Hospital, AP-HP, Paris, France; 6Department of
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Primary progressive aphasia (PPA) is a neurodegenera-

tive disorder dramatically impairing language and

communication abilities. It is subdivided into three main

variants, including semantic PPA (sv-PPA), which repre-

sents the most frequent phenotype,1 causing damage to

the processing of word meaning and to predominantly

left-sided cortices of the temporal poles.2,3 Various stud-

ies have identified the linguistic-cognitive, anatomical,

and biological features of sv-PPA,4–7 but evidence-based

therapy slowing language decline in PPA is lacking: Phar-

macological trials with anti-Alzheimer’s drugs have failed

to provide significant results,8 speech therapy has evi-

denced only small effects without generalization to

untrained items,9 and noninvasive brain stimulation

investigations, which represent a promising approach,

have not used controlled, double-blind designs and have

never been applied to cohorts of sv-PPA.10–15

Noninvasive stimulation technologies, including trans-

cranial magnetic stimulation (TMS) and direct current stim-

ulation (tDCS), have generated encouraging results,

especially in poststroke aphasia when targeting language-

related cortices, such as Broca’s or Wernicke’s area.16–20 Most

researchers used excitatory stimulation of the left-hemisphere

language network to promote remapping of function and/or

inhibitory stimulation to homotopic right-sided cortices,

assuming that homotopic areas decrease activity in left-

lateralized language areas through interhemispheric inhibitory

projections.21,22 However, these investigations were subjected

to biases given the high variability of vascular lesion localiza-

tion and extent. Such biases appeared to be circumvented in

three small-cohort studies using stimulation in more-

homogenous PPA populations while generating promising

results.13–15 However, these studies suffered from substantial

limitations: They could not apply rigorously controlled and

counterbalanced study designs, did not explore the most fre-

quent PPA variant (sv-PPA), and they primarily targeted the

nonlanguage specific dorsolateral prefrontal cortex.

The present tDCS study therefore explored a relatively

large cohort of clinically and imaging-characterized sv-PPA

patients, used a double-blind, sham-controlled, and counter-

balanced cross-over design, targeted specifically temporal

poles implementing semantics, and applied multidimensional

semantic markers to evaluate stimulation efficiency. Following

a rationale of interhemispheric inhibition through transcal-

losal connections between the temporal poles,23 and account-

ing for predominant left temporal pole damage in sv-PPA,2

we assessed both the impact of single left-excitatory and

right-inhibitory tDCS sessions, as compared to sham stimula-

tion. To evaluate whether potential stimulation-induced

effects are genuinely linked to semantic modulation, we

assessed two semantic categories (“living” vs “nonliving”) and

processing modalities (verbal vs visual), predicting selective

modulations within the semantic system itself. According to

findings that verbal, but not visual, semantics is related to the

left temporal pole,24 that sv-PPA primarily affects the verbal

modality and living category,7,25 and that stimulation effects

prevail in the most damaged domains,13 we predicted

semantic-specific effects mainly in verbal/living aspects.

In addition, we expected to contribute to the con-

troversy opposing models of amodal semantics equally

involving both temporal poles26,27 and multisystem

accounts positing a particular system for verbal semantics

in the left temporal pole.24 Our experimental approach

specifically challenged the latter view by testing semantic

operations in the verbal versus visual modality while

assessing potential semantic modulation through

stimulation-induced boosting of the left temporal pole.

Patients and Methods

Participants
Twelve patients with sv-PPA were enrolled in the study at the

National Reference Center for “PPA and Rare Dementias” of the

Piti�e-Salp̂etrière Hospital (Paris, France). Clinical diagnosis was

based on a multidisciplinary evaluation, including neurological

examination, neuropsychological tests, and a detailed language eval-

uation. Definite diagnosis of sv-PPA was based on the current

research criteria3 comprehending progressive language impairment,

single-word comprehension deficits, and anomia, without sentence

repetition impairment, agrammatism, or motor speech disorders.

All the patients also fulfilled the imaging-supported criteria for sv-

PPA (ie, predominant hypometabolism of the anterior temporal

region).3 No patient had medication interfering with the central

nervous system, with the exception of one patient who had taken,

during 4 years, an antidepressant agent (citalopram, 20mg/day).

The dosage of this medication had not been modified during the 3

years preceding his participation in the current study. We also

included 15 healthy controls to determine normal performance lev-

els with the semantic task and to provide a detailed characterization

of semantic deficits in the patient group. Healthy controls were

matched with the patients for handedness, gender, age, and years of

education (all Fs< 1). Patients were not included if they had: (1)

psychiatric disorders or neurological diseases other than sv-PPA; (2)

contraindication for magnetic resonance imaging (MRI) or tDCS,

such as intracranial ferromagnetic devices, scalp or skull lesions, or

epilepsy; (3) MRI revealing pathological processes other than those

associated with sv-PPA, including white matter vascular damage;

(4) important severity of aphasia (severity score <2 of the Boston

Diagnostic Aphasia Evaluation [BDEA]28), Mini–Mental State

Examination (MMSE) scores <15,29 Frontal Assessment Battery

(FAB) scores <10,30 or major depressive disorders. All participants

were native French speakers. Demographic data are summarized in

Table 1. The study received approval from the French National

Ethics Committee, and written informed consent was obtained

from all the patients and healthy controls.
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Study Design
We applied a double-blind, sham-controlled, cross-over design

in which each patient underwent three tDCS sessions: anodal

tDCS (left temporal pole); cathodal tDCS (right temporal

pole); and sham tDCS (left temporal pole). tDCS was used,

rather than TMS, because of its wider range of cortical action,

which appears to be of advantage in degenerative conditions.

Stimulation was preceded and immediately followed by a

semantic task providing markers for potential stimulation effi-

ciency. The order of the three stimulation sessions was counter-

balanced across the 12 patients to avoid order biases (6

permutations 3 2), and the sessions were separated 1 week to

prevent unlikely carry-over effects of the stimulation. The three

tDCS sessions were scheduled at similar time slots during the

day. To ensure a double-blind procedure, the semantic task and

stimulation were supervised by two distinct researchers, and

patients were completely unaware of whether real or sham con-

ditions were applied.

Brain Stimulation
All patients underwent MRI to identify temporal pole coordi-

nates. Scans were obtained less than 1 month before the stimu-

lation sessions using a 3-Tesla scanner (VERIO system;

Siemens, Erlangen, Germany) with a 32-channel head coil,

including anatomical three-dimensional T1-weighted magneti-

zation prepared rapid acquisition gradient echo images (repeti-

tion time 5 2.3 seconds; echo time 5 4.18ms; flip angle 5 9

degrees; inversion time 5 900ms; voxel size 5 1 3 1 3 1mm3;

176 slices). Images were registered in Montreal Neurological

Institute (MNI) space, and the left and right temporal poles

were identified and labeled by means of a 5-mm sphere on the

coordinates [x 5 252, y 5 2, z 5 228] and [x 5 53, y 5 4,

z 5 232],31 using SPM8 (http://www.fil.ion.ucl.ac.uk/spm).

Images were then denormalized in each patient’s native space,

and a frameless stereotaxic neuronavigation software (Brainsight,

Rogue System; Rogue Research Inc., Montreal, Quebec,

Canada) was used to identify the target regions and guide the

placement of the active tDCS electrodes. Correct and consistent

electrode placement was achieved by aligning the center of the

electrodes with the orthogonal projection of the MNI-defined

targets toward the closest skin area overlaying the temporal

bone. This procedure ensured, for each patient, the shortest

path length between the electrode surface and the target loca-

tion in the cortical surface of the temporal poles. The scalp

location of the active tDCS electrodes corresponded to FT8 to

FT10 (right temporal) and FT7 to FT9 (left temporal) sites of

the 10-20 EEG (electroencephalography) reference system. The

reference electrode was placed on a contralateral supraorbital

region with regard to the active electrode location (AF7 for

right temporal tDCS and AF8 for left temporal tDCS in the

10-20 EEG reference system).

Electrodes were placed under MRI guidance (round

sponge pads, 5.65cm in diameter, 25-cm2 surface; [NE026a]

SPONSTIM 25; Neuroelectrics, Barcelona, Spain) and were

kept on their locations by a lycra EEG/tDCS cap attached to

the chin (Neuroelectrics). Before electrode placement, hair was

set apart and skin cleaned with alcohol and light abrasive gel to

optimize electrode-to-skin conductance. Electrode leads were

connected to a portable wireless stimulation unit (Neuroelec-

trics), attached to the dorsal portion of the cap, which was

linked wirelessly by bluetooth connection to a laptop computer

running data acquisition software (NIC software; Neuroelec-

trics). Each relevant tDCS stimulation parameter, such as stim-

ulation modality (anodal, cathodal, and sham), duration,

current intensity, and electrode montage, was programmed

before the session and their settings were transferred by blue-

tooth to the stimulation unit.

During anodal or cathodal tDCS, current intensity was

linearly increased during 30 seconds to reach a maximum of

1.59mA. This specific level of tDCS intensity was chosen to

ensure, with our slightly smaller round electrodes (25cm2), sim-

ilar levels of current density (0.06mA/cm2) as those applied in

poststroke aphasia or PPA.15,32 The current was kept on at this

intensity during 20 minutes before being ramped down along

30 seconds. During sham stimulation, electrodes were placed in

the same location as for anodal stimulation, but current was

ramped up and down along 30 seconds at the initial and final

phase of the session to emulate the transient skin-itching sensa-

tions characterizing active stimulation. Unnoticed by the

patients, the stimulation unit was turned off during the 20

minutes of the sham session. At the end of each of the three

stimulation sessions, we debriefed with every individual patient

and asked them about their sensations during the stimulation.

As expected, regardless of the tDCS condition (anodal, cathod-

al, or sham), they all reported a transient and mild local skin-

itching sensation at the beginning of the stimulation, which dis-

sipated quickly thereafter until disappearing. Importantly, none

of the patients reported local scalp discomfort or showed signs

of skin rash, reddishness, or inflammation, undesirable events

that could have also provided patients with a clue for distin-

guishing active tDCS conditions from sham.

TABLE 1. Demographic Data of the sv-PPA

Patients and Healthy Controls (Mean Scores 6

Standard Deviations)

Tests sv-PPA Healthy

Controls

No. of patients 12 15

Women/men 4/8 5/10

Age (yr) 66.8 6 2.1 64.1 6 7.4

Years of education 13.2 6 1 14.9 6 2.7

Handiness (R/L) 12R/0L 15R/0L

Symptom duration (yr) 5.3 6 0.8 —

Age at disease onset 60.7 6 8.1 —

sv-PPA 5 semantic variant of primary progressive aphasia; R 5 right;

L 5 left.
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During the stimulation sessions, patients performed a

simple visuomotor task consisting in pressing a response button

every time a slowly moving round target touched the edge of a

surrounding rectangle. This procedure ensured that patients did

not close their eyes and maintained vigilance.

Computer Simulations of Current Density
Distribution
A finite element method (FEM) model was developed on a

detailed standardized head model (ICBM-NY) to determine the

peak electric field, current density, and their distribution on the

cortical surface. An averaged anatomical MRI volume consisting

of 152 individuals (ICBM152/MNI152) was previously seg-

mented into six conductive volumes: air, skin, skull, cerebral

spinal fluid (CSF), gray matter, and white matter.33 Lingering

errors in continuity and detail were corrected manually within

the image volumes at a resolution of 0.5mm3. The empirically

derived MNI targets were coregistered to the ICBM-NY model

in SPM8 to recreate experimental conditions.

Two experimental tDCS conditions were modeled: anodal

tDCS on the left temporal pole and cathodal tDCS on the

right temporal pole, according to the aforementioned MNI

coordinates. Stimulation electrodes and sponge pads (5.65cm in

diameter, 25-cm2 surface; [NE026a] SPONSTIM 25; Neuro-

electrics) were modeled in SolidWorks (Dassault Systèmes

Corp., Waltham, MA) and imported into ScanIP for meshing.

An adaptive tetrahedral meshing algorithm was used in ScanIP

(version 7.0; Simpleware, Exeter, UK) to generate meshes with

approximately 10 million quadratic elements. FEM models

were created in COMSOL multiphysics (version 4.3; COM-

SOL, Inc., Burlington, MA) using the aforementioned meshes.

Models were created using electrostatic volume conductor

physics with material conductivities defined as follows: (in S/m):

air, 1 3 10215; skin, 0.465; skull, 0.01; CSF, 1.65; gray matter,

0.276; white matter, 0.126; electrode, 5.99 3 107; and saline-

soaked sponge, 1.4. These conductivity values used were the same

as in previously published work modeling work drawing on data

from a combination of in vivo and in vitro measurements.34–36

We applied boundary conditions to simulate direct current stim-

ulation. Internal boundaries between tissues were assigned the

continuity condition (n * (J1 2 J2) 5 0), and the Laplace equa-

tion (� * (r� V) 5 0) was solved. The resulting cortical electric

field was interpreted as a correlate for modulation.37,38 The surfa-

ces of the cathodes were grounded (V 5 0), whereas the surfaces

of the anodes were assigned inward normal current densities cal-

culated to produce 1.59mA of stimulation. All other exterior sur-

faces were electrically insulated. Radial electric field was

calculated as the vector projection of cortical electric field onto

the cortical surface normal (n�E). By convention, the color scale

was normalized so that cathodal (outward) electric field is blue

and anodal (inward) electric field is red. Current density magni-

tude was plotted in two-dimensional slices with uniformly dis-

tributed arrows sized proportionally to the local current density

magnitude. We further studied the impact on cortical electric

fields current density levels of cortical loss (20.5mm atrophy)

affecting the two anterior thirds of the left and right temporal

lobe of PPA patients. Level of atrophy was calculated as the mean

levels of cortical loss in the left and right temporal lobe in an

independent cohort of 12 sv-PPA patients, matched for disease

duration and age with the 12 patients of the present study, and

compared to 15 age-matched controls (left anterior temporal

lobe: 221.05%, 20.61 mm; right anterior temporal lobe:

220.85%, 20.60 mm), and was adapted to the spatial resolution

of our FEM head model.

Semantic Task
We used a computerized semantic matching task in a verbal

and visual processing modality contrasting living and nonliving

items to identify the specific deficit pattern in sv-PPA and pro-

vide markers of potential stimulation efficiency. Similarly to the

Pyramid and Palm Trees Test (PPT),39 each experimental stim-

ulus consisted in a test item (top of the computer screen), a

semantically related target (bottom, left, or right), and an unre-

lated distractor (bottom right or left). In half of the stimuli, the

target was located at the left bottom side of the screen (distrac-

tor on the right), and in the other half, the target was presented

at the right bottom side (distractor on the left). Half of the

stimuli consisted in living items and the other half in nonliving

items. All stimuli were presented in a verbal (written words)

and a visual format (pictures). Illustrative stimuli are shown in

Figure 1. In total, the materials consisted of 104 stimuli (52

verbal, 52 visual, containing each 26 living and 26 nonliving

items). Pictures for the visual format were selected from a data-

base of black and white line drawings.40

The entire test material was split into two distinct, but

matched, versions for assessing alternatively pre- and poststimula-

tion performance, therefore avoiding retest effects. This proce-

dure yielded four stimulus blocks, each containing 26 stimuli

with 13 stimuli comprehending living and 13 nonliving items

(version 1 verbal block, version 1 visual block; version 2 verbal

block, version 2 visual block). Test items, targets, and distractors

of the two versions were matched for lexical frequency, number

of letters, concept familiarity, visual complexity, and picture nam-

ing consensus41 (all Fs< 1). Within each version, targets and dis-

tractors of verbal stimuli with living and with nonliving items

were matched for lexical frequency, number of letters, and con-

cept familiarity (all Fs< 1). Likewise, within each version, targets

and distractors of visual stimuli with living and with nonliving

items were matched for concept familiarity, visual complexity,

and picture naming consensus (all Fs< 1). The order of verbal

and visual blocks was counterbalanced across the 12 patients, and

stimulus order within a given block was randomized. Similarly,

the order of version 1 and version 2 was counterbalanced, with

half of the patients receiving version 1 before the stimulation

(version 2 after stimulation) and half of the patients receiving ver-

sion 2 before stimulation (version 1 after stimulation).

Stimuli were presented on a laptop computer (HP Elite-

Book 8770w; Hewlett Packard, Palo Alto, CA) with E-Prime

software. Each trial consisted in the presentation of a fixation

cross for 1,000ms in the middle of the computer screen, fol-

lowed by the stimulus centered in the same position. Partici-

pants were placed approximately 30cm from the computer
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screen and were instructed to decide as accurately and as quick-

ly as possible which of the two items at the bottom of the

screen (target, distractor) was related to the test item (top of

the screen). Answers were provided by pressing a right or left

response button, with the index/middle finger of the dominant

hand corresponding to the right or left location of the chosen

item. Stimuli remained for 600ms on the computer screen

before a new trial was initiated. The testing procedure required

around 10 minutes to be completed. This duration is within

the poststimulation period usually covered by offline effects

after 20 minutes of tDCS.42 The same materials and procedure

were also used in healthy controls who did not receive tDCS.

General Language/Cognitive Assessment
The assessment with standardized tests contributed to the diag-

nosis of sv-PPA and allowed for constituting a relatively homo-

geneous patient population by identifying participants with

similar levels of disease severity and duration. The language

assessment was composed of an evaluation of aphasia severity

(BDAE28), a picture naming test (D08043), a single-word com-

prehension task requiring pointing to pictures upon auditory

word presentation (BDAE), a verbal fluency test comprising

phonemic and category fluency,44 a sentence repetition task

(BDAE), and a semantic matching task in a visual and verbal

version (PPT39). General cognitive assessment included the

MMSE29 and the FAB.30

Positron Emission Tomography Imaging
The positron emission tomography (PET) study allowed for

checking that patients fulfilled the imaging-supported diagnosis

criteria for sv-PPA. All patients underwent fludeoxyglucose-PET

(18FDG-PET) brain less than 1 month before the stimulation

sessions. Images were acquired with a hybrid PET/CT (comput-

ed tomography) system (Gemini XLS; Philips Medical Systems

B.V, Best, The Netherlands) 30 minutes after the intravenous

injection of 18FDG (2.5MBq/kg). During 18FDG injection and

until image acquisition, patients were asked to rest in a quiet

environment with eyes closed. A CT scan was recorded to pro-

vide an attenuation-correction map and was followed by a 15-

minute emission scan consisting of a single frame. PET images

were reconstructed using iterative reconstruction and were cor-

rected for gamma-ray attenuation and scatter.

Metabolic data were analyzed using SPM8 software (Wel-

come Department of Cognitive Neurology, University College,

London, UK) implemented in MATLAB (The MathWorks,

Inc., Natick, MA). PET images were spatially normalized into

the MNI space, smoothed, and adjusted in global metabolism

using the cerebellum as the reference region. Metabolism was

compared between the 12 sv-PPA patients and 15 age-matched

healthy adults, entering age also as a confounding variable.

Considering the small sample size, SPM(T)maps were thresh-

olded at p< 0.05 corrected for multiple tests using the family-

wise error (FWE) method. Only clusters of more than 100 vox-

els were considered.

FIGURE 1: Illustrative items of the semantic matching task including verbal (written words) and visual (pictures) conditions, and
living and nonliving conditions.
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Results

General Language/Cognitive Assessment
Patients demonstrated abnormal scores on semantic-

related tasks such as the DO80 naming test, the PPT, and

single-word comprehension. By contrast, performance

with non-semantic-related tests, such as, for example, sen-

tence repetition, was normal. Besides confirming sv-PPA

diagnosis, results also demonstrated small standard devia-

tions on test scores, indicating considerable homogeneity

of the patient cohort. Results are summarized in Table 2.

PET Imaging
Compared to healthy controls, and according to imaging-

supported sv-PPA diagnosis criteria, patients had bilateral

hypometabolism with a left predominance in the temporal

poles, hippocampi, and the fusiform, and parahippocam-

pal gyri (p< 0.05, FWE corrected; Fig 2; Table 3).

Computational Model of Current Density
Distribution
Computer simulations predicted that both active tDCS

conditions differentially modulate activity in the anterior

and lateral aspects of the targeted temporal poles. Direc-

tional current flow indicates opposite modulatory

effects,45–49 in which left anodal stimulation is expected

to enhance activity in the left temporal pole and adjacent

areas (where current flow is radially inward), whereas

right cathodal stimulation induces relative decreases

(where current flow is radially outward; see Fig 3A,B).

Further supporting the efficacy of our electrode montage,

the magnitude of the peak electric and current density

values at each of the two MNI target locations reached

significant values in both locations (left temporal target:

0.27V/m and 0.075A/m2; right temporal target: 0.28V/

m and 0.077A/m2), with intensity levels comparable to

those generated in other tDCS studies, including sub-

stantiated neurophysiology.50–53 Finally, our modeling

work showed that the area of influence of the tDCS

modulatory effects spread in relatively constrained region

over the cortex, encompassing the MNI-defined left and

right temporal pole targets ([x 5 252, y 5 2, z 5 228]

and [x 5 53, y 5 4, z 5 232]), which were the targets

aimed during the placement of the electrode pads as pro-

jections from the scalp. Importantly, these two sites colo-

calized with the most impacted hypometabolic regions

revealed by PET in the anterior and lateral aspects of the

temporal lobe of our patients (see details in Fig 3C). In

comparison to previously published tDCS models of

stimulation, primarily over the parietal or frontal bones,

the high focality of this particular “1 3 1” montage

could be explained by the convexity and relatively thin-

ness of the temporal bone. Additional models imple-

menting levels of regional cortical atrophy (thinning of

�0.5mm in sv-PPA vs age-matched controls) indicated a

minor impact on current flow through the anterior tem-

poral lobe and the intended MNI target sites (Fig 3D).

Semantic Task: Patients vs Healthy Controls
Analyses of variance (ANOVAs) were conducted with the

patient data collected in the test sessions before brain

stimulation and with data from the healthy controls.

Group (patients, controls), modality (verbal, visual) and

category (living, nonliving) were used as independent

variables and performance as the dependent variable. In a

second series of ANOVAs, reaction times were used as

the dependent variable, with incorrect responses being

excluded from the analyses.

Performance was lower in patients (57% 6 16 cor-

rect) than in controls (95% 6 6 correct; F(1,25) 5 141.3;

p< 0.001). There was a modality effect (F(1,25) 5 4.7;

p 5 0.04), a category effect (F(1,25) 5 20.2; p< 0.001), a

group 3 modality interaction (F(1,25) 5 8.3; p 5 0.008),

and group 3 category interaction (F(1,25) 5 9.2;

p 5 0.006). The interactions were linked to the fact that

TABLE 2. Scores of sv-PPA Patients on the

General Cognitive and Language Assessment

Tests Means 6 SD Normal

Threshold

MMSE 23.7 6 0.9 �29

FAB 13.5 6 0.5 �16

Aphasia severity rating

scale (BDAE)

3.5 6 0.7 >4

Naming (DO80) 28.2 6 17.5 �30

Single-word

comprehension (BDAE)

54.3 6 8.5 �70

Pyramids and palm

trees test verbal

33.0 6 7.9 �45

Pyramids and palm

trees test visual

33.6 6 9.5 �45

Sentence repetition

(BDAE)

14.1 6 1.6 �14

Category fluency

(“fruits” per 2 minutes)

5.6 6 3.1 �15

Phonemic fluency

(“P” per 2 minutes)

13.5 6 4.5 �15

sv-PPAS 5 semantic primary progressive aphasia variant;

SD 5 standard deviation; MMSE 5 Mini–Mental State Examina-

tion; FAB 5 Frontal Assessment Battery; BDAE 5 Boston Diagnos-

tic Aphasia Examination.
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patients had poorer performance in the verbal (51% 6 15

correct) than in the visual modality (63% 6 12 correct;

F(1,11) 5 7.4; p 5 0.02), whereas healthy controls had simi-

lar performance in both modalities (verbal: 96% 6 5 cor-

rect; visual 95% 6 6 correct; F< 1). Likewise, patients

demonstrated poorer performance with the living category

(54% 6 11 correct) than with the nonliving category

(61% 6 13 correct; F(1,11) 5 18.7; p 5 0.001), whereas

healthy controls showed similar performances with both

categories (living: 94% 6 5 correct; nonliving: 96% 6 3

correct; F(1,14) 5 2.8; p 5 0.12). Results are illustrated in

Figure 4.

Reaction times were slower in patients (3,375ms 6

809) than in healthy controls (2,012ms 6 399;

F(1,25) 5 51.7; p< 0.001). There was a modality effect

(F(1,25) 5 12.3; p 5 0.002) and a group 3 modality

TABLE 3. Voxel-Based Comparison Between sv-PPA and Healthy Controls on Brain Metabolism

Cluster Size

(no. of voxels)

p corr. T Z Score
Coordinates (mm)

Brain Region (Brodmann Area [BA])

x y z

Healthy controls minus sv-PPA patients

8,410 <0.001 11.7 6.7 234 8 232 Left temporal pole (BA 38)

11.4 6.6 238 210 235 Left inferior temporal gyrus (BA 20)

9.0 5.9 240 226 221 Left inferior temporal gyrus (BA 20)

3,170 <0.001 9.0 5.9 32 12 231 Right temporal pole (BA 38)

8.1 5.6 38 28 233 Right fusiform gyrus (BA 20)

Coordinates are in millimetres relative to the anterior commissure, corresponding to the MNI space. Statistical maps were thresholded for signifi-

cance at p< 0.05 FWE-corrected for the comparisons between controls and sv-PPA. Cluster extent was set at 100 voxels.

sv-PPAS 5 semantic primary progressive aphasia variant; FWE 5 family-wise error; MNI 5 Montreal Neurological Institute.

Bolded rows and values can be substituted by unbolded/normal characters.

FIGURE 2: Cortical hypometabolism in sv-PPA as compared to healthy controls on FDG-PET. Cortical metabolism is severely
decreased (hot colors) in the bilateral temporal poles with left predominance (p < 0.05 family-wise error corrected). FDG-
PET 5 fludeoxyglucose positron emission tomography; L 5 left; R 5 right; sv-PPAS 5 semantic primary progressive aphasia
variant.
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FIGURE 3: Predicted radial electric field (A) and current density magnitude (B) in comparison to empirically derived hypometa-
bolic regions of interest (C). Round 25-cm2 electrodes with a contralateral supraorbital reference were modeled on a standard
head (ICBM-NY) for the two active electrode montages used in the current study: right temporal pole, cathodal-inhibitory
tDCS (right column) and left temporal pole, and anodal-excitatory tDCS (left column) with a contralateral supraorbital refer-
ence. The figure presents a highly accurate account of relative electrode position and size with regard to head features: (A)
anatomical model of electrode relative size and positioning and radial electric field (V/m) distribution on cortical surface; (B)
current density magnitude (A/m2) and flow direction; and (C) areas of hypometabolism coregistered with coronal, sagittal and
sagittal magnetic resonance imaging images centered on MNI target locations ([x 5 252, y 5 2, z 5 228] and [x 5 53, y 5 4,
z 5 232]. Notice that whereas cathodal tDCS induced peak outward electric field in the lateral and rostral right temporal lobe,
left anodal tDCS induced opposite effects in a similar location of the left temporal lobe. The regions in which the impact of
anodal or cathodal tDCS was modeled encompassed the coordinates of the intended cortical targets and colocalized tightly
with them. (D) Impact of left anterior temporal lobe atrophy (20.5-mm loss) on radial electric field (V/m) distribution across the
cortical surface generated with tDCS currents (same color scale as in [A]). Note that the difference in the impact of tDCS cur-
rent over the anterior two thirds of an atrophic versus a nonatrophic temporal lobe is very weak. The effect of atrophy on left
anodal and right cathodal stimulation is nominally symmetric; hence, only the model for the former is shown. MNI 5 Montreal
Neurological Institue; tDCS 5 transcranial direct current stimulation.



interaction (F(1,25) 5 14.4; p 5 0.001), but no category

effect (F(1,25) 5 2.3; p 5 0.14) or group 3 category inter-

action (F(1,25) 5 3.6; p 5 0.07). The significant interac-

tion was linked to the fact that patients showed slower

reaction times in the verbal modality (3,738ms 6 674)

than in the visual modality (3,014ms 6 732; F(1,11) 5

29.2; p< 0.001), whereas healthy controls had similar

reaction times in both modalities (verbal: 2,016ms 6

400; visual: 2,005ms 6 373; F< 1).

Semantic Task: Effects of Stimulation
ANOVAs contrasted pre- and poststimulation perfor-

mance by comparing left-excitatory and right-inhibitory

tDCS with sham stimulation while focusing on the two

principal factors of semantic processing task (modality

[verbal, visual] and category [living, nonliving]). The

relationship with stimulation sessions (prestimulation,

poststimulation) was used as the independent variable,

whereas performance accuracy and reaction times were

the two dependant variables. Incorrect responses were

excluded from the analyses of reaction times.

In the verbal modality, which was predominantly

affected, we found that both left-excitatory and right-

inhibitory stimulation improved poststimulation perfor-

mance (left-excitatory: 48% 6 23 correct; right-inhibitory:

43% 6 32 correct) as compared to prestimulation (left-

excitatory: 33% 6 29 correct; F(1,11) 5 5.5; p 5 0.029;

right-inhibitory: 28% 6 26 correct; F(1,11) 5 6.5; p 5

0.027). By contrast, sham stimulation did not have any

effect on performance (poststimulation: 31% 6 24 correct;

prestimulation: 34% 6 27 correct; F< 1). Baseline perfor-

mance measured during the prestimulation test session was

similar for the left-excitatory, right-inhibitory, and sham

condition (F(2,22) 5 1.5; p 5 0.247). The significant effects

for left-excitatory and right-inhibitory stimulation also

translated into better poststimulation performance for the

direct comparisons left-excitatory stimulation versus sham

(F(1,11) 5 17.2; p 5 0.002) and right-inhibitory tDCS ver-

sus sham (F(1,11) 5 6.1; p 5 0.031). Within the visual

modality, we did not find any effect of stimulation (left-

excitatory prestimulation: 60% 6 32 correct; poststimula-

tion: 60% 6 29 correct; F< 1; right-inhibitory prestimula-

tion 60.1% 6 26 correct; poststimulation: 58% 6 27

correct; F< 1). Likewise, no effect of stimulation was

found with the living category (left-excitatory prestimula-

tion: 47% 6 26 correct; poststimulation: 51% 6 25 cor-

rect; F< 1; right-inhibitory prestimulation 43% 6 22

correct; poststimulation: 52% 6 23 correct; F(1,11) 5 3.5;

p 5 0.089) or with the nonliving category (left-excitatory

prestimulation: 53% 6 35 correct; poststimulation:

60% 6 27 correct; F< 1; right-inhibitory prestimulation

51% 6 25 correct; poststimulation: 48% 6 37 correct;

F< 1). Combining the stimuli of the two most impaired

factors of the task (verbal modality and living category), we

found that right-inhibitory, but not left-excitatory, stimula-

tion improved poststimulation performance (right-inhibi-

tory: 50% 6 22 correct; left-excitatory: 58% 6 18 correct)

as compared to prestimulation performance (right-inhibi-

tory: 34% 6 30 correct; F(1,11) 5 5.1; p 5 0.034; left-excit-

atory: 48% 6 20 correct; F(1,11) 5 1.5; p 5 0.25). Sham

stimulation did not have any effect on performance (post-

stimulation: 45% 6 33 correct; prestimulation: 43% 6 31

correct; F< 1). Baseline performance measured during the

prestimulation test session was similar for the left-

excitatory, right-inhibitory, and sham condition (F(2,22) 5

1.9; p 5 0.166). The significant effect for right-inhibitory

stimulation also translated into a tendency for better post-

stimulation performance for the comparison right-

inhibitory tDCS versus sham (F(1,11) 5 4.2; p 5 0.064).

There was also a significant difference for the comparison

FIGURE 4: Performance of sv-PPA patients and healthy controls (mean values and standard errors) with verbal versus visual
show (panel A) and living versus nonliving (panel B) items, showing a predominant impairment in patients for the verbal modal-
ity and the living category. sv-PPAS 5 semantic primary progressive aphasia variant.
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of left-excitatory tDCS versus sham (F(1,11) 5 14.8;

p 5 0.003).

Analyses on reaction times showed that, for the living

category, which was predominantly affected in sv-PPA

patients, right-inhibitory stimulation speeded poststimula-

tion responses (3,269ms 6 650), as compared to prestimu-

lation reaction times (3,575ms 6 749; F(1,11) 5 11.0;

P 5 0.007). By contrast, sham stimulation and left-

excitatory stimulation had no effects on reaction times

(sham: poststimulation, 3,320ms 6 790; prestimulation,

3,342ms 6 766; F< 1; left-excitatory: poststimulation,

3,291ms 6 778; prestimulation, 3,385ms 6 709; F< 1).

Baseline reaction times measured during the prestimula-

tion test session were similar for the left-excitatory, right-

inhibitory, and sham condition (F(2,22) 5 2.4; p 5 0.121).

The significant effect for right-inhibitory stimulation also

translated into a tendency for faster poststimulation reac-

tion times for the comparison of right-inhibitory tDCS

versus sham (F(1,11) 5 3.3; p 5 0.096), whereas there was

no significant difference for the comparison of left-

excitatory tDCS versus sham (F< 1). Conversely, within

the nonliving category, we did not find any effect of stimu-

lation (left-excitatory: prestimulation, 3,501ms 6 1,001;

poststimulation, 3,278ms 6 825; F< 1; right-inhibitory:

prestimulation, 3,487ms 6 696; poststimulation,

3,407ms 6 793; F< 1). Likewise, no effect of stimulation

was found in the verbal modality (left-excitatory: prestimu-

lation, 4,003ms 6 891; poststimulation, 3,979ms 6 693;

F< 1; right-inhibitory: prestimulation, 3,979ms 6 675;

poststimulation, 3,733ms 6 690; F(1,11) 5 4.4; p 5 0.059)

and in the visual modality (left-excitatory: prestimulation,

2,936ms 6 814; poststimulation, 2,860ms 6 913; F< 1;

right-inhibitory: prestimulation, 3,154ms 6 808; post-

stimulation, 3,008ms 6 792 correct; F< 1). Combining

the stimuli of the verbal modality and living category we

found that right-inhibitory, but not left-excitatory stimula-

tion, speeded poststimulation reaction times (right-inhibi-

tory: 3,617ms 6 662; left-excitatory: 3,824ms 6 836), as

compared to prestimulation performance (right-inhibitory:

4,052ms 6 810; F(1,11) 5 8.5; p 5 0.014; left-excitatory:

4,017ms 6 977; F< 1). Sham stimulation did not have

any effect on reaction times (poststimulation: 3,974ms 6

973; prestimulation: 3,993ms 6 884; F< 1). Baseline

reaction times measured during the prestimulation test ses-

sion were similar for the left-excitatory, right-inhibitory,

and sham condition (F(2,22) 5 2.3; p 5 0.110). The signifi-

cant effect for right-inhibitory stimulation also translated

into faster poststimulation reaction times for the compari-

son of right-inhibitory tDCS versus sham (F(1,11) 5 5.9;

p 5 0.033), whereas there was no significant difference for

the comparison left-excitatory tDCS versus sham (F(1,11) 5

2.1; p 5 0.179). Finally, we statistically checked for

eventual retest order effects regarding performance accura-

cy and reaction times across the three stimulation sessions,

despite the fact that our study design was conceived to

avoid such biases by strictly counterbalancing the applied

test versions across the twelve patients (version 1 and ver-

sion 2 of the semantic test). Statistical analyses compared

global prestimulation performance accuracy and response

reaction times between the three stimulation sessions.

They showed an absence of any retest order effects in ver-

sion 1 and version 2, for both measures (performance accu-

racy version 1: first session, 57% 6 14 correct; second

session, 58% 6 13 correct; third session, 57% 6 13 cor-

rect; F< 1; performance accuracy version 2: first session,

59% 6 12 correct; second session, 53% 6 17 correct; third

session, 60% 6 11 correct; F(2,10) 5 1.9; p 5 0.194; reac-

tion times version 1: first session, 3,367ms 6 742; second

session, 3,389ms 6 766; third session, 3,366ms 6 844;

F(2,10) 5 1.5; p 5 0.274; reaction times version 2: first ses-

sion, 3,375ms 6 807; second session, 3,354ms 6 799;

third session, 3,401ms 6 849; F< 1).

To summarize, significant stimulation effects were

found for performance in the verbal modality (left-excit-

atory and right-inhibitory tDCS), for reaction times

within the living category (right-inhibitory tDCS), and

for both performance and reaction times in the com-

bined verbal 3 living condition (right-inhibitory tDCS).

At the individual level, performance in the verbal modali-

ty significantly improved (post- vs prestimulation) after

left-excitatory tDCS in 10 of the 12 patients (p< 0.05),

and there was a trend for improvement in the remaining

2 patients (p< 0.1, but >0.05). Performance in this

modality was also significantly improved after right-

inhibitory tDCS in 10 patients (p< 0.05), with a trend

for the 2 remaining patients (p< 0.1, but >0.05). With-

in the living category, reaction times were significantly

faster after right-inhibitory tDCS in 9 patients

(p< 0.05), with a trend for acceleration in 2 patients

(p< 0.1 and >0.05), but no significant modulation in

the remaining twelfth patient (p 5 0.014). In the com-

bined verbal 3 living condition, performance was

improved and reaction times were faster after right-

inhibitory tDCS in 11 patients (p< 0.05), with a trend

for 1 patient (p< 0.1, but >0.05). Figure 5 illustrates

the gain of function attributed to stimulation as calculat-

ed by the formulas [performance accuracy poststimula-

tion – performance accuracy prestimulation] and

[reaction times poststimulation – reaction times presti-

mulation], showing a mean gain of 15% (66) of accura-

cy in the verbal modality, of 16% (67) in the combined

verbal 3 living condition, and a mean gain of 306 ms

(692) with the living category and of 435 ms (6118)

for the combined verbal 3 living condition.
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Discussion

Using a double-blind, sham-controlled, cross-over design

in a well-characterized sv-PPA population, we assessed

the effects of tDCS on semantic performance with two

stimulation strategies: anodal-excitatory stimulation of

the left temporal pole to boost activity in language-

related semantic networks and cathodal-inhibitory stimu-

lation to the right temporal pole to reduce activity in

contralateral inhibitory networks. Our data provide evi-

dence for a gain of function within the semantic system

itself modulating the most impaired processing domains.

Left-excitatory and right-inhibitory tDCS improved

semantic accuracy in the verbal modality, and right-

inhibitory tDCS additionally increased processing speed

with living categories and boosted both accuracy and

processing speed in the combined verbal 3 living

condition.

These findings are in line with past reports sugges-

ting that non-invasive stimulation might have beneficial

effects in PPA10–15 and confirm stimulation efficiency,

for the first time, with a controlled double-blind design

in the largest stimulated homogeneous PPA cohort. Our

findings also extend cohort-based evidence from nonflu-

ent PPA13,14 to the most frequent PPA variant, sv-PPA,

and refine previous stimulation approaches in PPA, pri-

marily focusing on non-language-specific dorsolateral pre-

frontal cortices,10,11,13,14 by directly targeting language/

semantic-relevant cortical sites.

FIGURE 5: Gain of function in the semantic matching task for the post-/prestimulation contrast, comparing left-anodal-
excitatory and right-cathodal-inhibitory to sham tDCS (mean values 6 standard deviations). Significant gain of function for per-
formance accuracy is observed in the verbal modality after left-excitatory and right-inhibitory tDCS (A), for reaction times in
the living category after right-inhibitory tDCS (B), and for both performance and reaction times in the combined verbal 3 living
condition after right-inhibitory tDCS (C,D). tDCS 5 transcranial direct current stimulation.
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Targets, Processing Domains, and Stimulation
Modality
An important outcome of this study is to reveal the rele-

vance of evidence-based selection of stimulation targets,

which should correspond to the anatomical coordinates

of the damaged processing system and conform to the

damaged cortices or contralateral regions. Following this

approach, targeting temporal poles, which are known to

implement semantics,26 has yielded highly semantic-

specific effects in our patient population, whereas target-

ing the dorsolateral prefrontal cortex in a previous report

with 4 sv-PPA patients did not lead to any modulation.13

The relevance of a stringent target-structure-function

approach is also supported by studies with poststroke

aphasia. Monti et al32 have shown that tDCS applied to

lexical-related left frontotemporal areas improved nam-

ing, whereas targeting the occipital cortex did not modu-

late language performance. Likewise, stimulation of

various sites within the frontal cortex has shown that

improvement in naming is associated with inhibitory

TMS to the right homotopic region of Broca’s area,

whereas stimulation of non-language-related frontal areas

had no language effect.54,55 Despite such evidence, stim-

ulation studies in PPA have primarily targeted non-

language-specific prefrontal cortices showing, neverthe-

less, some effects especially on word production.10,11,13,14

Such outcomes might be explained by the improvement

of frontal-related executive functions subserving control

on word retrieval56 and/or by facilitating the activation

of the nearby Broca’s area through field spreading. In any

case, the use of such nonspecific targets represents an

indirect strategy, presumably not promoting an optimal

boosting of linguistic or semantic capacities in aphasia

patients.

Another key outcome of this study is that the stim-

ulation of temporal poles selectively modulated the most

impaired processing domains: verbal semantics and living

categories. This result strongly suggests that tDCS was

active within the semantic system itself, and that the

observed intrasemantic effects are not linked to the mod-

ulation of general processes, such as attention/executive

control, which might have facilitated task performance as

such. It also indicates that the intrinsic activity of a given

cerebral system is critical for its responsiveness to stimu-

lation, which appears to yield greater effects for systems

at low activity states. Similar results indicating selective

effects for highly damaged representations and related

cortical areas were found by Cotelli et al.13 They applied

TMS and a naming task in nonfluent/agrammatic PPA

characterized by predominant impairment of verb as

compared to noun naming.57 Targeting prefrontal areas,

which are predominantly damaged in this variant,4 the

researchers showed improvement in naming of verbs,

whereas no effect was observed with less-impaired object/

noun naming. A neurophysiological explanation for such

selective responsiveness would be that the impact of neu-

rostimulation depends on the state of ongoing neural

activity within the target region.58 To this regard, visual

adaptation experiments have shown a predominant excit-

atory stimulation impact on neuronal populations

engaged in low activity levels and a sparing of neuronal

clusters with higher activity levels.59 Such a state-

dependency framework58 also provides a therapeutic

rationale for combining stimulation with concomitant

behavioral tasks that might either enhance or reduce

activity of specific networks hosted in the target region,

thus maximizing the selectivity of stimulation effects and

minimizing spread onto spared subsystems.

We also addressed the issue of the optimal stimula-

tion modality comparing left-anodal-excitatory stimula-

tion and right-cathodal-inhibitory stimulation. The latter

approach, based on the rationale of interhemispheric

inhibition exerted by right anterior temporal networks on

the potentially left-sided semantic system, generated

more-extensive effects than direct excitatory tDCS to the

left hemisphere’s temporal pole. This right-inhibitory

advantage is also reflected in a review of stimulation

investigations in poststroke aphasia showing that

researchers mostly reported significant effects after inhibi-

tory stimulation of right homotopic areas of the left-

sided language network.60 Such a difference in efficacy

might relate to the fact that excitability modulations

induced by neurostimulation depend on the biophysical

characteristics of the target region. Computational mod-

els have shown that the electrical field induced by TMS

or tDCS can be greatly distorted, in focality, distribution,

and magnitude, by anatomical anisotropies and cortical

thinning, resulting in subarachnoidal space enlargement

and increase in the volume of conductive CSF.61 In front

of sv-PPA cases with anatomical distortions caused by

cortical atrophy, stimulation-induced inhibition of the

relatively less-damaged right anterior temporal cortex

might therefore boost activity more smoothly in

semantic-relevant areas of the left temporal pole and con-

stitute the optimal therapeutic approach.

Finally, with regard to the effects of tDCS stimula-

tion on semantic systems, the most plausible interpreta-

tion remains to consider that left anodal tDCS increased

local activity, whereas right anodal tDCS decreased it.

This assumption is based on past evidence of the local

effects of anodal and cathodal tDCS on motor and visual

excitability, and also on the impact of similar interven-

tions on poststroke language disorders. Furthermore, it is

also supported by computational models of tDCS current
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density and flow, calculated for the stimulation montages,

electrode shape, size, and locations used in the current

study. Nonetheless, in the absence of a direct reliable

physiological measure of tDCS impact, which could not

be implemented in our study, unexpected effects, similar

to those punctually reported in the human corticospinal

tract (consisting in “paradoxical” facilitation following

2mA, but not 1mA, cathodal tDCS stimulation) cannot

be fully ruled out.62

Architecture of Semantics
Our data have also implications for anatomofunctional

models of semantics. Most of them stipulate that seman-

tic representations are implemented by the temporal

poles,26,27 but there is considerable debate whether this

anterior-temporal network hosts an amodal semantic sys-

tem with a redundant bilateral distribution26,63 or wheth-

er it includes distinct modality-specific subsystems

dedicated to verbal or visual semantics.24,64 A directly

related issue is the left/right distinction leading to two

competing proposals stipulating that the left temporal

pole specifically impacts verbal semantics5,24 or, alterna-

tively, that such an apparent lateralization is subtended

by subcortical connectivity between a bilateral amodal

system and the left-lateralized language module.27

Our stimulation procedure, contrasting excitatory

stimulation of the left and inhibitory stimulation of the

right temporal pole, elucidates these issues by supporting

the existence of a modality-specific network dedicated to

verbal semantics located in the left temporal pole. First,

our data revealed a behavioral-functional dissociation

between verbal and visual semantics in sv-PPA, as

reflected by significantly lower performance in the verbal

modality. This result is consistent with previous findings

in sv-PPA5,25 and reinforces them by directly contrasting

identical concepts in a verbal and picture format, thus

avoiding biases linked to variability of “semantic familiar-

ity.” Second, our tDCS data revealed a neural-functional

dissociation, as reflected by low activity states and high

stimulation responsiveness for verbal-semantic networks,

and unresponsive neural states for visual-semantic net-

works. Stimulation in sv-PPA therefore uniquely allowed

for the demonstration of a neural state dissociation with-

in anterior temporal cortices, whereas stimulation of tem-

poral poles in healthy adults could not provide such a

distinction given intact, and probably similar, neural

states for verbal and visual semantics. Indeed, Pobric

et al,65 using healthy adults and a semantic matching

task similar to ours, have applied inhibitory TMS to the

left and right temporal pole showing significant modula-

tion of semantic processing in both conditions, yet with-

out any difference between verbal and visual semantics.

Third, our results specify the lateralization of semantic

networks by showing that boosting the left temporal pole

by both left-excitatory and right-inhibitory tDCS yielded

significant improvement of verbal, but not visual, seman-

tics. This result is hardly compatible with models of

bilaterally distributed amodal representations,26,27,63

which would predict that inhibitory tDCS to the right

temporal pole reduces, and excitatory tDCS to the left

temporal pole improves, semantic processing as such.

Contrary to this prediction, our results showed highly

selective improvement of verbal semantics after both

excitatory stimulation to the left temporal pole and

inhibitory tDCS to the right temporal pole, probably

impacting the left anterior temporal cortex through inter-

callosal inhibitory projections. These data add substantial

evidence for the model of Mesulam et al,24 proposing

the existence of a specific subsystem for verbal semantics

in the left anterior temporal cortex.

Conclusion

Our study has implications for both clinical research on

therapeutic strategies in PPA and fundamental accounts

on the architecture of semantics. It highlights the exis-

tence of a specific semantic network for verbal meaning.

Moreover, it opens an avenue for trials in PPA using

multiday stimulation regimes to promote long-lasting

plasticity across language networks and drive sustained

improvements in semantic processing. Such enduring

outcomes, lasting for several months following the dis-

continuation of a noninvasive stimulation treatment,

have been shown in poststroke aphasia66 and should now

be replicated in degenerative aphasia. Indeed, the “proof

of concept” provided by our pretherapeutic study sets the

stage for carrying out such clinical research protocols in

sv-PPA patients. Further studies to be performed in par-

allel would be required to extend the rationale also to

logopenic and nonfluent/agrammatic PPA variants. To

this regard, it can be hypothesized that nonfluent/agram-

matic PPA would respond to the modulation of the dam-

aged posteroinferior frontal cortex, whereas the temporal-

parietal junction would be an optimal stimulation target

in logopenic PPA.

Acknowledgment

Marc Teichmann has received support from “PSP-

France”. Constance Lesoil was funded by a fellowship

from “ann�ee de recherche”. Marine Vernet was supported

by a postdoctoral fellowship by the “Fondation pour la

Recherche M�edicale”. The activities of the group of

Antoni Valero-Cabr�e were supported by grants from era-

NET NEURON Beyondvis, by ANR, FP6, IHU-A-

November 2016 705

Teichmann et al: tDCS in Semantic Primary Progressive Aphasia



ICM-Translationnel, and by the Naturalia et Biologia

Foundation.

Author Contributions

Study concept and design was done by M.T., A.V-C.,

M.V., and L.L. Data acquisition and analysis was done

by C.L., J.G., B.D., R.L., A.K., A.B, A.V-C., DQ.T.,

M.B., and M.T. The manuscript was written by C.L.,

J.G., A.V-C., and M.T. C.L. and J.G. equally contribut-

ed to the study.

Potential Conflicts of Interest

Nothing to report.

References
1. Teichmann M, Kas A, Boutet C, et al. Deciphering logopenic pri-

mary progressive aphasia: a clinical, imaging and biomarker inves-
tigation. Brain 2013;136:3474–3488.

2. Mummery CJ, Patterson K, Price CJ, et al. A voxel-based mor-
phometry study of semantic dementia: relationship between tem-
poral lobe atrophy and semantic memory. Ann Neurol 2000;47:
36–45.

3. Gorno-Tempini ML, Hillis AE, Weintraub S, et al. Classification of
primary progressive aphasia and its variants. Neurology 2011;76:
1006–1014.

4. Gorno-Tempini ML, Dronkers NF, Rankin KP, et al. Cognition and
anatomy in three variants of primary progressive aphasia. Ann
Neurol 2004;55:335–346.

5. Snowden JS, Thompson JC, Neary D. Knowledge of famous faces
and names in semantic dementia. Brain 2004;127:860–872.

6. Knibb JA, Xuereb JH, Patterson K, Hodges JR. Clinical and patho-
logical characterization of progressive aphasia. Ann Neurol 2006;
59:156–165.

7. Mesulam M, Rogalski E, Wieneke C, et al. Neurology of anomia in
the semantic variant of primary progressive aphasia. Brain 2009;
132:2553–2565.

8. Boxer AL, Knopman DS, Kaufer DI, et al. Memantine in patients
with frontotemporal lobar degeneration: a multicentre, rando-
mised, double-blind, placebo-controlled trial. Lancet Neurol 2013;
12:149–156.

9. Savage SA, Piguet O, Hodges JR. Giving words new life: generali-
zation of word retraining outcomes in semantic dementia.
J Alzheimers Dis 2014;40:309–317.

10. Finocchiaro C, Maimone M, Brighina F, et al. A case study of pri-
mary progressive aphasia: improvement on verbs after rTMS treat-
ment. Neurocase 2006;12:317–321.

11. Trebbastoni A, Raccah R, de Lena C, et al. Repetitive deep trans-
cranial magnetic stimulation improves verbal fluency and written
language in a patient with primary progressive aphasia - logo-
penic variant. Brain Stimul 2013;6:545–553.

12. Wang J, Wu D, Chen Y, et al. Effects of transcranial direct current
stimulation on language improvement and cortical activation in
nonfluent variant primary progressive aphasia. Neurosci Lett 2013;
549:29–33.

13. Cotelli M, Manenti R, Alberici A et al. Prefrontal cortex rTMS
enhances action naming in progressive non-fluent aphasia. Eur J
Neurol 2012;19:1404–1412.

14. Cotelli M, Manenti R, Petesi M, et al. Treatment of primary pro-
gressive aphasias by transcranial direct current stimulation com-
bined with language training. J Alzheimers Dis 2014;39:799–808.

15. Tsapkini K, Frangakis C, Gomez Y, et al. Augmentation of spelling
therapy with transcranial direct current stimulation in primary pro-
gressive aphasia: preliminary results and challenges. Aphasiology
2014;28:1112–1130.

16. Naeser MA, Martin PI, Nicholas M, et al. Improved picture naming
in chronic aphasia after TMS to part of right Broca’s area: an
open-protocol study. Brain Lang 2005;93:95–105.

17. Naeser MA, Martin PI, Theoret H, et al. TMS suppression of right
pars triangularis, but not pars opercularis, improves naming in
aphasia. Brain Lang 2011;119:206–213.

18. Baker JM, Rorden C, Fridriksson J. Using transcranial direct-
current stimulation to treat stroke patients with aphasia. Stroke
2010;41:1229–1236.

19. Weiduschat N, Thiel A, Rubi-Fessen I, et al. Effects of repetitive
transcranial magnetic stimulation in aphasic stroke: a randomized
controlled pilot study. Stroke 2011;42:409–415.

20. Barwood CH, Murdoch BE, Whelan BM, et al. Improved receptive
and expressive language abilities in nonfluent aphasic stroke
patients after application of rTMS: an open protocol case series.
Brain Stimul 2012;5:274–286.

21. Fregni F, Pascual-Leone A. Technology insight: noninvasive brain
stimulation in neurology-perspectives on the therapeutic potential
of rTMS and tDCS. Nat Clin Pract Neurol 2007;3:383–393.

22. Martin PI, Naeser MA, Ho M, et al. Research with transcranial
magnetic stimulation in the treatment of aphasia. Curr Neurol
Neurosci Rep 2009;9:451–458.

23. Park HJ, Kim JJ, Lee SK, et al. Corpus callosal connection map-
ping using cortical gray matter parcellation and DT-MRI. Hum
Brain Mapp 2008;29:503–516.

24. Mesulam MM, Wieneke C, Hurley R, et al. Words and objects at
the tip of the left temporal lobe in primary progressive aphasia.
Brain 2013;136:601–618.

25. Hurley RS, Paller KA, Rogalski EJ, Mesulam MM. Neural mecha-
nisms of object naming and word comprehension in primary pro-
gressive aphasia. J Neurosci 2012;32:4848–4855.

26. Patterson K, Nestor PJ, Rogers TT. Where do you know what you
know? The representation of semantic knowledge in the human
brain. Nat Rev Neurosci 2007;8:976–987.

27. Rice GE, Lambon Ralph MA, Hoffman P. The roles of left versus
right anterior temporal lobes in conceptual knowledge: an ALE
meta-analysis of 97 functional neuroimaging studies. Cereb Cor-
tex 2015;25:4374–4391.

28. Mazaux JM, Orgogozo JM. Boston diagnostic aphasia examina-
tion. Adaptation française. Editions ECPA. Paris: The Psychological
Corporation; 1982.

29. Folstein M, Folstein S, McHugh PR. “Mini-mental state”. A practi-
cal method for grading the cognitive state of patients for the clini-
cian. J Psychiatr Res 1975;12:189–198.

30. Dubois B, Slachevsky A, Litvan I, Pillon B. The FAB: a frontal
assessment battery at bedside. Neurology 2000;55:1621–1626.

31. Lambon Ralph MA, Pobric G, Jefferies E. Conceptual knowledge
is underpinned by the temporal pole bilaterally: convergent evi-
dence from rTMS. Cereb Cortex 2009;19:832–838.

32. Monti A, Cogiamanian F, Marceglia S, et al. Improved naming
after transcranial direct current stimulation in aphasia. J Neurol
Neurosurg Psychiatry 2008;79:451–453.

33. Huang Y, Parra LC, Haufe S. The New York Head—a precise stan-
dardized volume conductor model for EEG source localization
and tES targeting. Neuroimage 2015 Dec 17. pii:
S105328119(15)01132-5. doi: 10.1016/j.neuroimage.2015.12.019.
[Epub ahead of print]

706 Volume 80, No. 5

ANNALS of Neurology

info:doi/10.1016/j.neuroimage.2015.12.019


34. Datta A, Baker JM, Bikson M, Fridriksson J. Individualized model
predicts brain current flow during transcranial direct-current stimu-
lation treatment in responsive stroke patient. Brain Stimul 2011;4:
169–174.

35. Gabriel C, Gabriel S, Corthout E. The dielectric properties of bio-
logical tissues: I. Literature survey. Phys Med Biol 1996;41:2231–
2249.

36. Wagner T, Fregni F, Fecteau S, et al. Transcranial direct current
stimulation: a computer-based human model study. Neuroimage
2007; 35:1113–1124.

37. Bikson M, Inoue M, Akiyama H, et al. Effects of uniform extracellu-
lar DC electric fields on excitability in rat hippocampal slices in
vitro. J Physiol 2004;557:175–190.

38. Tranchina D, Nicholson C. A model for the polarization of neurons
by extrinsically applied electric fields. Biophys J 1986;50:1139–
1156.

39. Howard D, Patterson K. Pyramids and palm trees: a test of seman-
tic access from pictures and words. Bury St Edmunds, UK: Thames
Valley Test Company; 1992.

40. Snodgrass JG, Vanderwart M. A standardized set of 260 pictures:
norms for name agreement, image agreement, familiarity, and
visual complexity. J Exp Psychol Hum Learn 1980;6:174–215.

41. New B, Pallier C, Brysbaert M, Ferrand L. Lexique 2: a new French
lexical database. Behav Res Methods Instrum Comput 2004;36:
516–524.

42. Priori A. Brain polarization in humans: a reappraisal of an old tool
for prolonged non-invasive modulation of brain excitability. Clin
Neurophysiol 2003;114:589–595.

43. Deloche G, Hannequin D. Test de d�enomination orale d’images.
Les Editions du Centre de Psychologie Appliqu�ee; ECPA, Paris,
France, 1997.

44. Cardebat D, Doyon B, Puel M, et al. Literal and category word
fluency in normal subjects. Performance and dynamics of word
production as a function of gender, age and educational level.
Acta Neurol Belg 1990;90:207–217.

45. Klooster DC, de Louw AJ, Aldenkamp AP, et al. Technical aspects of
neurostimulation: focus on equipment, electric field modeling, and
stimulation protocols. Neurosci Biobehav Rev 2016;65:113–141.

46. Miranda PC, Lomarev M, Hallett M. Modeling the current distribu-
tion during transcranial direct current stimulation. Clin Neurophy-
siol 2006;117:1623–1629.

47. Rahman A, Reato D, Arlotti M, et al. Cellular effects of acute
direct current stimulation: somatic and synaptic terminal effects.
J Physiol 2013;15;591:2563–2578.

48. Bikson M, Truong DQ, Mourdoukoutas AP, et al. Modeling
sequence and quasi-uniform assumption in computational neuro-
stimulation. Prog Brain Res 2015;222:1–23.

49. Galletta EE, Cancelli A, Cottone C, et al. Use of computational
modeling to inform tDCS electrode montages for the promotion
of language recovery in post-stroke aphasia. Brain Stimul 2015;8:
1108–1115.

50. Kuo HI, Bikson M, Datta A, et al. Comparing cortical plasticity
induced by conventional and high-definition 4 3 1 ring tDCS: a
neurophysiological study. Brain Stimul 2013;6:644–648.

51. Salvador R, Wenger C, Miranda PC. Investigating the cortical
regions involved in MEP modulation in tDCS. Front Cell Neurosci
2015;13:405.

52. Neuling T, Wagner S, Wolters CH, et al. Finite-element model
predicts current density distribution for clinical applications of
tDCS and tACS. Front Psychiatry 2012;24:83.

53. Laakso I, Tanaka S, Koyama S, et al. Inter-subject variability in elec-
tric fields of motor cortical tDCS. Brain Stimul 2015;8:906–913.

54. Hamilton RH, Sanders L, Benson J, et al. Stimulating conversation:
enhancement of elicited propositional speech in a patient with
chronic non-fluent aphasia following transcranial magnetic stimula-
tion. Brain Lang 2010;113:45–50.

55. Naeser MA, Martin PI, Treglia E, et al. Research with rTMS in the
treatment of aphasia. Restor Neurol Neurosci 2010;28:511–529.

56. Wirth M, Rahman RA, Kuenecke J, et al. Effects of transcranial direct
current stimulation (tDCS) on behaviour and electrophysiology of
language production. Neuropsychologia 2011;49:3989–3998.

57. Hillis AE, Oh S, Ken L. Deterioration of naming nouns versus verbs
in primary progressive aphasia. Ann Neurol 2004;55:268–275.

58. Silvanto J, Muggleton N, Walsh V. State-dependency in brain
stimulation studies of perception and cognition. Trends Cogn Sci
2008;12:447–454.

59. Silvanto J, Muggleton NG, Cowey A, Walsh V. Neural adaptation
reveals state-dependent effects of transcranial magnetic stimula-
tion. Eur J Neurosci 2007;25:1874–1881.

60. Hamilton RH, Chrysikou EG, Coslett B. Mechanisms of aphasia
recovery after stroke and the role of noninvasive brain stimulation.
Brain Lang 2011;118:40–50.

61. Wagner T, Eden U, Fregni F, et al. Transcranial magnetic stimula-
tion and brain atrophy: a computer-based human brain model
study. Exp Brain Res 2008;186:539–550.

62. Batsikadze G, Moliadze V, Paulus W, et al. Partially non-linear
stimulation intensity-dependent effects of direct current stimula-
tion on motor cortex excitability in humans. J Physiol 2013;591:
1987–2000.

63. Schapiro AC, McClelland JL, Welbourne SR, et al. Why bilateral
damage is worse than unilateral damage to the brain. J Cogn
Neurosci 2013;25:2107–2123.

64. Gainotti G. The format of conceptual representations disrupted in
semantic dementia: a position paper. Cortex 2012;48:521–529.

65. Pobric G, Jefferies E, Ralph MA. Amodal semantic representations
depend on both anterior temporal lobes: evidence from repetitive
transcranial magnetic stimulation. Neuropsychologia 2010;48:
1336–1342.

66. Barwood CH, Murdoch BE, Riek S, et al. Long term language
recovery subsequent to low frequency rTMS in chronic non-fluent
aphasia. NeuroRehabilitation 2013;32:915–928.

November 2016 707

Teichmann et al: tDCS in Semantic Primary Progressive Aphasia


