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A B S T R A C T

Transcranial direct current stimulation (tDCS) was paired with eye tracking to elucidate contributions of frontal,
temporoparietal and anterior temporal cortex to early visual search patterns during picture naming (e.g., rapid
visual scanning to diagnostic semantic features). Neurotypical adults named line drawings of objects prior to and
following tDCS in three separate sessions, each employing a unique electrode montage. The gaze data revealed
montage by stimulation (pre/post) interaction effects characterized by longer initial visual fixations (mean
difference=89ms; Cohen’s d= .8) and cumulative fixation durations (mean difference=98ms; Cohen’s
d= .9) on key semantic features (e.g., the head of an animal) after cathodal frontotemporal stimulation relative
to the pre-stimulation baseline. We interpret these findings as reflecting a tDCS-induced modulation of semantic
contributions of the anterior temporal lobe(s) to top-down influences on object recognition. Further, we discuss
implications for the optimization of tDCS for the treatment of anomia in aphasia.

1. Introduction

Visual confrontation naming tests are sensitive to impairments not
only in language but also among sensorimotor processes, memory and
executive functioning. Indeed, despite seeming an effortless and routine
ability, it draws upon numerous complex cognitive processes. At the
very least, picture naming involves stimulus-based perceptual analysis
that leads to visual object recognition, activation of conceptual
knowledge and then lexical access, followed by a range of form en-
coding processes that ultimately result in articulation of the correct
verbal output. Longstanding basic research questions have included
whether confrontation naming can be decomposed into a discrete set of
component processes that engage distinct cortical networks and can be
selectively modulated or impaired. In what follows, we briefly discuss
some neuropsychological observations relevant to these questions be-
fore describing an original multimodal study using transcranial direct
current stimulation (tDCS) and eye tracking to explore the contribution
of different brain regions to the processes underpinning visual con-
frontation naming.

Confrontation naming impairment (i.e., anomia) can arise as a re-
sult of damage to a wide range of cortical regions (Baldo, Arevalo,

Patterson & Dronkers, 2013; DeLeon et al., 2007). Anomia is common
in numerous post-stroke aphasia syndromes that impact the middle
cerebral artery distribution, including classical perisylvian language
areas such as left inferior frontal gyrus (IFG; approximately Broca’s
area) and/or the left temporoparietal cortices (e.g., Wernicke’s area).
Naming impairments are also a core diagnostic feature of some neu-
rodegenerative conditions such as Alzheimer’s disease and fronto-
temporal lobar degeneration (FTLD). The origins of anomia particularly
in semantic dementia (a variant of FTLD, sometimes referred to as se-
mantic variant primary progressive aphasia) have been strongly linked
to anterior temporal lobe pathology (e.g., Lambon Ralph, McClelland,
Patterson, Galton, & Hodges, 2001).

It is well established that the qualitative nature of the naming im-
pairment (as evaluated by error type, for example) differs by lesion site.
For example, patients with temporoparietal damage exhibit word-
finding difficulties and often produce visual semantic naming errors
(e.g., ‘ball’ for ‘apple’), whereas phonemic naming errors are more
consistent in frontal lobe pathologies (Reilly, Peelle, Antonucci, &
Grossman, 2011; Reilly, Rodriguez, Peelle, & Grossman, 2011). People
who experience frontal and/or temporoparietal damage are often
amenable to cueing techniques (e.g., provision of the initial phoneme of
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the target word), suggesting an underlying impairment in ‘access’ to the
correct lexical targets (Jefferies & Lambon Ralph, 2006), which is
consistent with multi-method evidence of a more general role of these
regions in the controlled selection/retrieval of lexical-semantic in-
formation (Badre & Wagner, 2007; Devlin, Matthews & Rushworth,
2003; Thompson-Schill, D’Esposito, Aguirre & Farah, 1997; Whitney,
Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2011). In contrast, damage
to the ATL in semantic dementia, for example, is associated with
anomia dominated by a preponderance of omission and superordinate
errors (e.g., ‘bird’ for ‘swan’; Jefferies & Lambon Ralph, 2006;
Migliaccio et al., 2016). This, and related neuropsychological ob-
servations, have contributed significantly to the ATL being attributed
with a crucial role in mapping between conceptual knowledge and
phonological form in tasks such as picture naming and reading aloud
(Binney, Henry et al., 2016; Mesulam et al., 2013; Schwartz et al., 2009;
Woollams, Ralph, Plaut, & Patterson, 2007). In fact, the study of se-
mantic dementia more generally has led to the genesis of a hypothesis
that the ATL is a core substrate for supramodal conceptual knowledge
representations (e.g., Lambon Ralph, Jefferies, Patterson & Rogers,
2017; Reilly, Peelle, Garcia & Crutch, 2016) for which there is now
converging evidence from functional neuroimaging, direct intracranial
recording, and transcranial magnetic stimulation (TMS) studies among
neurotypical adults (e.g., Binney, Embleton, Jefferies, Parker & Lambon
Ralph, 2010; Chan et al., 2011; Pobric, Jefferies & Lambon Ralph, 2007;
Shimotake et al., 2014; Vandenberghe, Price, Wise, Josephs &
Frackowiak, 1996).

Past basic research into the neural basis of confrontation naming has
relied heavily upon correlational analyses, including associations of
behavior with lesion distributions or regional activations. In contrast,
non-invasive brain stimulation offers an alternative mode of in-
vestigation with the potential advantage of yielding causal inference
(Pobric, et al., 2007). tDCS involves the application of constant low
intensity electrical current to the cortex via two or more electrodes
strategically positioned in a montage over the scalp. The mechanism of
tDCS involves perturbing excitability of underlying neuronal assemblies
via hyperpolarization or depolarization of resting membrane potentials
(Stagg & Nitsche, 2011) and there is evidence to suggest that tDCS holds
promise as a means for modulating language processing and learning
(Price, McAdams, Grossman & Hamilton, 2015). While a coarse spatial
resolution limits its utility as a fine grained brain-behavior localization
technique, the continued neuroscientific appeal of tDCS relates to its
translational potential as a neurorehabilitative tool, particularly given
its portability and low relative cost (Baker, Rorden, & Fridriksson,
2010; Cappon, Jahanshahi & Bisiacchi, 2016; Sandars, Cloutman &
Woollams, 2016). Indeed, there is considerable interest in tDCS for
aphasia intervention, particularly as an adjuvant to speech-language
therapy, where it might be used to promote or guide neuroplasticity
and thereby facilitate learning and recovery (Holland & Crinion, 2012;
Tippett, Hillis, & Tsapkini, 2015). However, research into how tDCS can
be optimally configured (e.g., dose, electrode positioning) to modulate
performance on clinically-relevant language measures remains at an
early stage.

In the present study, our primary focus was assessing whether al-
ternate tDCS electrode configurations (referred to as montages) could
differentially modulate visual confrontation naming in neurotypical
adults. These questions are fundamental to the building of foundations
for the translation of tDCS to aphasia rehabilitation. A small set of
studies have used tDCS to probe the contribution of frontal, tempor-
oparietal and anterior temporal cortex to naming, but in separate in-
vestigations. tDCS targeting the left frontal cortex (e.g., Fertonani,
Rosini, Cotelli, Rossini, & Miniussi, 2010; Holland et al., 2011) and left
temporoparietal cortex (e.g., Fiori et al., 2011; Sparing, Dafotakis,
Meister, Thirugnanasambandam, & Fink, 2008) is reported to modulate
object naming, and tDCS targeting the ATL is reported to modulate
proper name retrieval for familiar faces and landmarks (Ross, McCoy,
Coslett, Olson, & Wolk, 2011; Ross, McCoy, Wolk, Coslett, & Olson,

2010), but all these studies vary not only by site, but stimuli, task and
other stimulation parameters and thus represent a complex set of results
to interpret together. As far as we are aware, there are only five prior
studies that directly compare montages (Malyutina and den Ouden,
2015; Meinzer, Yetim, McMahon, & de Zubicaray, 2016; Pisoni,
Papagno, & Cattaneo, 2012; Pisoni, Vernice, Iasevoli, Cattaneo, &
Papagno, 2015; Westwood, Olsen, Miall, Nappo, & Romani, 2017).
Pisoni et al. (2012) contrasted the effect of anodal tDCS targeting the
left frontal and left temporoparietal cortex, and reported enhanced
naming performance associated with the former and detrimental effects
of the latter. Malyutina and den Ouden (2015) reported enhanced
naming performance following cathodal tDCS targeting either the left
frontal or temporoparietal cortex. Similarly, Meinzer et al. (2016) ob-
served facilitation of naming following left frontal and following left
posterior temporal anodal tDCS, as compared to sham stimulation. In
contrast, a more recent study found no evidence of effects of either left
frontal or posterior temporal anodal stimulation (Westwood et al.,
2017). The fifth comparative study by Pisoni et al. (2015) was the only
to assess the effects of ATL stimulation. They observed diminished
naming performance following anodal stimulation but no effect of
cathodal ATL stimulation. Anodal IFG stimulation, on the other hand,
enhanced performance. The present study is the first to attempt to
systematically compare the effect of bilateral stimulation of the ATL,
the frontal and the temporoparietal cortex on basic level confrontation
naming. We used a fully counter-balanced factorial within-subjects
design within neurotypical adults. Further, we repeated the experiment
with two independent participant samples and using opposite config-
uration of tDCS polarity. This was to systematically compare the effects
of anodal and cathodal stimulation and their potential to produce ex-
citatory effects versus inhibitory effects, respectively (Nitsche & Paulus,
2000; Nitsche et al., 2007). While on the basis of the abovementioned
studies, we hypothesized that stimulation of all these regions would
elicit some effect on picture naming (but not a control task), we also
predicted that there would be difference in the magnitude or quality of
the effect, as we shall discuss below. The effects were assessed via re-
sponse latencies, as is typical, but our investigation focused primarily
on additional eye tracking measures that potentially improve sensitivity
for detecting perturbations in behavior.

We predicted that altering cortical excitability of different compo-
nents of the network underpinning naming would modulate perfor-
mance in a qualitatively different way reflecting (a) their representa-
tional or executive contribution, and (b) whether this contribution is
particularly important in early or late stages of the naming process.
While some early models have proposed a discrete and serial transition
between each stage of processing (e.g., Levelt, 1989), others argue the
necessity of recurrent ‘interactivity’ between stages (Dell, Schwartz,
Martin, Saffran & Gagnon, 1997) and highlight the importance of ‘top
down’ influences, particularly at the level of visual object recognition
(Humphreys, Riddoch & Price, 1997). Indeed, over the last two decades
it has become increasingly clear that, in both the auditory and visual
domains, higher-order processes (e.g., attention and expectation bias)
influence lower-level perceptual interpretations (Gilbert & Li, 2013;
Tervaniemi et al., 2009; Trapp & Bar, 2015). A number of recent studies
suggest that prior conceptual knowledge, in particular, has a significant
impact on visual object processing (Chiou & Lambon Ralph, 2016;
Clarke, Taylor, Devereux, Randall & Tyler, 2013; Panichello, Cheung, &
Bar, 2012). There is, however, limited understanding regarding which
brain structures are responsible for these semantic modulations, with
evidence for both frontal and anterior temporal involvement (Chiou &
Lambon Ralph, 2016). The present study sought to use a novel pairing
of transcranial direct current stimulation (tDCS) and eye tracking
measures to explore these questions. In particular, we hypothesized that
stimulation-based modulation of early top-down influences on object
recognition would be evident in visual search patterns; since not all
aspects of a picture are equally informative for identification, increased
conceptual top-down input will bias visual search patterns towards key
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semantic features (e.g., the head, in case of animals). Consistent with
this notion, gaze patterns of healthy subjects during object naming have
been shown to differentiate according to semantic category (i.e., whe-
ther it is an animal or a tool) with more attention paid to features with
the highest salience/diagnostic value for that category (Bauer, Hung,
Grossman, & Reilly, 2015; Kovic, Plunkett, & Westermann, 2009a,
2009b). In line with our previous assertions that the ATL is key to the
representation of conceptual information (Binney, Hoffman, & Lambon
Ralph, 2016; Reilly et al., 2016), we predicted that tDCS targeting this
region would have the greatest effect on gaze patterns during picture
naming reflecting a perturbation of top-down conceptual influences on
object recognition.

2. Material and methods

We employed a multi-session within-subject design wherein parti-
cipants were stimulated using three different electrode montages in
sessions spaced one week apart. One participant sample received an-
odal stimulation over the target regions, whereas the other received
cathodal stimulation. These key regions were the frontal, the ATL and
inferior parietal/posterior temporal cortices and they were differen-
tially targeted by each of the three montages (see Section 2.2). The
order of stimulation sessions was fully counterbalanced across partici-
pants, and participants were blinded to the anatomical stimulation
target(s). In each session, we employed an offline tDCS protocol; par-
ticipants named a well-normed set of line drawings prior to and im-
mediately following stimulation, and as we monitored their eye
movements and oral naming response latencies. Participants also read
6-digit numbers aloud as an active control for general arousal and
speech production in the context of low-level semantic demands.

2.1. Participants

Participants included neurotypical young adults (N=24, mean
age= 21.2 years, range= 18–30) distributed equally in the anodal
(n=12, 1 male) and cathodal (3 males) conditions. All participants
were native English speakers with normal or corrected-to-normal vision
and hearing, as confirmed through threshold Snellen (vision) and pure
tone Audiometric (hearing) screening. Participants were by self-report
free of a history of neurological disorders. Participants were right-
handed with the exception of one individual in the cathodal tDCS
condition who self-reported as ambidextrous. All participants provided
informed consent and were provided nominal compensation in accord
with the institutional review board of Temple University.

2.2. tDCS parameters

We conducted brain stimulation using a Soterix 1× 1 tDCS device
coupled to a passive splitter system (Soterix Medical, model No.
PS1224B). For one channel, the electrical current (2mA) was split
across two ‘target’ electrodes placed on homologous lateral regions of
the cortex (thus approximately 1mA at each). A single large, distal
‘return’ electrode was positioned over an anterior or posterior midline
region. The two lateral ‘target’ electrodes we encased in 5 cm2 saline-
soaked sponges while a larger (5×7 cm) sponge was used for the
midline ‘return’ electrode. Current density is attenuated as a function of
the surface area of the sponge; thus, the purpose of the larger sponges at
the midline electrode was to diffuse the current and lessen any potential
localized effects of stimulation (DaSilva, Volz, Bikson, & Fregni, 2011;
Nitsche et al., 2007). We standardized electrode positioning using a
customized 10/20 MCN-system elasticated placement cap (http://
easycap.de).

Details of the three montages are given in Table 1. When targeting
the ATL, the left and right hemisphere lateral electrodes were posi-
tioned over locations T3 and T4 of the international 10/20 positioning
system for EEG. The ‘return’ electrode was placed over the orbital

midline (Fpz) with the intention of creating a symmetrical distribution
of current flow across the hemispheres as well as keeping the flow to
anterior (as opposed to posterior) temporal lobe cortex. The resulting
current flow was estimated with HD-Explore™ software (Soterix Med-
ical) which uses a finite-element-method approach to model electrical
field intensities throughout the brain (Datta, Zhou, Su, Parra, & Bikson,
2013.2) This estimation is displayed in Fig. 1A. The limited spatial fo-
cality of conventional ‘pad’ tDCS is clearly evident in Fig. 1. Indeed, the
T3/T4/Fpz montage results in a current flow that implicates not only
the lateral ATL, but much of the temporal lobe and ventrolateral and
ventromedial frontal cortices, bilaterally. The peaks (see Fig. 1A) ap-
pear around the anterior superior temporal cortex and the frontal op-
erculum. For this reason, from here on in, we refer to this montage as
the ‘frontotemporal’ montage. To attempt to disentangle the effects of
anterior temporal and ventral frontal stimulation, we used HD-explore™
to tailor a further montage that results in a current flow that implicates
the same frontal cortices but not, or at least much less, the anterior
temporal cortices. This ‘dorsal frontal’ montage (as it shall be referred
to here on in) involved placing the left and right lateral electrodes over
the C3 and C4 locations of the 10/20 system, and the ‘return’ electrode,
once again over Fpz. The model of the resultant current flow is dis-
played in Fig. 1B, where dorsolateral and ventral frontal regions are
estimated to receive a much greater dosage than the ATL, and the ATL
dosage is substantially lower than it is in the frontotemporal montage.
To quantify this estimated difference in ATL stimulation, in Table 1 we
provide a value for the field intensity modelled at the superior ATL in
the case of each montage. This was extracted using a Montreal Neu-
rological Institute (MNI) coordinate associated with expressive se-
mantic processing in the study of Geranmayeh, Leech & Wise (2014;
−54, +8, −10). On the basis of these estimates, we reasoned that a
modulation of behavior that occurs following stimulation with the
frontotemporal but not the dorsal frontal montage could reasonably be
interpreted to differential stimulation of the ATL (although this is, of
course, not the only possible interpretation and the limited spatial fo-
cality must remain close to mind). Finally, to target the temporoparietal
(inferior parietal and posterior temporal) cortex, the left and right lat-
eral electrodes were positioned over the P3 and P4 locations of the 10/
20 system, which approximately correspond to the angular gyrus. The
‘return’ electrode was placed over the inion (Iz). The estimated current
flow is presented in Fig. 1C where not only is inferior parietal cortex
implicated but also posterior temporal and occipital cortex, as well as
the cerebellum. For the sake of brevity, however, we shall only refer to
this as the ‘temporoparietal’ montage. For completeness, in Table, 1 we
also provide values for the estimated field intensity at MNI coordinates
approximately underlying the P3/P4 (−48, −68, +28; Seghier, Fagan
& Price, 2010) and C3/C4 (± 57, −13, +48; Vitali et al., 2002)
electrodes, in the context of each of the three montages.

2.3. Materials and procedures

Stimuli included black-and-white line drawings (n=120) from the
Snodgrass and Vanderwart (1980) picture series that elicited>80%
name agreement in the original norming study. Stimuli were quasi-
randomly assigned to six separate sets (n=20 pictures each) with these
sets roughly matched on the number of living/non-living items
(χ2= 0.34, p > .05), name agreement, image agreement, image fa-
miliarity, and visual complexity (F= 0.91, p > 0.05, Wilk’s Λ= .85,
partial η2= .04; see supplementary Table S1 for means for each block).
To ensure the absence of systematic differences in difficulty between
the sets, we had eleven volunteers (a separate sample to that of the

2 While this and previous papers by the same authors provide evidence for the validity
of such models, the current flow and associated field intensities discussed in the present
study should, in our opinion, only be considered rough estimates because the head model
is not representative of our sample, nor does the model account for the specific apparatus
and stimulation parameters employed.
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tDCS experiment) name the items within all six while we recorded their
response latencies (further details are found in the below section de-
scribing the Area of Interest construction). A one-way repeated-mea-
sures ANOVA confirmed no significant differences between sets in mean
naming latency [F(5, 114)= .58]. For the number reading task, 120
random 6-digit numbers (e.g., 105, 996 – ‘one hundred and five thou-
sand nine hundred and ninety-six’) were generated and randomly as-
signed to six sets of twenty. Numbers appeared in a black font set
against a white background. All stimuli were scaled to approximately
5.2×5.2 inches (500×500 pixels; 1280× 1024 screen resolution;
17″ monitor). Each participant was presented with each set of pictures/
numbers only once, and with allocation to each of the three sessions
and the pre/post stimulation testing epochs counterbalanced across
individuals using a balanced Latin Squares approach. This allocation
ensured that across the 12 individuals in the anodal/cathodal condition
each set of 20 items occurred in each testing epoch an equal number of
times. As such, pre-post stimulation and between-session effects are
effectively disentangled from any remaining differences between the

stimulus sets. Stimuli within a set were presented in a fixed pseudor-
andom order.

At the beginning of each session, participants were familiarized with
the tasks, receiving instructions to name the stimuli as quickly and as
accurately as possible, and given six practice trials of picture naming
and number reading to complete. Subsequently, participants were fitted
with the tDCS electrode montage which would remain in place until the
end of the session. A single set of 20 picture naming trials and then a
single set of 20 number reading trials were administered prior to and
also following tDCS (this task order was fixed across participants and
pre/post stimulation testing epochs). The procedure included four other
language/cognitive tests that were subject to separate analyses not re-
ported here (but see Binney et al., 2018). The order of the adminis-
tration of these tests relative to the naming/reading tests was fully
counter-balanced across participants, but fixed across pre/post stimu-
lation testing epochs. tDCS was delivered for 20mins (including 30 s
fade-in and fade-out phases) with the participant in a state of rest (i.e.,
with no concurrent task). The session was concluded with a self-paced

Table 1
Electrode configurations and estimated resultant field intensity at target regions.

Montage Electrode configuration Field intensity Field intensity Field intensity
MCN 10/20 system at lateral ATL at AG in dorsal motor cortex

(± 54, 8, −10) (± 48, −68, 28) (± 57, −13, 48)

Frontotemporal Anodal T3 (+1mA), T4 (+1mA), Fpz (−2mA) 0.28 V/m 0.05 V/m 0.16 V/m
Cathodal T3 (−1mA), T4 (−1mA), Fpz (+2mA) 0.28 V/m 0.05 V/m 0.16 V/m

Temporoparietal Anodal P3 (+1mA), P4 (+1mA), Iz (−2mA) 0.09 V/m 0.27 V/m 0.12 V/m
Cathodal P3 (−1mA), P4 (−1mA), Iz (+2mA) 0.09 V/m 0.27 V/m 0.12 V/m

Dorsal frontal Anodal C3 (+1mA), C4 (+1mA), Fpz (−2mA) 0.15 V/m 0.13 V/m 0.24 V/m
Cathodal C3 (−1mA), C4 (−1mA), Fpz (+2mA) 0.15 V/m 0.13 V/m 0.24 V/m

Field intensity values estimated using HD-Explore™ software (Soterix Medical) and averaged across hemispheres. Cortical coordinates given in Montreal Neurological
Institute (MNI) space. ATL=Anterior temporal lobe; AG=Angular gyrus; MCN=Modified Combinatorial Nomenclature.

Fig. 1. Electrode configurations displayed
in the MCN 10/20 system (right) and the
resulting distribution of field intensities as
modeled using HD-Explore™ 3.1 software
(left; Soterix Medical, New York, NY).
Electrode configurations were the same in
the cathodal and anodal stimulation con-
ditions aside from the reversal of electrode
polarities. Pink circles on brain sections
approximately mark cortical targets (see
main text and Table 1 for further details).
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survey which required 10-point scale ratings of intensity of sensations
experienced during tDCS (e.g., pain, itchiness, burning, heat, and fa-
tigue).

Trials were presented via Experiment Center Software
(Sensorimotoric Instruments, Inc, Boston, MA). Each trial began with
the presentation of an attention fixation cross at the top and center of
the screen. This fixation acted as a gaze trigger that automatically ad-
vanced after a cumulative dwell time of 1500ms (i.e., aggregate sac-
cade and fixation durations). Picture stimuli appeared for 3000ms
(3500ms for number stimuli) accompanied by a brief 250 Hz pure tone
that enabled offline calculations of naming latencies (using Audacity
2.03 software). A blank screen followed for 500ms before the next trial
began. The tone and verbal responses were recorded via a TASCAM DR-
40 digital recorder.

2.4. Eye tracking

We tracked gaze dynamics using a remote infrared eyetracker with a
sampling rate of 120 Hz and a spatial precision of 0.01° (RED-M;
Sensorimotoric Instruments, Inc.). Participants were seated and posi-
tioned on a chinrest 60 cm away from the infrared eyebar and monitor.
We performed a 5-point calibration and validation procedure prior to
each set of 20 picture/number stimuli with minimum thresholds of 0.5°
of visual angle on both the X- and Y-axes.

2.5. Area of interest (AOI) generation for eye tracking data

Prior to conducting the tDCS experiment, we conducted a normative
study with the aim of defining visual areas of interest (AOIs) within
each picture stimulus (e.g., flat tail of a beaver). Participants (N= 11)
included neurotypical young adults not enrolled in the tDCS study (2
males; mean age 22.2). Each participant named all picture stimuli
during two counterbalanced sessions. We post-processed eye tracking
data using BeGaze analysis software (Sensorimotor Instruments, Inc.).
First, gaze data were averaged across participants and temporally
windowed between 100ms and 724ms (the grand mean response la-
tency). We then examined ‘dwell time’ (i.e., cumulative time spent in
fixation and saccades within part of a stimulus) to identify the region of
the picture that received the most visual attention, a proxy metric for
semantic informativeness of a particular stimulus feature (Blair,
Watson, Walshe, & Maj, 2009; Henderson & Hollingworth, 1999). We
demarcated feature AOIs by resampling pixel-wise cumulative gaze
data and superimposing over the stimulus in a 12×12 gridded ‘at-
tention’ map. Then, if the most gazed upon cell within each matrix
clearly contained a single stimulus feature, we manually centered a
95×95 pixel AOI over this feature. In other cases (e.g., the cell con-
tained more than one identifiable feature), a Gaussian smoothed heat
map was additionally used to determine the feature that would anchor
the AOI and in particularly ambiguous cases (e.g., visual scan paths
distributed across multiple cells), a consensus agreement was sought
from two experimenters. The final AOIs selected for each stimulus are
listed in Table S2.

2.6. Statistical analyses

Data from the ‘cathodal’ participant sample and the ‘anodal’ sample
were analyzed separately to avoid entangling what may be subtle ef-
fects of tDCS with individual differences. We also analyzed the data
obtained from the picture naming task and number naming control task
separately. Therefore, all statistical treatment involved a 2-way re-
peated-measures analysis of variance (ANOVA) with ‘Montage’ as a 3-
level within-subject factor and ‘stimulation’ (pre- versus post-stimula-
tion) as the second within-subject factor. The effect of interest was the
interaction effect which would indicate a differential effect of tDCS on
performance according to the cortical regions targeted. Post hoc paired
sample t-tests were employed to further explore significant interaction

effects. Significant main effects of ‘stimulation’ (pre/post) are reported
to address concerns regarding practice or fatigue effects.

We examined the effects of tDCS on picture naming via two gaze-
tracking measures, and response latencies. The first gaze measure, the
duration of the first fixation within the AOI, might reflect how enga-
ging/informative that feature is (Poole & Ball, 2006). The second gaze
measure, the sum of the durations of all fixations within the AOI, is
thought to reflect the attention allocated to the key feature compared to
other parts of the picture (Poole & Ball, 2006). We did not directly
analyze durations of fixations on the object but outside of the AOI, as
the presence of such fixations was inconsistent. To avoid oversampling,
we windowed eye movement data from between 0ms and the pre-
viously estimated grand mean picture naming latency (i.e., 724ms post-
stimulus onset). For all analyses, we eliminated trials corresponding to
incorrect responses, fillers, false starts, self-corrections and latency
outliers (−2 > z > 2). We evaluated multi-digit number reading ex-
clusively via response latencies.

3. Results

3.1. Cathodal stimulation

The analysis of gaze data revealed a significant Montage by
Cathodal Stimulation (pre/post) interaction effect on the duration of
the first visual fixation over pre-defined AOIs in picture naming [F(2,
22)= 3.83, p= .04, partial η2= .26). Pairwise comparisons revealed a
significant site-specific increase in the first visual fixation duration
following frontotemporal stimulation [t(11)= 2.74, p= .02; Cohen’s
d= .80; mean difference= 89ms]. Changes in first fixation duration
were not apparent in the context of temporoparietal [t(11)= .15,
p= .88] or dorsal frontal stimulation [t(11)= .11, p= .92] (see Fig. 2,
panel A).

Similarly, we observed a significant Montage by Cathodal
Stimulation (pre/post) interaction effect on the cumulative fixation
time within AOIs [F(2, 22)= 7.54, p < .01, partial η2= .41]. This
interaction was such that stimulation with the frontotemporal montage
resulted in longer cumulative dwell times within key AOIs [t
(11)= 3.22, p= .01; Cohen’s d= .93; mean difference=98ms] while
there was no change following temporoparietal stimulation [t
(11)= .29, p= .77]. There was a decrease in AOI dwell times following
dorsal frontal stimulation but it was not statistically significant [t
(11)= 1.89, p= .09; Cohen’s d= .53; mean difference=65ms; see
Fig. 2, panel B]. Following these observations, we performed a post hoc
analysis to determine whether we might also see evidence of visual
search modulations in the latencies from stimulus presentation onset to
the first AOI fixation. Speeded latencies, for example, might reflect
more efficient detection of key object features. However, neither the
interaction (p= .84) nor the main effect of ‘stimulation’ (p=0.95)
were significant.

The analysis of picture naming latencies revealed a borderline sig-
nificant Montage by Cathodal Stimulation (pre/post) interaction [F(2,
22)= 3.37, p= .05, partial η2= .23]. This appeared to reflect reduced
latencies following tDCS with the frontotemporal montage (mean dif-
ference=45ms; Cohen’s d= .52) although this difference was not
statistically significant [t(11)= 1.82, p= .10]. There was no indication
of a speeding or slowing of picture naming latencies following either
temporoparietal [t(11)= .02, p= .98] or dorsal frontal stimulation [t
(11)= 1.51, p= .16; see Fig. 2, panel C]. We observed generalized
speeding of latencies in the number reading task [F(1, 11)= 5.41,
p= .04, partial η2= .33; mean difference= 27ms; see Fig. 2, Panel D],
that likely reflected practice effects (there was not a significant inter-
action effect).

3.2. Anodal stimulation

There were no significant main effects nor interaction effects of
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anodal stimulation on eye gaze metrics or picture naming latencies [all
p > .05; see Fig. 3]. As in the case cathodal tDCS condition, there was a
non-site specific speeding of number reading latencies in the anodal
condition [F(1, 11)= 12.81, p < .01, partial η2= .54; mean differ-
ence= 53ms].

3.3. Tolerability of stimulation

Mean ratings of sensations associated with each tDCS montage are
displayed in the supplementary information (Table S3). These ratings
were summed to create composite measures of tDCS-induced sensation
(max 120) which were treated with a one-way repeated measures
ANOVA to examine whether sensation differed as a function of the
stimulation target (irrespective of whether it was anodal or cathodal
stimulation). One subject was excluded due to having not completed all
surveys. There was a significant effect of stimulation site [F(2,
44)= 4.22, p= .02, partial η2= .16] reflecting greater sensation ex-
perienced during frontotemporal [t (22)= 4.00, p < 0.01] and dorsal
frontal [t(22)= 2.05, p=0.05] stimulation as compared to tempor-
oparietal stimulation, which likely relates to the midline electrode
being placed on the forehead in these two anterior montages. There was
no difference between these montages (p=0.65). On the basis of these
observations, and particularly given the low ratings in general, we in-
terpret the following task results as site-specific neuromodulatory

effects and reject the possibility that they were non-specific effects re-
lated to differential tolerability of montages.

4. Discussion

In a classic eyetracking study, Yarbus (1967, pg. 174) demonstrated
significant variability in the dynamics of visual search for the same
portrait (Repin’s Unexpected Visitor) under different task cues. Scan
paths, saccade amplitudes, and fixation patterns all differed when
participants estimated ages of the people in the portrait vs. recalling
their spatial positions. These findings empirically confirmed a phe-
nomenon of intense interest today at the intersection of semantics and
vision research (see Barsalou, 2017). Namely, it is widely contended
that lower level visuoperceptual processes are guided by task goals and
semantic expectancies (Belke, Humphreys, Watson, Meyer & Telling,
2008; Chiou & Lambon Ralph, 2016; Daalman, Verkooijen, Derks,
Aleman & Sommer, 2012; Trapp & Bar, 2015; but see Firestone &
Scholl, 2016). Yet, the nature of such top-down (conceptually driven)
perceptual processes and their neural substrates remains controversial.

In the present study, we explored the contribution(s) of frontal,
temporoparietal and anterior temporal brain regions to visual con-
frontation naming. We paired tDCS with eye-tracking both to improve
sensitivity for detecting neural perturbations and also to test the hy-
pothesis that modulations of top-down conceptual influences on picture

Fig. 2. Effect of cathodal frontotemporal, temporoparietal or dorsal frontal tDCS on patterns of eye movements during picture naming (panels A-B), and on response
latencies in picture naming and number reading (panels C-D). Gaze measures included the duration of the first fixation on a stimulus area of interest (AOI; panel A)
and the sum of durations of all fixations on the area of interest (panel B). Each bar represents mean durations/latencies and the corresponding standard error adjusted
for within-subject comparisons (O'Brien & Cousineau, 2014). *denotes a significant interaction between stimulation site and pre/post stimulation (p≤ .05). p-values
for pairwise comparisons are shown where the interaction effect was significant and the pairwise test revealed a p-value equal to or less than 0.1.
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naming processes would be evident in visual search patterns. Analysis
of eye gaze data revealed that bilateral cathodal frontotemporal sti-
mulation, but not bilateral dorsal frontal or bilateral temporoparietal
stimulation, modulated the spatial distribution of stimulus fixations
during picture naming. Specifically, participants exhibited longer dwell
times over key semantic features (e.g., the head of an animal) post tDCS
relative to the pre-stimulation baseline. This was coupled with a trend
for speeded naming latencies, suggesting that the cognitive effect of
stimulation was facilitative in nature (but see below). The use of a
control task, the fact that the effect was limited to one of three stimu-
lation montages and also that it was polarity-dependent rules out non-
specific effects of frontotemporal tDCS. Below, we discuss our inter-
pretation of these findings as reflecting a contribution of anterior
temporal cortices, in particular, to conceptual top-down influences on
visual object recognition. Furthermore, we consider the implications of
the study for applications of tDCS in rehabilitation of aphasia.

The demonstration of montage-specific effects of brain stimulation
on behavior attest to the necessity of a region (or regions) for the task/
process at hand. To our knowledge, this is the first study to use both
non-invasive brain stimulation and eye tracking and provide evidence
for a causal role of the ATL in visual search during picture naming. This
is in line with cognitive models that posit the ATL as a key re-
presentational substrate for semantic knowledge (e.g., Lambon Ralph

et al., 2017; Reilly et al., 2016). Its contribution to visual object
naming, in particular, has been demonstrated within a set of convergent
multi-method studies in patients and healthy adults (Mesulam et al.,
2013; Pobric, et al., 2007; Price, Devlin, Moore, Morton, & Laird, 2005;
Schwartz et al., 2009; Tomaszewki Farias, Harrington, Broomand, &
Seyal, 2005) but only a small number of studies specifically addressed
the possibility of top-down contributions of the region in addition to
more established feedforward lexical-semantic processes (e.g., Clarke
et al., 2013). A recent transcranial magnetic theta-burst stimulation
study suggests the ATL plays an important role in providing top-down
support in visual object recognition (Chiou & Lambon Ralph, 2016).
The results of the present study support this hypothesis specifically in
the context of confrontation naming and further suggests that this
support includes guiding visual search (e.g., scanning to semantic fea-
tures that are key to recognition).

Coarse spatial precision and current flow ambiguities in conven-
tional tDCS, however, limit strong localization claims. In the present
study, the frontotemporal montage implicates a large swathe of bi-
lateral cortex, including the ATL, the IFG and orbitofrontal cortex (OFC;
Fig. 1A). The OFC in particular has also been posited as a major con-
tributor of top-down influences in object recognition (Panichello, et al.,
2012; Trapp & Bar, 2015). Further, the effects may not be attributable
to any singular region but instead to a stimulation-induced increase in

Fig. 3. Effect of anodal frontotemporal, temporoparietal or dorsal frontal tDCS on patterns of eye movements during picture naming (panels A-B), and on response
latencies in picture naming and number reading (panels C-D). Gaze measures included the duration of the first fixation on a stimulus area of interest (AOI; panel A)
and the sum of durations of all fixations on the area of interest (panel B). Each bar represents mean durations/latencies and the corresponding standard error adjusted
for within-subject comparisons (O'Brien & Cousineau, 2014). *denotes a significant interaction between stimulation site and pre/post stimulation (p≤ .05). p-values
for pairwise comparisons are shown where the interaction effect was significant and the pairwise test revealed a p-value equal to or less than 0.1.
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functional connectivity amongst a network of regions (Luft, Pereda,
Banissy, & Bhattacharya, 2014). Therefore, it remains for future re-
search to utilize techniques that afford greater spatial precision to
systematically evaluate the contribution of different candidate sources
for the generation of semantically-based top-down influences. Neuro-
stimulation, in combination with functional imaging that could capture
brain remote/network effects, offers a particularly promising approach.
Research to identify the optimal montage configurations for modulating
naming processes with tDCS, however, has particular clinical transla-
tional value.

To our knowledge, very few studies have directly contrasted the
capacity for tDCS targeting alternate sets brain regions to modulate
naming performance in healthy adults. This is surprising given the
growing interest in tDCS as a therapeutic tool for aphasia, applied ei-
ther in isolation or as an adjuvant to speech-language therapy (Holland
& Crinion, 2012; Tippett, et al., 2015), and the fact that naming im-
pairment is the single most common and one of the most debilitating
features of aphasia. The hope is that tDCS has potential to guide neu-
roplasticity in recovery and thereby facilitate (re)learning during be-
havioral therapy. It has gained particular attention due to its portability
and cost-effectiveness relative to other neuromodulatory techniques
like TMS. However, research into how tDCS can be optimally config-
ured to effectively target the functionally relevant neural circuits re-
mains at a nascent stage and there are even greater gaps in our un-
derstanding of how these protocols should be adapted when the
integrity of these circuits is compromised. Our results suggest that in
the context of rehabilitation of naming impairments, tDCS could be
most efficacious when applied to the bilateral frontotemporal cortices,
with particular emphasis on electrode placement over the ATL.

The effect of frontotemporal cathodal tDCS on the gaze measures
was coupled with a trend for speeded naming latencies. This suggests
that the gaze modulation reflects facilitative effects of stimulation.
However, compared to the other sessions, there was an inexplicably
slow baseline mean naming response in this montage condition, and for
this reason, this particular result should be treated with caution.
Indeed, we cannot rule out the possibility that the modulations of gaze
reflect negative effects of stimulation on cognition (e.g., the longer
dwell times might reflect a greater effort in analyzing object features).
Recall that we predicted that cathodal stimulation would have negative
effects. This was in line with the seminal studies by Priori and collea-
gues and, later, Nitsche and colleagues that directly associated neural
excitation and inhibition of sensorimotor systems with the anodal and
cathodal electrodes respectively (Nitsche & Paulus, 2000; Priori,
Berardelli, Rona, Accornero, and Manfredi, 1998). It is important to
note, however, that a more complex picture has emerged in the context
of stimulating higher-order cognitive systems (Garnett, Malyutina,
Datta, & den Ouden, 2015; Jacobson, Koslowsky, & Lavidor, 2012). For
example, in the context of language processing, there are only a few
reports of effective cathodal stimulation (see Monti et al., 2013). Fur-
ther, and of particular relevance to the present findings, there are a
growing number of tDCS investigations of higher cognition that report
facilitatory effects of cathodal tDCS (Moos, Vossel, Weidner, Sparing, &
Fink, 2012; Nozari, Woodard, & Thompson-Schill, 2014; Pirulli,
Fertonani, & Miniussi, 2014; Weiss & Lavidor, 2012). What could be
driving this more complex pattern is unclear. There are a number of
potential physiological factors under investigation including site-to-site
variation in the orientation of neurons relative to the electric field, the
neural activation state of cell assemblies at time of stimulation (e.g.,
whether they are engaged by the experimental task or another de-
manding task), duration and intensity of stimulation, and many others
(Garnett et al., 2015; Gill, Shah-Basak & Hamilton, 2015; Nozari et al.,
2014). Whether the direction of the effects seen in the present study is
attributable to certain elements of our tDCS protocol must be addressed
by future studies that systematically and orthogonally vary these fac-
tors. It is also important to be mindful of disentangling inferences re-
garding the effects of stimulation at the level of cognition/behavior

from those taking place at the neurophysiological level. For example,
positive behavioral effects could conceivably reflect either excitation of
a region or inhibition of a region that itself actively inhibits certain
processes/behaviors (Chrysikou et al., 2013).

Finally, many of our tDCS parameters (e.g., using bilateral mon-
tages) differed to those of the prior studies of naming (Malyutina and
den Ouden, 2015; Pisoni, et al., 2012, 2015). Future research should
also, therefore, determine whether the discrepancies in outcome, such
as the null effects we observed in the dorsal frontal and temporoparietal
conditions, can be attributed to one or more of these parameters, and/
or issues such as the statistical power required to detect subtle effects.

5. Conclusions

To summarize, the present study found that bilateral frontotemporal
cathodal tDCS, but not temporoparietal nor dorsal frontal stimulation,
modulates visual search patterns during picture naming. We interpret
these findings as consistent with a hypothesis that conceptual top-down
influences on object recognition originate from a bilateral anterior
temporal semantic representational system. Our results might also be
used to inform clinical translational research concerning therapeutic
applications of tDCS in acquired language impairment. In particular,
they suggest that treatments targeting naming might optimize gains by
applying tDCS to the bilateral frontotemporal cortices with particular
emphasis on electrode placement over the ATL. Yet, as we have high-
lighted above, while there is considerable promise regarding tDCS in
the treatment of aphasia, there is much left to be done regarding dis-
covery of the optimal procedures for safe and efficacious application.

Statement of significance to the neurobiology of language

Our results suggest that tDCS targeting the anterior temporal cortex
could be used to modulate early top-down conceptual influences on
object recognition during confrontation naming. In turn, this suggests
that treatments targeting naming impairments might optimize gains by
applying tDCS with emphasis on electrode placement over this region.
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