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Abstract

Background—Most studies in which Anodal Transcranial Direct Current Stimulation (A-tDCS)
has been used to improve language production have focused on single words. Yet sentence
production requires more than lexical retrieval. For example, successful suppression of the past
and careful planning of the future are two critical requirements for producing a correct sentence.
Can A-tDCS improves those, and by extension, production at the sentence level?

Objective/Hypothesis—Given that many aspects of sentence production beyond word retrieval
require frontally-mediated operations, we hypothesized that A-tDCS to the left prefrontal cortex
should benefit various operation involved in producing sentences, two of which, suppression of
the past and planning of the future, were targeted in this study.

Methods—We used a paradigm that elicited construction of sentences through event description,
but was structured enough to allow for between-subject comparison, clear error identification, and
implementation of experimental manipulations to probe certain aspects of production.

Results—We showed that A-tDCS to the left PFC reliably decreased the number of incomplete
and errorful sentences. When the origin of this improvement was probed, we found that A-tDCS
significantly decreased errors due to premature commitment to the future word (insufficient
internal monitoring), and had a marginal effect on errors of perseverations (insufficient
suppression of the past).

Conclusion—We conclude that A-tDCS is a promising tool for improving production at the
sentence level, and that improvement can be expected when internal monitoring and control over
verbal responses is impaired, or for certain cases of perseveratory errors.
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Introduction

Transcranial Magnetic Stimulation (TMS) and Transcranial Direct Current Stimulation
(tDCS) are two methods of non-invasive brain stimulation currently used for modifying the
processing of language, as well as other cognitive functions. Of the two, tDCS has gained
much popularity in recent years, because it can be safely administered over a period of
several minutes (1), and does not have some of the unpleasant side effects of TMS such as
twitching of the facial muscle due to unwanted stimulation of the trigeminal nerve, when
applied to frontal areas. Weak electrical current in tDCS modulates neural activity, by either
depolarizing or hyperpolarizing neuronal membranes, depending on the polarity of the
current (2,3). Clinically, anodal stimulation is often used when the goal is to excite the
neural tissue and to improve performance, while cathodal stimulation is employed to inhibit
neuronal activation which, in most cases, is expected to deteriorate performance. While this
assumption is not universally true, especially when stimulation effects are examined in a
cognitive, as opposed to a simple motor, task (4-6), it is consistent with most of the reports.
Especially, anodal tDCS is often reported to facilitate cognitive processes (e.g., 6,7).

In this paper, we focus on the effects of anodal tDCS on language production. Several
studies over the past decade have shown promising results of anodal tDCS on word retrieval
and new vocabulary learning, in both neurologically-intact and brain-damaged individuals
(e.g., 8-12). However, there has been much less work on the effects of stimulation at the
level of sentence production. We present the first systematic effort in studying the effects of
anodal stimulation of the left prefrontal cortex (PFC) on the accuracy of production at the
sentence level. Our purpose is two-fold: (a) to introduce a paradigm that allows for
generation of sentences in an ecologically-valid way (i.e., describing events after they are
semantically processed), yet with an imposed structure that would make between-participant
comparisons possible, and to show the benefits of such an approach, and (b) to show that
stimulation could have beneficial effects at the level of sentence production that go beyond
isolated lexical retrieval, a finding that could expand its clinical applicability.

Anodal tDCS and language

There is now plenty of evidence that anodal stimulation of the left hemisphere has beneficial
effects on language production (13-16). Fertonani et al. (2010) showed that anodal
stimulation of the left dorsolateral PFC improves picture naming performance by decreasing
response latencies. A similar effect was found using anodal stimulation of the left posterior
peri-sylvian region, which includes Wernicke's area (17). Not surprisingly, improvement in
the accuracy of lexical retrieval has not been reported when neurotypical participants named
pictures, because such individuals rarely make errors in this task. An exception was the
study of proper noun retrieval, in which participants were prompted to name 65 pictures of
famous people (18). Authors found that for trials with longer response latencies, anodal
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stimulation of the right anterior temporal lobe increased naming accuracy by 11%.
Spontaneous word generation also benefits from anodal stimulation. Verbal fluency is an
example (1). lyer and colleagues (1) showed improvement of phonological verbal fluency
(generating more words that started with a target letter), when left PFC was stimulated with
2mA anodal tDCS. Anodal tDCS can also help with language learning/re-learning.
Improved associative learning has been demonstrated for both nouns and verbs
(4,8,10,11,19-22), and one study has reported improved learning of artificial grammar (23).

Recently, examining the effects of anodal tDCS has been extended from single word
production to production of multi-word utterances, as in tongue-twisters (24,25), and one
recent study has explored the beneficial effects of anodal stimulation on conversational
speech (26). Marangolo and colleagues (26) paired 20 minutes of 1 mA A-tDCS over the
Broca's area with intensive conversation therapy on 12 individuals with nonfluent aphasia.
Therapy consisted of 10 sessions, during which the patient and the therapist viewed three
15-minute video clips of everyday events, and the therapist helped the patient describe the
events using a variety of cues (gestures, drawings, orthographic or phonological cues).
Another set of three 15-minute clips was used for testing, in which the patient was prompted
to describe the events without cues from the therapist. Anodal stimulation of Broca's -- but
not Wernicke's -- area significantly increased patients' use of verbs, informative fragments
without verbs, and sentences.

Marangolo et al.'s (26) results provide a serious motivation for more structured studies of
tDCS effects on sentence production. Quite possibly the usefulness of tDCS is not limited to
lexical retrieval or associative learning of isolated items, and instead tDCS may lead to
additional benefits in other areas of sentence production. Sentence production differs from
single-word retrieval in a number of ways. Here, we focus on two operations necessary for
correct production of a sentence, namely, successful suppression of the past, and careful
planning of the future (27). Both of these are operations carried out by the executive system.
Thus, it is plausible to hypothesize that PFC stimulation could benefit sentence production
beyond lexical retrieval, by improving these two crucial functions, among possible others.

A more systematic approach to studying stimulation effects in sentence production

While Marangolo et al.'s (26) results provide support for the idea that left PFC stimulation
could benefit sentence production, that study used unstructured conversational speech. We
propose that complementing that approach with a more structured approach has several
benefits: (a) It affords the possibility of between-individuals comparison at any given point
in time: While studying free conversations has undeniable value for measuring progress over
time (because each patient's baseline performance is his/her own standard of comparison),
unstructured conversations are not ideal for cross-sectional comparisons between
individuals, because different speakers may produce very different amount of speech, with
very different structures. (b) It allows for the possibility of studying the change in the
probability of errors. Earlier, we pointed out the difficulty in assessing the effects of tDCS
on the accuracy of lexical retrieval in healthy adults, because they rarely make errors on the
names of familiar objects when they are presented in isolation. However, speech errors are
not uncommon in sentence production. (c) Importantly, a paradigm that forces some
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systematicity into the sentence production process not only elicits errors, but provides
identifiable targets for those errors (i.e., what the participant should have said instead of the
error), and ways to elicit specific types of errors. This, as we show below, enables us to test
specific hypotheses regarding the effects of stimulation.

In the paradigm used in this study, participants had to produce sentences that described
events involving one (or two) of eight geometric shapes performing one of five simple
actions. Because the number of possible events is very large, producing sentences must be
on the fly and through independent processing of each event, as is the generation of
sentences in most everyday life events. However, the generated sentences pertaining to each
visual event are highly similar across individuals. We discussed earlier that production of a
sentence requires successful suppression of past words, and good planning of the future
words. A failure of the former results in errors of perseveration, a problem common in some
patients with aphasia. We traced errors made on trial t, back to trial t-1 to examine if the
error is due to perseverance of a recently-uttered word. We also probed a specific aspect of
future planning, that of premature commitments. A premature commitment happens when
internal monitoring processes fail to inhibit production before enough information is
available. To probe this, we designed two of the five possible motions (jumping over an
object, and looping around an object) to be visually identical up to a certain point (a half-
circle). When faced with the start of a circular motion, the optimal planning strategy would
thus be to hold production until the point of disambiguation.

Twenty-four participants were randomly assigned to anodal and sham stimulation of left
PFC and each viewed 134 visual events. We chose the left PFC because several studies have
shown improved verbal production through anodal stimulation of this area (e.qg.,
9,12,19,20,23,26). Moreover, the left PFC activation has been shown in neuroimaging
studies when participants produce sentences (28), but not single unrelated words (29), and
one study using Voxel-based Lesion Symptom Mapping demonstrated the specific
contribution of this region to sentence production when lexical retrieval abilities were
factored out (30). We compared performance in A-tDCS and sham conditions on the number
of incomplete and errorful sentences. We then probed the origin of difference in error
probabilities by comparing perseverations and premature commitments between the two
groups.

Twenty-four 1 (13 females) right-handed, native speakers of English participated in the
experiment and received $20 for their participation. Participants in the anodal and sham
groups were matched on age and education (age: mean = 21.8, SD = 2.3 in anodal vs. mean
=21.2, SD = 3.1 in sham; t(22) = 1.2, p = 0.24; education: mean = 15.0, SD =1.4 in anodal
vs. mean = 14.3, SD = 1.3 in sham; t(22) = .60, p = 0.55). All participants gave written

lone subject was replaced because she could not keep up with the pace of visual actions, and this was reflected in her Speed Test,
described in Appendix B.
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consent for tDCS administration in accordance with the IRB-approved experimental
protocol.

One hundred and thirty four visual events were presented using Microsoft Powerpoint.
Figure 1 shows an example of the screen as participants viewed it. The screen consisted of a
black grid on a white background, with eight geometrical objects. Two versions were tested
with different objects and colors. Objects and colors in version 1 are depicted in Figure 1.
Version 2 (not pictured) consisted of two squares, two triangles, two pentagons and two
ovals; the colors used were pink, yellow, gray and blue. Object and color names across the
two versions were matched in frequency and number of syllables. The rationale for using
two sets of materials was to introduce more diversity into spoken materials and make
conclusions less item-dependent. There were five possible actions in the experiment.
Appendix A provides a list of the five motions with examples, as well as a complete list of
the 134 trials in Version 1. While the two versions differed in shapes and color, they were
otherwise identical (i.e., the relative position of objects and their actions were the same). On
each trial only one object performed a single action at the pace of 21 mm/sec. (This speed
was determined based on a pilot study, the details of which are described in Appendix B.)
Actions were independent of one another and the sequence was random (i.e., one action did
not cue the next). The 134 trials were divided into 27 sets, with breaks in between sets. Each
set contained 4-6 trials.

Participants were randomly assigned to anodal and sham conditions and administration of
Versions 1 and 2 was counterbalanced across conditions. Participants sat comfortably at a
distance of 25 inches from a 19-inch monitor. They first completed a 2-minute speed test
(see Appendix B). Then, stimulation was initiated. During orientation, participants first
viewed — and named — each of the eight experimental objects with its color. Next, the five
motions were taught individually and participants practiced examples for each. They then
viewed a set of four sentences, similar to the experimental design, and listened to a
recording describing each motion as it happened. Next they reviewed the same example
(without the description) and provided their own descriptions. Problems, if any, were
corrected and they completed two more event sets as practice. They were instructed to
describe the events as they were taking place (like a sports reporter) and were discouraged
from recalling sentences from memory (See also Appendix B for details of the speed test,
the orientation phase, and the practice phase). The main experiment started after two
minutes of break. Participants initiated each of the 27 sets by pressing the space bar, but
could not pause within a set. This means that they had to speak 4-6 consecutive sentences
before a break. All participants completed the entire experiment (on average 5-6 minutes of
orientation and practice, 2 minutes of break, and 11-12 minutes of experimental trials
without feedback) during stimulation.

Direct Current Stimulation

Saline-soaked sponge electrodes with a surface area of 25 cm? were used to deliver direct
current generated by a continuous current stimulator (Magstim Eldith 1 Channel DC
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Stimulator Plus, Magstim Company Ltd., Whitland, Wales). During stimulation, 1.5 mA
direct current (with a 30-second ramp up and ramp down) was applied for 20 minutes.
Stimulation was applied for only 30 seconds during sham. The anode was placed over F3,
according to the 10-20 international system for EEG electrode placement. The cathode was
placed over the right supraorbital region (7). According to a post-tDCS questionnaire, all
participants reported that they believed they had received stimulation. Stimulation was
started at the beginning of the orientation phase and continued for 5-6 minutes on average
(with a 2 minute break to follow) before participants started the experimental trials. The
reason for this choice was () to give anodal tDCS a chance to affect learning, as it has been
suggested to do so through modulation of NMDA receptors (31), and (b) to allow enough
time for stimulation effects to cause visible effects on behavior.

Statistical Analysis

Results

Fails

Errors

All the models used in the current paper are multilevel logit models with random effects of
subjects and items (e.g., 32, 33). These models are preferable for all analyses where results
are to be generalized from sample subjects to the population, and from the task items to
other sentences, as the random structure of the model prevents the variance that is truly due
to random subjects and items to be attributed to the variable of interest (See appendix C for
an extended discussion of superiority of mixed models over ANOVA).

Because we are interested in sentence accuracy, our dependent variable of interest is
accuracy at the sentence -- and not the word -- level. This was coded as a binary variable (a
sentence is either errorful or error-free). The independent variable of interest is always
stimulation, with two levels: anodal and sham. Following Barr and colleagues (34), the
random effect structure has been kept maximal. This included the random intercepts for
subjects (are some subjects more error-prone?), random intercept of items (are some
sentences more error-prone?), and the random slope of stimulation over items (do some
sentences benefit more from tDCS?). Note that because stimulation is manipulated between
subjects, random slope of stimulation over subject is not included in the model. The models
produce coefficients, z statistics, and corresponding p-values, and the results can be
interpreted as in regression models (Appendix D).

A sentence was defined as a Fail if it did not have a verb, and was not an appropriate
ellipsis. There were 38 Fails in the anodal and 65 Fails in the Sham condition. Figure 2
shows the average number of Fails per condition. This difference was significant (z = 2.96, p
=0.004). Table D1 in Appendix D presents the full results of this analysis. Fail trials were
excluded from all subsequent analyses.

As explained above, we are interested in sentence-level accuracy. However we must first
ensure that using this grain of analysis does not misrepresent the actual error probabilities.
For example, if sham and anodal conditions have 100 and 70 errorful sentences respectively,
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but each errorful sentence contains only one error in sham, but two errors in anodal, using
sentence-level analysis would be misleading, because the error probability would in fact be
higher in anodal than sham. Table 1 shows the number of sentences with one, two, and three
errors in each condition. As can be seen in the table, in all three categories there are more
errorful sentences in sham. This means that using a sentence-level analysis is in fact
conservative, and results would only be stronger if a word-level analysis was to be
performed.

There were a total of 220 errorful sentences in the anodal and 379 errorful sentences in the
sham condition (note that these numbers are lower than those in Table 1, because sentences
with two and three errors are counted only once). Figure 3 (upper panel) shows the average
proportion of errors in each condition. The results of the analysis are presented in Table D2
in Appendix D. The difference in the probability of errorful sentences was significant (z =
2.55, p = 0.01). In fact, anodal stimulation reduced the number of errorful sentences by a
factor of two (exp(0.72) = 2.05). Figure 3 (lower panel) shows the average proportion of
errorful sentences plotted separately for each word type. The purpose of the graph is to show
that all word types benefited from stimulation, and the effect was not driven by a specific
class of words (e.qg., verbs).

So far, we have shown that anodal stimulation significantly decreases the number of errorful
sentences. Next, we ask how this benefit is achieved. We probe two types of errors
(perseverations and premature commitments) which we earlier argued point to two processes
important for sentence production. There are four possible outcomes: (1) A-tDCS reduces
perseverations from the past, (2) A-tDCS reduces premature commitments to the future. (3)
A-tDCS affects both processes. (4) A-tDCS affects processes altogether different from the
two evaluated here.

Premature commitments—A premature commitment was coded when “jumping over”
was produced in place of “looping around” and vice versa. The two actions are
indistinguishable up to a certain point (“jumping over” stops at a half-circle, but “looping
around” continues). When the speaker commits to a verb before the point of disambiguation
has been reached, it is likely to result in an error due to premature commitment. There were
44 such errors in the anodal condition and 109 in sham. In calculating error opportunities,
we only included those trials that contained either a “jumping over” or a “looping around”
target verb. Although there were more “jumping over” than “looping around” sentences in
the design (42 vs. 32), this was not reflected in participants' production preferences. In fact,
of the total 153 premature commitments, 69 were erroneous use of “jump” and 84 were
erroneous use of “loop”, implying a slightly higher preference for producing “loop”.
Therefore, frequency was not a driving factor in making these types of errors. For our
purpose, the important point was the ambiguity of the situation at the onset, which clearly
led to errors on both verbs.

Perseveration—An error was marked as perseveratory if it was an incorrect repetition of a
word previously spoken in the same sentence or one sentence before2. There were 58
perseverations in the anodal and 119 perseverations in the sham condition. Opportunities for
perseveration are all the sentences that a participant has uttered (Fails are removed).
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To avoid including the same trial in both error categories, we removed all trials in which a
“jumping over”/“looping around” error could also be considered a perseveration from the
previous trial. Figures 4a,b shows the average proportion of sentences with premature
commitments and perseverations after removing the ambiguous trials (raw error counts are
presented in Table 2). Tables D3 and D4 in Appendix D present the results of the analyses.
Anodal stimulation significantly reduced the number of premature commitments (z = 3.14, p
= 0.002), and marginally decreased perseveratory errors (z = 1.74, p = 0.08).

General Discussion

This investigation represents a first step towards the systematic study of the effects of anodal
tDCS on sentence production. We showed that the effects of anodal tDCS over left PFC,
previously shown to benefit word-level production and learning, can be extended to sentence
production. We developed a paradigm that elicits sentence production from meaning, but
that has enough structure to allow for between-subject comparison, accurate error
identification, error-source tracking, and implementation of experimental manipulations to
study specific aspects of production. Our results showed that anodal stimulation of the left
PFC significantly decreased the number of incomplete (Fails) and errorful sentences, and
sentences with errors. We then targeted two operations necessary for error-free sentence
production: successful suppression of the past and controlled planning of the future.

Failure to suppress the past results in errors of perseveration, a well-known problem in
certain aphasic patients (35). Our results suggest that PFC stimulation could help reduce this
type of error, possibly by biasing competition towards the relevant, and away from the
irrelevant, word (e.g., 25). This effect, however, was only marginal. The fact that tDCS did
not reliably decrease perseveration errors might be of theoretical importance: recently, it has
been suggested that more than one mechanism contributes to perseverations. In the domain
of spelling, Fischer-Baum and Rapp (36) showed that in some of their patients who
produced perseveratory errors, the problem was not a failure to inhibit the previous
response, but instead a failure to properly activate the current response. Activation of the
current word can happen independently of the PFC (29), through the process of spreading
activation in the relevant language module (e.g., the temporal cortex for semantic-lexical
mapping). Current results are compatible with the view that failure to inhibit the past
response is not the only determining factor in perseverations, and improvement can only be
expected to the degree that this specific problem is contributing to perseveration errors, but
it might not help patients whose main deficit is activating the current response due to noisy
and damaged production modules (e.g., 37).

Planning the future is more multi-faceted, and can be tested in several ways. The aspect of
future planning that we investigated was the ability to withhold a response until the visual
ambiguity has been resolved, which constitutes better internal monitoring of the language
plan (e.g., (38)). Our results showed that anodal tDCS reliably increased this ability. This

2Note that this criterion is to some degree arbitrary, because we could have chosen two, three or n sentences before. We chose one
sentence back because given the limited number of objects, colors and motions used in this experiment choosing a range wider than 1-
back would force more errors into the perseveratory category, simply because it increases the chance of appearance of an item that the
perseveration could potentially be attributed to, even if the occurrence of the error has been independent of this item.
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finding could have implications for treatment of deficits where internal monitoring is a
major problem, such as the Gilles de La Tourette Syndrome (39). In summary, our results
demonstrate that tDCS effects on sentence production can, and should be, studied in a more
systematic way, as the effects seem to go well beyond isolated lexical production. This is
particularly promising, because it points to the possibility of applying tDCS to conditions
where the problem is not simply in lexical retrieval, but in other aspects of production, such
as monitoring and control.
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Appendix A

Experimental materials
The list of the five possible motions with examples:

1. Moving. One object moved on a straight line. The number of blocks (on the grid)
and the direction of the movement were to be described. For example: “The red
diamond moves two blocks down”. The maximum travel distance for an object was
3 blocks (hence removing the need for explicitly counting blocks). Participants
were informed about this. Moving always involved a single object.

2. Jumping over. One object jumped over another object (this motion created a semi-
circle). This action always covered the same distance, and direction did not have to
be described. For example: “The brown circle jumps over the purple rectangle.”

3. Looping around. One object made a full circle around another object. Similar to
jumping over, the covered distance was the same and no direction needed to be
specified. For example “The brown circle loops around the purple rectangle.”

4. Wiggling. An object wiggled in place (made small, but visible, up-down/left-right
motions without covering distance). Example: “The green trapezoid wiggles.”

5. Flashing. An object quickly disappeared and reappeared twice in place, without
covering distance. Example: “The green trapezoid flashes.”
Table Al

Visual events in Version 1. Variations of these sentences with pronouns, or meaningful
ellipses were accepted as correct utterances.

Eventset Trial number Event

1 1 The green circle moves up one block.

1 2 The green circle loops around the purple trapezoid.
1 3 The green circle jumps over the purple trapezoid.
1 4 The red rectangle loops around the green circle.

1 5 The green circle jumps over the red rectangle.
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Eventset Trial number

Event

1 6

N NN

10

11
12
13
14
15
16

W W W W W w

17
18
19
20

e

21
22
23
24
25

g o o g G

26
27
28
29
30

o O o o O

31
32
33
34
35

N NN NN

36
37
38
39
40

© © o0 © 0o

The purple trapezoid wiggles.
BREAK

The purple rectangle jumps over the brown circle

The purple rectangle moves down three blocks.

The red diamond moves down three blocks.

The purple trapezoid flashes.
BREAK

The brown diamond loops around the purple rectangle.

The purple rectangle loops around the brown diamond.

The green trapezoid moves up two blocks.

The brown circle jumps over the green trapezoid.

The brown circle loops around the green trapezoid.

The brown circle jumps under the red rectangle.
BREAK

The brown diamond moves right three blocks.

The red diamond moves down two blocks.

The red diamond moves left one block.

The brown diamond jumps over it [the red diamond].
BREAK

The green trapezoid moves right one block.

The green trapezoid loops around the red rectangle.

The red rectangle loops around the green trapezoid.

The green circle jumps over the red rectangle.

The red rectangle jumps under the brown circle.
BREAK

The green trapezoid moves down one block.

The green trapezoid flashes.

Green trapezoid jumps over the green circle.

The purple trapezoid loops around the green circle.

The purple trapezoid moves down one block.
BREAK

The brown diamond moves up one block.

The purple trapezoid loops around it [The brown diamond].

The purple trapezoid jumps over the red diamond.

The red diamond moves left two blocks.

The purple rectangle moves right two blocks.
BREAK

The brown circle moves left three blocks.

The brown circle moves down two blocks.

The brown circle loops around the purple rectangle.

The red diamond loops around the purple rectangle.

The purple rectangle jumps over the brown circle.
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Event set

Trial number

Event

© © O © O ©

10
10
10

11
11
11
11
11

12
12
12
12
12

13
13
13
13
13

14
14
14
14
14
14

15
15
15
15

41
42
43
44
45
46

47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

66
67
68
69
70
71

72
73
74
75

BREAK
The red rectangle moves left one block.
The purple trapezoid moves up three blocks.
The purple trapezoid jumps over the green circle.
The green circle loops around it [the purple trapezoid].
The purple trapezoid jumps over the red rectangle.
The purple trapezoid moves down one block.
BREAK
The red rectangle jumps over the green trapezoid.
The green trapezoid jumps over the green circle.
The green trapezoid loops around the green circle.
The purple rectangle loops around the green trapezoid.
BREAK
The brown diamond jumps over the red rectangle.
The red rectangle jumps over the brown diamond.
The red rectangle loops around the brown diamond.
The brown circle jumps over the purple rectangle.
The purple rectangle wiggles.
BREAK
The green circle moves down two blocks.
Green circle moves left two blocks.
The red diamond jumps over it [the green circle].
The red diamond flashes.
The red diamond moves right two blocks.
BREAK

The purple trapezoid moves left two blocks.

The brown diamond loops around it [the purple trapezoid].

The red diamond jumps over the purple trapezoid.

The red diamond loops around thr purple trapezoid.

The red rectangle moves down three blocks.
BREAK

The brown circle moves down two blocks.

The brown circle moves right three blocks.

The purple trapezoid moves down one block.

It [purple trapezoid] jumps over the brown circle.

The red rectangle loops around the brown circle.

The brown circle jumps over the brown diamond.
BREAK

The red rectangle moves left two blocks.

The red rectangle moves up one block.

The red rectangle jumps over the green trapezoid.

The red rectangle jumps back over the green trapezoid.
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Eventset  Trial number Event
15 76 The green trapezoid wiggles.
BREAK
16 7 The purple rectangle moves down one block.
16 78 Purple rectangle loops around the green circle.
16 79 The green circle jumps over the purple rectangle.
16 80 The green circle loops around the purple rectangle.
16 81 The purple rectangle jumps over the red rectangle.
BREAK
17 82 The brown diamond loops around the brown circle.
17 83 The brown diamond jumps over the brown circle.
17 84 The brown circle wiggles.
17 85 The red diamond moves left two blocks.
BREAK
18 86 The brown circle flashes.
18 87 The green trapezoid jumps under the green circle.
18 88 The green circle jumps over the red diamond.
18 89 The green circle loops around the red diamond.
18 90 The red diamond flashes.
BREAK
19 91 The green trapezoid moves right two blocks.
19 92 The green trapezoid loops around the red rectangle.
19 93 The red rectangle jumps over it.
19 94 The green trapezoid moves right one block.
19 95 The red rectangle moves left two blocks.
BREAK
20 96 The brown diamond moves down three blocks.
20 97 The brown diamond loops around the purple rectangle.
20 98 The brown diamond jumps under the purple rectangle.
20 99 The green trapezoid jumps over the purple rectangle.
20 100 The purple rectangle jumps over the green trapezoid.
BREAK
21 101 The purple trapezoid moves left two blocks.
21 102 The brown diamond loops around the purple trapezoid.
21 103 The green trapezoid jumps over the purple trapezoid.
21 104 The brown diamond jumps under the purple trapezoid.
21 105 The red rectangle wiggles.
BREAK
22 106 The red rectangle jumps over the red diamond.
22 107 The green circle jumps over the red diamond.
22 108 The red diamond wiggles.
22 109 The purple trapezoid moves left two blocks.
22 110 The brown diamond moves left two blocks.
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Eventset Trial number Event

BREAK
23 111 The purple rectangle flashes.
23 112 The red diamond loops around the green circle.
23 113 The green circle jumps over the purple trapezoid.
23 114 The purple trapezoid jumps over the brown diamond.
23 115 The brown diamond wiggles.
BREAK
24 116 The red diamond moves right two blocks.
24 117 The brown circle loops around the red diamond.
24 118 The red diamond jumps over the red rectangle.
24 119 The red diamond moves down two blocks.
BREAK
25 120 The brown circle moves down three blocks.
25 121 The brown circle moves left one block.
25 122 The green circle jumps over the red diamond.
25 123 The red diamond loops around the green circle.
25 124 The green circle flashes.
BREAK
26 125 The purple rectangle loops around the brown circle.
26 126 The brown circle jumps over the purple rectangle.
26 127 The purple trapezoid moves left three blocks.
26 128 The purple rectangle moves left two blocks.
26 129 The purple rectangle moves up one block.
BREAK
27 130 The green circle wiggles.
27 131 The brown diamond loops around the red diamond.
27 132 The purple rectangle loops around the red diamond.
27 133 The purple trapezoid loops around the red diamond.
27 134 The red diamond flashes.

Appendix B

Details of the experimental procedures

Three phases were completed before the experimental trials. The Speed test was
administered to set the optimal speed, and to control for the participants' pre-test
characteristics regarding language production. This test was used to exclude participants
who differed from the rest in their language abilities (see below). The Orientation and
practice phases were completed under stimulation (and sham), for a total of about 5-6
minutes, followed by a 2-minute break.
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Baseline control phase (the Speed test)

Pilot Study

The optimal speed in our paradigm must have two characteristics: (1) Participants should be
able to describe the event as it is happening, without having to speak faster than they
normally would, and without falling behind and having to reconstruct the event from
memory. (2) Participants should fall behind if they wait too long to start speaking, or pause
too long in the middle of the sentence. The optimal speed would induce just the right amount
of pressure to elicit speech errors, but not too much pressure to disrupt the normal
production processes. We first identified the optimal speed with a pilot study, and then pre-
tested all our participants, before they engaged in the main study, to ensure that they could
successfully perform the task at that speed. This was necessary in order to preclude possible
baseline differences among individuals in the experimental population.

The goal of piloting was to find the optimal speed for most participants in the target age
group. We started with a slow speed that met criterion 1, but not 2. A script was written
which allowed for small increments in speed in Powerpoint. Eight undergraduates from The
University of Pennsylvania participated, after completing an unrelated nonverbal
experiment. Piloting took less than 10 minutes, during which participants were shown a grid
similar to the experimental display, but with only two objects, and were taught how to
describe the “moving” action (with direction and number of blocks). The speed of the
actions was adjusted by changing the speed parameter in the script, until a parameter was
found that met both criteria. We gradually increased the speed, until the participant showed
signs of trouble finishing the sentence within the event boundaries. We then dialed back the
speed parameter 1 notch and retested the participant. If they were comfortable, that
parameter was chosen as their optimal value. This value was very close for all individuals in
the pilot population, with participants differing in their ideal parameter by no more than 1
increment. To be conservative, the smaller value (lower speed) was chosen. This parameter
was 0.83, which corresponds to a movement of 1 inch in 1.21 seconds (21 mm/sec), and was
set as the optimal speed for the main experiment.

Screening Phase

To ensure that all participants in the main experiment were comfortable with this speed, and
that there were not differences between the two groups in basic language production
abilities, everyone completed the “speed test” at 0.83 inch/sec before they started the
experiment. During the 2-minute speed test, participants saw two objects (a black cross and
an orange star) move linearly on a grid and described their motions in a manner similar to
that of the actual experiment, when the verb was “move”). Participants who were unable to
finish their sentences within the boundaries of trials, either due to slow speech rate or too
many errors, were excluded from the experiment. One participant failed this test, and was
replaced.
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Orientation phase

First, participants viewed the eight objects in the experiment on a panel, and named each
object with its color (e.g., red rectangle). They were corrected if they made any mistakes.
Next, each of the five motions was demonstrated separately, using one object (or two in case
of “looping around” and “jumping over”) on the screen. After each demonstration,
participants practiced production of that sentence type using an example. Once the five
motions were demonstrated, a review slide reviewed all possible motions, and participants
named them one by one. Once it was clear that participants were familiar with all five
motions, a full example was demonstrated with all eight objects on the grid, just like the
actual experiment. The structure of the example event set was similar to that of an
experimental set, with four sentences (trials). Participants viewed the event set and listened
to a pre-recorded description of the trials in the set as the events were happening. They then
watched the set again, this time without audio, and described the motions themselves. They
received feedback and if necessary repeated the example set until they were able to complete
that set without errors. Next they moved onto the practice phase.

Practice phase

In the practice set, participants completed two more event sets, one with four, and one with
five sentences. If they made a mistake on their first attempt to describe the event set, they
were corrected and the set was repeated. All participants were able to correctly produce the
sentences with a maximum of two attempts at each set. The table below shows the average
number of times (£SD) that subjects in anodal and sham had to repeat the first and the
second sets before they were able to produce all trials in each set correctly. The difference
between groups was not significant on either set (set 1: t(22) = 0.39, p = 0.7; set 2: t(22) =
-0.79, p = 0.44).

Anodal Sham

Trial set1 | 1.58 (+0.51) | 1.42 (x0.51)

Trial set2 | 1.50 (+0.52) | 1.58 (20.51)

Why logit mixed models?

One of the main concerns of tDCS studies is replicability. Even for the most established
anodal effects, null effects have been reported (e.g., Liuzzi et al., 2010; Monti et al., 2008).
While occasional null effects do not seriously question the past positive effects, it is
important to use statistical analyses that properly tease apart stimulation effects from other
random effects, introduced into the results by either subjects or items. Appropriate treatment
of such random effects not only decreases the chance of reporting false positive results, but
allows for generalization over both new participants and new items. Multilevel mixed
models (e.g., Jaeger, 2008; Nozari, Kittredge, Dell, & Schwartz, 2010) are an excellent
choice for this purpose. In addition to the benefits mentioned above, when studying an index
such as errors, which is inherently categorical (on a given trial, the response was either an
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error or it was correct), as opposed to a continuous measure such as reaction times, methods
of categorical data analysis are superior to other methods of analysis. (For a full discussion
of the superiority of these models over ANOVA see Agresti, 2013; Jaeger, 2008).

Full results of the analyses with logit mixed models
Table D1

The model evaluating the stimulation effect on Fails.

Fixed effects

coefficient SE z p-value
intercept -6.04 046 -13.05 <0.001
Stimulation 1.59 054 2.96 0.004
Random effects

Variance
Subject intercept  1.15
Item intercept 3.99
Stim|item slope 0.21

Table D2

The model evaluating the stimulation effect on the
number of errorful sentences

Fixed effects

coefficient SE z p-value
intercept -2.03 0.21 -9.80 <0.001
Stimulation 0.72 028 255 001
Random effects

Variance
Subject intercept  0.41
Item intercept 0.32
Stim|item slope ~ 0.004

Table D3

Fixed effects

The model evaluating the stimulation effect on
premature commitments after removing common
errors with the perseveration set

coefficient SE

z p-value
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intercept -4.09 035 -11.68 <0.001
Stimulation 1.37 043 314 0.002
Random effects
Variance
Subject intercept  0.58
Item intercept 1.58
Stim|item slope 1.37
Table D4
The model evaluating the stimulation effect on
perseverations after removing common errors with the
premature commitment set
Fixed effects
coefficient SE z p-value
intercept -3.84 0.25 -1552 <0.001
Stimulation 0.57 033 174 0.08
Random effects
Variance
Subject intercept  0.36
Item intercept 0.42
Stim|item slope ~ 0.47
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‘ The five motions:

om m 1- [color][shape] Moves (1,2, or 3) blocks (up,

down, to the left, or to the right).

a . 2- [color][shape] Jumps over [color+shape]
3- [color][shape] loops around [color+shape]
4- [color][shape] wiggles.

<& @ 5- [color][shape] flashes.

Figure 1.
A screenshot of the experiment as participants viewed it (version 1), along with the five

possible mations.
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Mean number of Fails
W

Anodal Sham

Figure 2.
Average number of Fails (£SE) in Anodal vs. sham. See text for definition.
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Figure 3.
Mean proportion of sentences with at least one error (SE) in the anodal and sham

conditions. The upper panel shows the average of all error types. The lower panel breaks
down errors by type. This figure shows that across the board there are fewer errors in the
anodal vs. sham condition.
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0.12

0.1

0.08
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0.04 I

0.02

Proportion of premature commitments

Anodal

(b)

Sham

0.07
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Proportion of perseverations

0.01

Anodal

Figure 4.

Sham

Mean proportion (xSE) of the two error types: (a) premature commitments, after the
removal of perseveratory errors, in anodal and sham conditions. (b) Perseveratory errors,
after the removal of premature commitments, in anodal and sham conditions. Potentially, all
uttered sentences provide an opportunity for a perseveratory error. See text for definition.
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Table 2

Number of errors for perseverations and premature commitments under anodal and sham stimulation, after
removing the ambiguous trials.

Stimulation Number of errors
Perseveration

Anodal 47

Sham 76

Premature commitments
Anodal 33
Sham 66
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