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Abstract

Recent actions can benefit or disrupt our current actions and the prefrontal cortex (PFC) is thought
to play a major role in the regulation of these actions before they occur. The left PFC has been
associated with overcoming interference from past events in the context of language production
and working memory. The right PFC, and especially the right IFG, has been associated with
preparatory inhibition processes. But damage to the right PFC has also been associated with
impairment in sustaining actions in motor intentional disorders. Moreover, bilateral dorsolateral
PFC has been associated with the ability to maintain task-sets, and improve the performance of
current actions based on previous experience. However, potential hemispheric asymmetries in
anticipatory regulation of action have not yet been delineated. In the present study, patients with
left (n=7) vs. right (n=6) PFC damage due to stroke and 14 aged- and education-matched controls
performed a picture naming and a verbal Simon task (participants had to say “right” or “left”
depending on the color of the picture while ignoring its position). In both tasks, performance
depended on the nature of the preceding trial, but in different ways. In the naming task,
performance decreased if previous pictures were from the same rather than from different
semantic categories (i.e., semantic interference effect). In the Simon task, performance was better
for both compatible (i.e., response matching the position of the stimulus) and incompatible trials
when preceded by a trial of the same compatibility (i.e. Gratton effect) relative to sequential trials
of different compatibility. Left PFC patients were selectively impaired in picture naming; they had
an increased semantic interference effect compared to both right PFC patients and aged-matched
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controls. Conversely, right PFC patients were selectively impaired in the Simon task compared to
controls or left PFC patients; they showed no benefit when sequential trials were compatible (cC
vs. iC trials) or a decreased Gratton effect. These results provide evidence for a double
dissociation between left and right PFC in the anticipatory regulation of action. Our results are in
agreement with a preponderant role of the left PFC in overcoming proactive interference from
competing memory representations and provide evidence that the right PFC, plays a role in
sustaining goal-directed actions consistent with clinical data in right PFC patients with motor
intentional disorders.
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Introduction

Our ability to anticipate and regulate our actions is crucial to navigating through our
everyday lives. The anticipatory regulation of action, or anticipatory control processes, is
distinguished from online control processes wherein we control our actions during execution
or “on-line” (e.g. Ridderinkhof et al., 2011). Anticipatory control processes can enhance or
diminish online control processes depending on the context of the action performance or the
recent history of the action. For instance, if you barely succeed in braking to stop at a red
traffic light that you noticed a little late, your anticipation to subsequent traffic lights will be
enhanced. However, if you encounter several green lights in a row, your attention may start
to drift away from the color of subsequent traffic lights, until you reach a red light. These
sequential behavioral adjustments are a reflection of anticipatory regulations of action and
have been extensively studied experimentally (e.g., see review by Egner, 2007). However,
whether or not different aspects of the anticipatory regulation of action are supported by
different brain regions remains to be clarified. The goal of the present study is to shed light
on this issue.

Terminology of proactive control processes

The anticipatory regulation of action control can be subdivided into distinct processes.
Interference- (or conflict) driven adjustments in cognitive control, memory effects of
stimulus-response associations, as well as repetition expectancy may contribute to sequential
behavioral adjustments (Egner, 2007). The adjustments following the late detection of the
red traffic light are an example of inteference-driven behavioral adjustments and have been
described as being reactive in nature (Ridderinkhof et al., 2011). Indeed, seeing the red light
at the last moment and having to hit the brakes faster or harder than usual represents a
difficult or “high interference” situation. This reaction to unexpected difficulty will
engender enhanced control in subsequent, similar situations (modeled within the conflict-
monitoring framework of Botvinick et al., 2001). In contrast, memory effects of stimulus-
response associations or repetition expectancy (Gratton et al., 1992) would occur in
anticipation of a future event and would be described as being prospective in nature. For
example, if you generally run into busy traffic at a particular intersection, you might
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increase your attention as you approach that point. Thus, here it is the memory of an event
and the associated appropriate behavior that drives proactive control. As in the driving
example, such repetition (e.g. a series of green lights) may trade off with interference-driven
behavioral adjustments. In this study, we focus on these interference- and repetition-driven
aspects of proactive control processes.

These different categories of behavioral adjustments have been mainly studied using tasks in
which the compatibility in stimulus-response (S-R) associations are manipulated somewhat
arbitrarily, such as in the Simon task (Simon, 1969), the Eriksen flanker task (Eriksen and
Eriksen, 1974) and the Stroop task (Stroop, 1935). In these tasks, on some of the trials (i.e.,
incompatible trials) a prepotent response has to be inhibited for the correct (i.e., rule-based)
response to be produced, while on other trials (i.e., compatible trials) the prepotent response
matches the rule-based response. Within-trial compatibility effects are characterized by
worse performance due to a need for increased on-line cognitive control demands for
incompatible as opposed to compatible trials (Ridderinkhof et al., 2011). These tasks offer
the possibility to look at sequential behavioral adjustments by looking at the Gratton effect
(Gratton et al., 1992), which shows that the size of the compatibility effect on a given trial n
is a function of whether or not the S-R association on the previous trial (i.e., trial n-1) was
compatible. The compatibility effect at trial n will be increased if trial n-1 was compatible
compared to situations in which trial n-1 was incompatible.

The anticipatory regulation of action has also been studied in the context of working
memory and language production, and similar proactive control processes have been argued
to be involved in both types of cognitive functions (Jonides and Nee, 2006, Kan and
Thompson-Schill, 2004). In both cases, the activation of a given representation in memory
can either interfere with or facilitate the execution of the current action and this can be
manipulated in specific tasks (e.g. the recent probe task in working memory, Monsell, 1978;
the blocked cyclic picture naming paradigm in language production, Damian et al., 2001). If
the representation already activated in memory is close to (e.g., in the same response-set or
from the same semantic category), performance will be impaired. Symmetrically, if the
representation already activated in memory matches the one to be accessed at present time,
performance will be facilitated. In language production, lexical selection is one of the
processes which is sensitive to the activation levels of previously accessed representations.
Lexical selection accesses the mental representation of a word from a given concept during
speech and is thought to be a competitive process: When we select a given word (e.g.
“mosquito”), words of the same semantic category are also activated (e.g. “bee”, “fly”,
“bug”, etc.). Competition takes place so that the accurate target can be selected and
produced. This competition notion is supported by the occurrence of errors occurring in our
everyday life (i.e. semantic errors) and by several experimental paradigms eliciting the so-
called “semantic interference effect” (e.g. Lupker, 1979, Kroll and Stewart, 1994, Damian et
al., 2001, Howard et al., 2006).

Thus in various cognitive domains, proactive control has been found to create both
interference and facilitation effects on behavior. These have been linked to various processes
among which reactive enhancement of cognitive control after difficult trials, and repetition
expectancy facilitating stimulus-response associations if repeated from one trial onto the
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next. However, whether the same brain substrate or substrates are associated with these
different types of proactive control mechanisms is unclear.

Brain correlates of proactive control processes

The prefrontal cortex (PFC) is thought to play a major role in the anticipatory regulation of
action across different cognitive domains (Fuster, in Stuss and Knight, 2013; Thompson-
Schill et al., 2005). The left inferior frontal gyrus (LIFG) has been associated with resolving
interference caused by previous trials on the processing of current ones in language
production (e.g., Schnur et al., 2006, 2009, Thompson-Schill et al., 1997, 1998) and in
working memory tasks (Jonides and Nee, 2006; Thompson-Schill et al., 2002; Hamilton and
Martin, 2005). The mid-ventro-lateral PFC, a sub-part of the LIFG, has also been associated
with facilitatory effects of proactive control using a word version of the recent probe task
(Badre and Wagner, 2005) suggesting the same brain substrate may be involved in both
inhibitory and facilitatory aspects of proactive control.

Other regions in the PFC have been associated with control over non-linguistic motor
responses. The right PFC has been implicated in stopping a prepotent response, e.g. the
Stop-Signal and Go-No Go tasks (e.g. Aron et al., 2004), in maintaining inhibitory control
(Kramer et al, 2013), and in modifying a current motor plan in target reaching tasks (e.g.
Mutha et al., 2014; Schaefer et al., 2012). Although most studies have focused on the
reactive inhibitory process, some have also addressed the aspect of proactive control (see
Aron, 2011 for a review). Recent evidence suggests the same inhibitory control network,
comprised of the right inferior frontal cortex, the pre-supplementary motor area (preSMA)
and the sub-thalamic nucleus (STN), that is associated with reactive stopping is also active
when preparing to stop (e.g. Chikazoe et al., 2009; Jahfari et al., 2010; Swann et al., 2012).
This would imply a role of the right PFC in proactive inhibitory control

Interestingly, right PFC damage can lead to different types of impairment. In agreement with
the response inhibition interpretation, Aron et al. (2003) showed that right IFG damage
seems to be particularly detrimental to response inhibition in comparison to damage in other
parts of the right PFC. However, impairment in sustaining actions that are dependent on
directed attention, i.e. motor impersistence, can also be observed acutely (Heilman, 2004,
Kertesz et al., 1985) when damage occurs in the right hemisphere and especially in the right
frontal cortex (Kim et al., 2013). This would argue for a role of the right PFC in facilitatory
aspects of proactive control. We note that the precise brain region(s) involved in this
facilitatory aspect of proactive control has not been delineated. Thus, it is possible that
different regions of the right PFC may be involved in facilitatory vs. inhibitory proactive
control mechanisms.

In addition, bilateral PFC, and especially the dorso-lateral PFC (DLPFC), has been shown to
play an important role in maintaining task-sets, i.e. associations between visual cues and
actions (for reviews see Miller and Cohen, 2001; Sakai, 2008). The maintenance of such
task-sets helps reduce possible interference from previous items but also facilitates the
processing of repeating trial features. This would be in agreement with the idea that different
parts of the lateral PFC play different roles in facilitatory vs. inhibitory aspects of proactive
control.
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In summary, it is not clear whether hemispheric asymmetries in the anticipatory regulation
of different domains of action exist. Both inhibitory and facilitatory aspects of proactive
control have been associated with left and right PFC activations and whether or not
interference- and repetition-driven aspects of proactive control processes are associated with
overlapping brain regions is uncertain.

Present study

Here, we attempt to dissociate the involvement of left and right PFC in two tasks that engage
these different types of proactive control. We tested patients with damage to either the right
or left PFC and age-, gender-, and education-matched controls as they performed a picture
naming task and a verbal version of the Simon task (Proctor and VVu, 2002; Wiihr, 2006). In
both tasks, difficulty varied depending on the nature of the preceding trial enabling the
assessment of proactive control mechanisms. The naming task was a blocked cyclic picture
naming task: pictures were presented within a semantically-homogeneous or heterogeneous
context (Damian et al., 2001). Performance was predicted to decrease if previous pictures
were from the same rather than different semantic categories (i.e., the semantic interference
effect) because increased interference-driven proactive control is present in homogeneous
blocks where the competition between semantically-related alternatives is greater than in
heterogeneous blocks. In the Simon task, performance on compatible trials (i.e., responses
match the position of the stimulus) was expected to be better than on incompatible trials (i.e.
responses do not match the position of the stimulus), which is the Simon effect. Moreover,
performance was expected to improve when trial types would repeat, i.e. when compatible
trials followed compatible trials (cC) and when incompatible trials followed incompatible
trials (il) as compared with when trial types would alternate, i.e. incompatible-compatible
(iC) and compatible-incompatible (cl), respectively (i.e. the Gratton effect, Gratton et al.,
1992). This effect is hypothesized to reflect both facilitatory and inhibitory aspects of
proactive control. Here we focused particularly on repetition-driven facilitatory proactive
control.

We expected to replicate previous studies showing an increased semantic interference effect
in left PFC patients vs. controls (Schnur et al., 2006) but also aimed to extend these findings
to the comparison with right PFC patients. Indeed, we predicted left PFC patients would
show a greater semantic interference effect than right PFC patients, supporting a role for the
left PFC in overcoming interference caused by response history as previously shown for
both language and working memory tasks (e.g., Schnur et al., 2006, 2009; Thompson-Schill
etal., 1997, 1998; Jonides and Nee, 2006; Thompson-Schill et al., 2002; Hamilton and
Martin, 2005). In contrast, we predicted right PFC patients could be impaired in both
facilitatory and inhibitory aspects of proactive control as observed in the Simon task. Indeed,
the right hemisphere and more specifically the right frontal cortex has been associated with
sustaining goal-oriented actions and the rIFG has been associated with inhibitory proactive
control. We predicted disruption of facilitatory aspects of proactive control to be particularly
evident in the Simon task as actions (saying “right” or “left”) can be repeated from one trial
to the next in this task but not or less so in the picture naming task (see methods).

Neuropsychologia. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ries et al.

Methods

Page 6

All analyses were performed on data previously reported in Riés et al. (2013), with the
addition of 2 new aged-matched control participants. Here we report those methods that
differed from the previous study. That previous study clearly differed from the present study
in that it was focused on EEG components associated with monitoring processes. The effects
of the experimental manipulations (semantic interference in the Naming task and Simon and
Gratton effect in the Simon task) were not reported there.

2.1. Participants

All patients had left or right PFC lesions due to stroke in the left or right precentral branch
of the middle cerebral artery, which provides the major blood supply to the PFC. All were
chronic stroke patients and were tested on the neuropsychological tests (mentioned below)
and for the current study at least 6 months post-stroke. Lesions were delineated onto the
MRICRO templates by a neurologist (RTK) using input from T1, T2 and Flair scans
acquired at least 6 months post-stroke on a Siemens Allegra 3.0 Tesla MRI scanner for 13 of
the 17 participants included in the analyses, on a MRI-Philips Edge scanner (for 2 of the
participants), and on CT-Siemens scanners (Definition or Sensation, for the 2 remaining
patients). Of the 17 patients tested, 4 left frontal patients (2 males) could not perform the
experimental tasks adequately due to marked aphasia: they either did not understand the
instructions properly or their error rate on the experimental tasks was over 40% (mean score
on Sequential Commands?: 71/80, SD = 7.79, individual scores: 64, 65, 75, and 80; mean
score for Spontaneous Speech: 17/20, SD = 2.16, individual scores: 18, 17, 19, and 14,
respectively; thus the one patient who had a good comprehension score of 80 had a poor
production score of 14). The data of these 4 left PFC patients were excluded from the
analysis. The remaining 7 left PFC patients had a mean Spontaneous Speech score of
18.86/20 (SD = 0.69), reflecting overall good production abilities despite some articulation
problems (two patients had a score of 18 reflecting a lack of detail in the picture description
or in answering one of the questions). The mean Sequential Command score was of
75.75/80 (SD = 8.81 based on the 6 patients for which we had the Sequential Command
score. The last patient had an overall Comprehension score of 9.8/10 reflecting good
comprehension abilities). We note that 4 out of the 6 patients had a perfect score of 80, only
one had a relatively low score of 59.5 and the other had a score of 75. The patient with the
low comprehension score asked to be reminded of the Simon task rule regularly at the
breaks but was nevertheless able to perform both tasks correctly. Thus the language
production deficits of the left PFC patients included in the analysis were overall mild in
nature allowing the patients to perform the tasks adequately. All right PFC patients were
included in the analyses as none of them showed impairment preventing them to perform the
tasks adequately. None of the right PFC patients had evidence of neglect or extinction based
on neurological examination. For two of the right PFC patients, language assessment was

LAl left frontal patients were examined on at least 2 subtests of the Western Aphasia Battery (WAB; Kertesz, 1982), measuring
spontaneous speech (assessing general conversational speech production abilities; maximum score of 20) and comprehension of
sequential commands (assessing general speech comprehension skills; maximum score of 80). We note the score of one patient on
Sequential Commands was not available; we only had the overall WAB comprehension score (grouping 3 comprehension subtests
including the Sequential Commands).
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performed despite no apparent language problems. Their spontaneous speech and sequential
command scores were perfect (20/20 and 80/80 respectively). Lesion overlaps of the 13
patients included in the analyses is presented in Figure 1 and Table 1 provides information
about total lesion volume, percent damage in and outside the PFC by patient. Left PFC
patients’ lesions were centered in both the inferior frontal gyrus and the middle frontal
gyrus. Right PFC patients’ lesions were centered in the middle frontal gyrus. The two
groups did not differ in terms of lesion volume (mean lesion volume right PFC patients: 79
cc, o = 66 cc; mean lesion volume left PFC patients: 104 cc, o = 63 cc; 1(10.521)=0.67, p = .
516).

The data of 14 controls (8 females; mean age: 66, SD = 8.79 years old) matched in age,
gender and education to the remaining 13 patients (8 females; mean age: 63, SD = 11.47
years old, t(22.49)<1) were collected. Patients had on average 16.5 years of education (SD =
2.85) and controls had on average 16.4 years of education (SD = 1.74; t(19.57)<1).

2.2. Material and Design

The same 252 stimuli were used in both tasks (i.e., line-drawings of common objects or
animals colored in green or purple presented on the left or on the right of the fixation cross,
216 were used as experimental items and 36 were used as practice items). They were issued
from 6 semantic categories (e.g. animals, vehicles) and each member (e.g. cat) was
represented by 7 different items (e.g. 7 different cats: 6 for the experiment in itself and one
for the familiarization to the picture names). In the blocked cyclic naming task as generally
used, the same group of pictures (e.g. the animals if the block is homogeneous) are repeated
for several cycles (5 or 6 most often; e.g. Damian et al., 2001; Maess et al., 2002). The
interference effect emerges only after the first cycle, that is only after all the pictures of this
group have been named once. Repeating the same pictures several times may cause the
retrieval of lexical representations to be less and less necessary as the items are repeated. In
our study, we used different pictures to represent the same member of a category (e.g.
different types of cats) to increase the need for lexical retrieval and therefore also the need to
solve competition caused by previous memory representations in each trial. We were
confident this design would give us a reliable semantic interference effect based on the
evidence that the semantic interference effect extends to new items (Belke, Meyer and
Damian, 2005). The stimuli were line drawings of common objects or animals selected from
published collections (Snodgrass and VVanderwart, 1980; Bonin et al., 2003), the Internet, or
constructed by us. Their name agreement was tested on a set of 10 controls whose data were
not included in the experiment but whose mean age was not significantly different from that
of the patients tested here [t(18.06) = 1.42, p = 0.17; mean name agreement: 91.25%, SD =
8%]. Within each experimental run, the order in which the items were presented was mixed
pseudorandomly using the software MIX (Casteren and Davis, 2006) such that consecutive
items were phonologically unrelated (i.e., two pictures in a row never had the same initial
phoneme) and items sharing the same name would be at least 3 trials away from one-
another. Moreover, the same stimulus color and the stimulus-response compatibility
(described below) could not be repeated more than 4 times in a row. Thus, in the Simon
task, there were never more than four identical expected responses in a row. Half of the
trials were compatible (i.e., the response to be made matched the position of the stimulus on
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the screen) and the other half were incompatible (i.e., the response to be made did not match
the position of the stimulus on the screen). As the analysis of the Gratton effect was
conducted post-hoc we did not initially control for the number of trials in each sequential
compatibility condition (compatible-compatible, cC, incompatible-incompatible, il,
compatible-incompatible cl, incompatible-compatible, iC). The mean proportions of each of
these trial types were as follows: cC=21% (o = 1.7%), i1=21% (0 = 1.6%), c1=29% (0 =
1.6%), iC=29% (o = 1.5%). There were significantly more trials in which there was an
alternation between compatibility-types (cl and iC) than trials in which there was a
repetition between compatibility-types (cC and il) (F(1,26)=231.6, p <.001). Importantly
here, this did not differ from one participant group to another (F(2,24) = 1.7, p =.204): this
imbalance in trial types was present in similar proportions in right PFC, left PFC patients,
and aged-matched controls. Thus, we believe the differences we observed between groups
did not depend on this aspect of the experimental design.

2.3. Procedure

The procedure was the same as described in Riés et al. (2013). Here we repeat the relevant
aspects for the current study. Participants were tested in a sound-attenuated dimly-lit
environment. They were seated comfortably 148 cm from a computer screen on which the
stimuli were displayed. The experiment was controlled by the Eprime 2.0 Professional
software (Psychology Software Tools, Inc., Pittsburgh, PA), which allows on-line recording
of the participants’ verbal responses.

A trial consisted of the following events: (1) a fixation point (“plus“ sign presented at the
center of the screen) for 500 ms; (2) a picture for 2000 ms (3) a blank screen for 2000 ms.
The following trial started automatically. Participants performed two tasks in separate
blocks: a picture naming task and a verbal Simon task. In the Naming task, participants were
asked to name the picture by saying the name of the picture preceded by the possessive
determiner “my” (e.g. “my cat”). In the Simon task, participants were asked to say “my
right” or “my left” depending on the color of the picture while ignoring the side to which the
picture was presented. Thus interference is greater for a picture presented on the left of the
fixation cross when the response to be given is “my right” and vise-versa. The stimulus-
response association rule (i.e., saying “my right” for a green picture and “my left” for a
purple picture or vise-versa) and the order in which the tasks were performed were
counterbalanced across participants. The possessive determiner was added to reduce
variability in vocal onsets and because we also recorded EMG activity of three facial
articulators for unrelated purposes.

Vocal-onsets were used as the response-onset measure. Each task was split into 4 blocks of
108 trials each, with two pauses equally spaced within each block. Participants performed all
4 blocks of one task before the 4 blocks of the other task. Altogether, the participant saw the
same item 4 times corresponding to the 4 possible color/side configurations: green on the
left, green on the right, purple on the right and purple on the left. The type of configuration
seen per task and per type of block was counterbalanced across participants.

The participants were asked to give their response verbally as fast and as accurately as
possible. The task order was counterbalanced and before each task, participants performed a
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short practice. Before the naming task, the practice served as familiarization with the picture
names. We wanted to avoid visual habituation to the experimental stimuli and thus used a
set of 36 randomly-presented pictures for practice consisting of a seventh exemplar of each
member of each category used in the experiment. Importantly, these practice items had the
same names as the experimental stimuli. During practice, the experimenter made verbal
corrections when an incorrect or unexpected response was produced. The experimental
session lasted 1 to 2 hours.

2.4. Data pre-processing and Analysis

The accuracy of the responses and the verbal reaction times were measured offline using the
software CheckVocal (Protopapas, 2007). Trials were excluded from the analysis if the
participant did not respond (which represented 44% of all errors), or produced any kind of
verbal error: partial or complete production of incorrect words (17%), omission of the
pronoun “my” (3%), verbal dysfluencies (e.g., stuttering, utterance repairs: 4%) and
hesitations (e.g., if the experimenter perceived the production of the possessive pronoun to
be abnormally lengthened or separated from the production of the noun by a pause: 29%).

All statistical analysis were performed using R 3.1.1 (R Core Team, 2012) using the
packages “Ime4” to compute the mixed effect models (Bates et al., 2014a and b) and “car”
to compute analysis of deviance tables for the fixed effects of the mixed effect models (Fox
and Weisberg, 2014). We analyzed all data using generalized linear (for reaction times) and
logistic (for accuracy rates) mixed-effects models (Baayen, Davidson, and Bates, 2008;
Jaeger, 2008), which rely on single-trial data rather then on averages over participants or
items, and are also free from the assumptions of homogenous variance and sphericity that
are inherent to the more classic ANOVA (Pinheiro & Bates, 2000). The individual reaction
times (RTs) were log-transformed to reduce skewness and approach a normal distribution.
Visual inspection of residual plots did not reveal any obvious deviations from homogeneity
of variance or normality. The analyses were performed on log-transformed RTs and
accuracy rates separately for each task. In both tasks, we tested for fixed effects of Group
(control, left PFC, and right PFC patients) as a between-subject factor and stimulus position
(i.e., left or right of the fixation cross) as a within-subject factor. In the Naming task, in
addition to Group and Stimulus Position, we tested for fixed effects of Semantic Context
(homogeneous vs. heterogeneous) and Repetition (from 2 to 6) as within-subject factors and
all possible interactions between these predictors. In the Simon task, in addition to Group
and Stimulus Position, we tested for fixed effects of Compatibility (incompatible vs.
compatible), and Compatibility at trial n-1 and all possible interactions between these
predictors. As random effects, we had intercepts for participants and picture name, as well as
by-subject random slopes for within-subject factors. P-values were obtained using type-111
analysis-of-deviance tables (given the presence of significant interactions between the
factors of interest) providing Wald chi-square tests for the fixed effects in the generalized
linear mixed-effects models. For all models, we report Wald y2-values and p-values from the
analysis of deviance tables as well as raw {3 estimates, 95% confidence intervals around
these B estimates, standard errors, t-values for reaction times, and Wald z and associated p-
values for accuracy rates. We report these values for all significant effects in the text and for
all of the elements of the planned comparisons in 4 additional tables in the supplementary
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materials (Tables S1 to S4). In the Naming task, the behavioral pattern in response to the
first presentation of stimuli can differ from what is observed in following repetitions.
Indeed, the semantic interference effect can be absent or even reversed in the first
presentation (e.g., Rahman and Melinger, 2007, Damian et al., 2001, Belke, Meyer, and
Damian, 2005). Therefore, it is common practice to exclude the first occurrence of each
stimulus on each block from the analysis of the semantic interference effect (e.g., Ewald et
al., 2012). For consistency, we also removed these trials from the analysis of the Simon task.

3.1. Picture naming task

3.1.1. Reaction times—There was a main effect of Semantic Context on reaction times
(Wald #3(1) = 32.74, p < .001): RTs were longer in semantically homogeneous versus
heterogeneous blocks (faw = 2.84 x 1072, Cl=[1.87 x 1072 3.81 x 1072], SE= 4.97x 1073,
t=5.72; HOM: mean RT =839 ms, 0 = 102 ms; HET: mean RT = 790 ms, o = 97 ms). This
semantic interference effect was larger with increasing repetitions (Wald 42(4) = 17.31, p=.
002, fraw = 1.66 x 1072 CI=[8.31 x 1073 2.48 x 1072], SE= 4.21x 1073, t=3.93, see Figure
2 A and Table 2). There was also an interaction between Group and Stimulus Position (Wald
74(2) = 7.24, p =.027), which was due to the comparison between left and right PFC patients
(Braw=—7.64 x 1073, CI=[-1.37 x 1072 -1.53 x 1073], SE= 3.11x 1073, t=—2.45): Patients
were slower to respond to stimuli presented contra-laterally to their lesion side (Right PFC
patients: mean RT for right stimuli = 853 ms, o = 58 ms, mean RT for left stimuli = 866 ms,
o =56 ms; Left PFC patients: mean RT for right stimuli = 812 ms, o = 120 ms, mean RT for
left stimuli = 802 ms, o = 117 ms see Figure 3 A and Table 2). None of the other relevant
comparisons reached statistical significance (see Table S1 for statistical details).

3.1.2. Accuracy rates—There was a main effect of Semantic Context on error rates
(Wald #2(1) = 40.21, p < .001): Overall, participants were less accurate in semantically
homogeneous versus heterogeneous blocks (4 ay = —4.62 x 1071, CI=[-6.05 x 1071 -3.19 x
1071], SE=7.28 x 1072, Wald z=-6.34, p < .001, Figure 2 B and Table 1). The semantic
interference effect did not interact with Repetition on accuracy rates and there was no
interaction with Stimulus Position (see Table S2 for statistical details). There was a main
effect of Group (Wald 42(2) = 8.52, p = .014), which was significant in both the comparison
between controls and right PFC (Controls were more accurate than Right PFC patients: faw
=5.95 x 1071, Cl=[1.71 x 1071 1.02], SE= 2.16 x 10~1, Wald z=2.75, p =.006) and in the
comparison between left and right PFC (Left PFC patients were less accurate than right PFC
patients: faw = —4.83 x 1071, CI=[-9.69 x 1071 2.52 x 1073], SE=2.48 x 1071, Wald =
-1.95, p =.051). Critically, there was an interaction between Group and Semantic Context
(Wald #2(2) = 5.99, p =.050), which was due to the the comparison between left and right
PFC patients reflecting a larger semantic interference effect for the left than the right PFC
patients (fraw = —2.44 x 1071, CI=[-4.40 x 1071 -4.84 x 1072], SE= 9.98 x 1072, Wald =
—2.45, p =.015: Left PFC patients: HOM mean error rate = 22%, o = 9%; HET mean error
rate = 8%, o = 5%, Right PFC patients: HOM mean error rate = 12%, o = 4%; HET mean
error rate = 9%, o = 7%; Controls: HOM: mean error rate = 8%, o = 5%; HET: mean error
rate = 5%, o = 3%). There was no difference in the size of the semantic interference effect
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between controls and right PFC patients (5 qy = 7.68 x 1072, Cl=[-1.02 x 1071 2.56 x
1071], SE=9.12 x 1072, Wald z=0.84, p =.400). There was no interaction between Group
and Stimulus Position nor any other significant effects in the other comparisons under
analysis (statistical details in Table S2).

3.2. Simon task

3.2.1. Reaction times—There was a main effect of compatibility at trial n (Wald #2(1) =
39.31, p <.001): Participants were faster on compatible trials than on incompatible trials
(Braw=—2.15 x 1072, CI=[-2.83 x 1072 -1.48 x 1072], SE= 3.44 x 1073, t=—-6.27: mean RT
for incompatible trials = 784 ms, o = 116 ms; mean RT for compatible trials = 767 ms, o =
112 ms), thus revealing a within-trial Simon effect. There was also an interaction between
compatibility at trial n and compatibility at the preceding trial (i.e., trial n-1) (Wald #2(1) =
28.62, p <.001): the Simon effect at trial n was larger if trial n-1 was compatible than if trial
n-1 was incompatible (£ ay = 2.20 x 1072, Cl=[1.39 x 1072 3.00 x 1072], SE= 4.11x 1073,
t=5.35), thus revealing a Gratton effect (Table 3 and Figure 4A). There was no main effect
of Group but, critically, there was a triple interaction between Group, Compatibility at trial n
and Compatibility at trial n-1 (Wald #2(2) = 5.83, p =.054), which was due to the
comparison between left and right PFC patients (fay = 1.41 x 1072, CI=[1.80 x 1073 2.64
x 1072], SE= 6.28x 1073, t=2.25). This interaction can be explained by the observation that
right PFC patients showed an abnormal Gratton effect compared to left PFC patients. As can
be seen on Figure 4A, left PFC patients and controls exhibited a Gratton effect for both
compatible and incompatible trials, whereas right PFC patients exhibited a Gratton effect for
only incompatible trials (Table 3). There was no triple interaction in the comparison
between the Gratton effect in controls vs. left PFC patients (5ay = 1.34 x 1073, CI=[-8.64
x 1073 1.13 x 1072], SE=5.09% 1073, t=0.26).

Finally, there was a significant triple interaction between Compatibility at trial n, Group, and
Stimulus Position (Wald #2(2) = 8.70, p =.013), which was due to the comparison between
left and right PFC patients (5 ay = 1.17 x 1072, CI=[3.03 x 1073 2.03 x 1072], SE= 4.42x
1073, t=2.65): the within trial Simon effect was more pronounced when the stimulus was
presented contra-laterally to the lesion side (Figure S2 and Table 2). We note there was no
significant interaction between Group and Stimulus Position. The averages across subjects
seemed to indicate a similar trend as in the Naming task especially in right PFC patients:
slower RTs to stimuli presented contralateral to the lesion side (Figure 3B) but the absence
of overall interaction was probably due to the absence of the effect of Stimulus Position in
left PFC patients.

In order to better understand the abnormal Gratton effect in right PFC patients, we
conducted an additional analysis on compatible trials alone as it was on these trials that
performance was different in right PFC patients than in the other groups. We tested whether
the repetition of stimulus features (color and position) had a different effect depending on
the group by running an additional mixed-effect model with picture name and subject (and
its interaction with Repetition of Stimulus Features) as random effects and Group,
Repetition of Stimulus Features, and their interaction as fixed effects. There was a main
effect of the repetition of stimulus features (Wald 72(1) = 26.40, p <.001), where participants
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were faster to respond when the features repeated vs. alternated from one stimulus onto the
next (Saw = 1.70 x 1072, CI=[8.47x 1073 25.62x 1073], SE= 4.375x 1073, {[26.070]=3.897,
p < .001). Critically, there was an interaction between Group and the repetition of stimulus
features (Wald #2(2) = 8.48, p =.014), which was visible mainly in the comparison between
left and right PFC patients (5 qy = 1.19 x 1072, Cl=[5.70x 1073 31.89x 1073], SE= 6.68x
1073, t=2.81). The effect was smaller in the comparison between controls and left PFC
patients (5 aw = 1.07 x 1072, CI=[0.09x 1073 21.28x 1073], SE= 5.404x 1073, t=1.978). We
then computed post-hoc paired t-tests to test for an effect of the repetition of stimulus
features per group: In controls, there was an expected benefit on performance when the
stimulus at trial n shared the same features as the stimulus at trial n-1: RTs were faster for
repetitions (mean RT = 711 ms, o = 106 ms) than for alternations of stimulus features (mean
RT =754 ms, 0 = 113 ms; t(13) = 6.69, bonferroni-corrected p-value < .001). This was also
the case in left PFC patients (t(6) = 4.26, bonferroni-corrected p-value = .016; mean RT in
repetitions = 747 ms, o = 135 ms; mean RT in alternations = 789 ms, o = 144 ms) but not in
right PFC patients (t(5) < 1; mean RT in repetitions = 799 ms, ¢ = 113 ms; mean RT in
alternations = 793, o = 78 ms) (Figure 5 A).

3.2.2. Accuracy rates—Error rates in the Simon task were overall relatively low and the
effects we reported on reaction times were not observed on accuracy rates (see Table 2 and
S4).

The analysis of deviance table only revealed an interaction between Compatibility at trial n
and Stimulus position (Wald 72(1) = 7.69, p =.006). However, the /3 4, Was small and the
confidence intervals crossed zero indicating this effect was very small (4, = —0.09, Cl=[-.
21 0.04], SE=0.06, z=-1.36, p=.174). There was no interaction between Compatibility at
trial n-1 and at trial n, no effect of Group nor any interaction between Group and any of the
other factors under analysis (see Table S4 for statistical details).

When compatible trials were analyzed separately, there was no main effect of the repetition
of stimulus features on accuracy rates (Wald #2(1) = 1.09, p =.297), indicating participants
were not more accurate when the features repeated vs. alternated from one stimulus to the
next (fraw = —0.17, Cl=[-.46 .12], SE= 0.15, z=-1.135, p =.257). There also was no
interaction between Group and the repetition of stimulus features (Wald 2(2) = .49, p =.783,
both ts < 1 in the output of the mixed effect model, Figure 5B).

4. Discussion

We observed a double dissociation between left and right PFC patients using two different
measures of proactive control. Left PFC patients were selectively impaired on the Naming
task, and also showed an increased semantic interference effect compared to both right PFC
patients and aged-matched controls. Conversely, right PFC patients were selectively
impaired on the Simon task; for compatible trials, they did not show any benefit of the
repetition of stimulus features in comparison to both left PFC patients and aged-matched
controls. Thus, our results suggest the left and right PFC play differential roles in the
anticipatory regulation of action.
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Role of the left PFC in overcoming interference from previous trials

Our results replicate the observations made by Schnur et al. (2006) using a similar paradigm:
left PFC patients showed a greater semantic interference effect compared to aged-matched
controls on error rates. Our results also extend previous studies by comparing the
performance of left PFC patients to that of right PFC patients on the same task. \We show
that the increased semantic interference effect was specifically observed in left vs. right PFC
patients. Thus, the left but not the right PFC seems to play a central role in overcoming
interference caused by semantically-related representations. Similarly, the left but not the
right inferior frontal gyrus (IFG) has been described as playing a central role in overcoming
proactive interference in working memory tasks (for a review see Jonides and Nee, 2006). A
question that can be raised is whether or not the specific involvement of the left vs. the right
IFG is linked to the linguistic nature of the stimuli. Jonides and Nee (2006) report a mixed
conclusion as some studies show a greater involvement of the left inferior cortex in
overcoming proactive interference caused by linguistic versus non-linguistic stimuli (e.g.,
Mecklinger et al., 2003), but others fail to report such differences (Brandon et al., 2003, see
also Brandon et al., 2004). Interestingly, none of the reviewed studies reported a greater
involvement of the right vs. left IFG when stimuli were non-linguistic and at best,
activations were bilateral.

In the present study, we used both a linguistic and a non-linguistic task to assess proactive
control. The Gratton effect observed in the Simon task provides two measures of proactive
control. Below, we focus on the facilitatory aspect, whereby performance is better for a
compatible trial n if it follows a compatible trial n-1 than if it follows an incompatible trial
n-1. However, previous brain imaging studies have mainly focused on another aspect of the
Gratton effect - the strengthening of proactive control which occurs after an incompatible
trial n-1 and leads to a reduction of the compatibility effect at trial n. These studies have
shown that the medial frontal cortex, and especially the anterior cingulate cortex (ACC) and
SMA, and not the left PFC, mediates an increase in proactive control following incompatible
trials (e.g., Botvinick et al., 1999; Dosenbach et al., 2006; Kerns et al., 2004, Kerns, 2006,
Horga et al.; 2011; Nachev et al., 2005). This region was intact in the population we tested
and accordingly, all groups showed a benefit on performance in incompatible trials n when
trial n-1 was incompatible. Thus, it appears that the type of proactive control that is up-
regulated after an incompatible trial in the Simon task is of a different nature than that tested
using working memory tasks (as reviewed by Jonides and Nee, 2006) or language
production tasks manipulating semantic interference (e.g. the blocked cyclic picture naming
paradigm used here and for example in Schnur et al., 2006, 2009). We argue that a
dissociation of these two types of proactive control mechanisms may be due to differences
in the level of interference in the two tasks used here. Indeed, according to the classification
of compatibility effects by Kornblum et al.,(1990), interference in the Simon task occurs at
the level of responses: the irrelevant stimulus dimension (i.e., the position of the stimulus)
can directly activate the inappropriate response and there will then be a competition between
the correct rule-based response and the incorrect response. In contrast, in the picture naming
task the interference is more likely to occur at the level of the stimuli as it is due to prior
knowledge linked to the organization of our semantic representations. Such an interpretation
is supported by fMRI evidence directly contrasting these two types of conflict using the
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Stroop task (Milham et al., 2001), which suggests that the ACC and right PFC are associated
with situations of response conflict whereas the left PFC is associated with situations of
conflict at non-response levels. Our results are in agreement with such a distinction and
further provide evidence for a causal role of the left PFC in the resolution of proactive
interference at the level of abstract memory representations.

Role of the right PFC in facilitatory aspects of anticipatory regulations of action

Our results revealed a novel finding in the field of proactive control: right PFC patients had
an abnormal Gratton effect in the Simon task. This was caused by an abnormal pattern on
compatible trials: in these trials, right PFC patients did not show a benefit of having just
performed a compatible trial whereas left PFC patients and aged-matched controls did. More
particularly, right PFC patients did not benefit from the serial repetition of trial features (i.e.,
position and color) whereas the other groups did.

As reviewed in the introduction, the role of the right PFC, and right inferior frontal cortex in
particular, in cognitive control has been linked mainly to response inhibition using tasks in
which participants have to stop a prepotent response as the stop-signal paradigm (Aron et
al., 2003 and Aron, 2011 for a review), or modify a current motor plan in target reaching
tasks (e.g., Mutha et al., 2014; Schaefer et al., 2012). Although it could be argued the
compatibility effect in the Simon task may be due to an increased need for inhibition of the
incorrect response, right PFC patients in our study did not show an abnormal behavior
following incompatible trials. This result seems at odds with the neuropsychological results
reported in Aron et al. (2003). This may be due to 2 main differences between Aron et al.’s
(2003) study and ours. First, the task we used is different. Aron et al. (2003) used a stop-
signal task in which participants have to stop an already programed response. The nature of
inhibitory control could be different and the need for inhibitory control may be stronger in
this task compared to ours. This is suggested by a study using repetitive transcranial
magnetic stimulation (rTMS, Chambers et al., 2007) and combining a Flanker task with a
stop-signal task. The results show altered inhibitory control only for conditions of high-
response competition: After rTMS of the right IFG, stop-signal inhibition was impaired only
for incompatible trials. However, on go-trials the compatibility effect was not significantly
increased after rTMS of the right IFG. The second reason may be linked to lesion location.
In our study, the right PFC patients’ lesions overlapped maximally in the middle frontal
gyrus (MFG) and not in the IFG, which was interpreted as the critical region for response
inhibition in Aron et al. (2003, but see Kramer et al., 2013). Thus, it is possible that different
regions of the right PFC may be involved in different aspects of proactive control.
Supporting evidence for distinct proactive control mechanisms within the lateral PFC comes
from the dissociation that has been made between DLPFC and inferior ventrolateral PFC. As
mentioned in the introduction, bilateral DLPFC has been shown to play an important role in
maintaining task-sets (Miller and Cohen, 2001; Sakai, 2008). The maintenance of such task-
sets helps reduce possible interference from previous items but also facilitates the processing
of repeating trial features. Indeed, our data suggests the right PFC is necessary for another
type of proactive control which facilitates the reiteration of an action when trial features are
identical from one trial to the next.
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Evidence for a preponderant role of the right over the left PFC in the maintenance of goal
directed actions comes from clinical observations of motor impersistence which is described
as an impairment in sustaining actions (Heilman, 2004) that are dependent on directed
attention (Kertesz et al., 1985). This symptom is part of a class of disorders referred to as
motor intentional disorders (Heilman, 1991) and is generally observed acutely after right
hemisphere damage (Kertesz et al., 1985). Patients with frontal or subcortical lesions have
been found to be significantly more likely to have motor impersistence than patients with
posterior lesions (Kim et al., 2013). The role of the right hemisphere in general has been
framed in the context of the intentional dominance theory as mediating the preparation for
initiation of goal-oriented actions (Heilman et al., 1985). Though generally not presented in
the literature as a form of proactive control, the preparation for initiation of goal-oriented
actions seems to fit perfectly well in the context of the anticipatory regulation of action.
Though the patients we tested were not acute, their failure to benefit from stimulus feature
repetition may be evidence for a lasting more subtle deficit in the ability to maintain goal
directed actions. Our results are in agreement with the idea that the right PFC plays a major
role in sustaining goal-directed actions from one trial to the next and further suggest deficits
in this function following right PFC damage persist chronically. This interpretation is
supported by both neuropsychological (Eslinger et al., 1999) and transcranial magnetic
stimulation evidence (Neubert et al., 2010). Thus, there is a converging body of evidence
supporting our interpretation of the causal role of the right PFC in facilitatory repetition-
driven aspects of the anticipatory regulation of action.

Conclusion

In sum, our results shed light on the differential roles played by the left and right PFC in
proactive control. The left PFC is associated with overcoming stimulus-based proactive
interference whereas the right PFC is associated with maintaining goal-directed actions and
facilitatory repetition-driven aspects of proactive control. The prefrontal dependent
hemispheric dissociation we observed is in agreement with a preponderant role of the left
inferior frontal cortex in overcoming proactive interference from competing memory
representations and provides evidence that the right PFC has a specific role in sustaining
goal-directed actions.
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Figure 1.
Lesion overlapping of the 7 left (top) and 6 right (middle) PFC patients included in the

analyses. Left PFC patients’ lesions are centered in both the inferior frontal gyrus and the
middle frontal gyrus. Right PFC patients’ lesions are centered in the middle frontal gyrus.
The color bar shows the regions with least (pink) to maximum (red) overlap in the patients
within each group: Areas colored in pink were damaged in only 1 of the patients, whereas
areas colored in red were damaged in all patients whose lesion reconstructions were added
in the overlaps.
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Semantic context effect

Mean reaction times
A1 Aged-matched controls A2 Right PFC patients A3 Left PFC patients

Error Rates
B1 Aged-matched controls B2 Right PFC patients B3 Left PFC patients

Figure 2.

Semantic context effect in the Naming task on reaction times (Al to A3) and error rates (B1
to B3) for aged-matched controls (Al and B1), right PFC patients (A2 and B2), and left PFC
patients (A3 and B3). Values for homogeneous blocks (HOM) are depicted by the solid lines
and values for heterogeneous blocks (HET) are depicted by the dotted lines. Mean values for
repetitions 2 to 6 are presented. Standard deviations are represented by the horizontal lines

(only positive values are presented for the homogeneous condition and only negative values

are presented for the heterogeneous condition for visual clarity).
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Lesion effect on reaction times per task
A Naming task B Simon task
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Figure 3.
Lesion effect on reaction times per task (A: Naming task, B: Simon task). Light gray bars

are for left presented stimuli and dark gray bars are for right presented stimuli. Standard
deviations are represented by the horizontal lines.
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Simon task: Gratton effect
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Figure 4.

Gratton effect in the Simon task on reaction times (A) and error rates (B) per participant
group. The compatibility at trial n is coded by the color of the bars: Mean values for
compatible trials n are depicted by the solid lines and mean values for the incompatible trials
are coded by the dotted lines. Compatibility at trial n-1 is represented on the x-axis and
mean RT and mean error rates are represented on the y-axis. Standard deviations are
represented by the horizontal lines (only positive values are presented for the incompatible
condition and only negative values are presented for the compatible condition for visual
clarity).
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Effect of the repetition vs. alternation
of stimulus features in compatible trials of the Simon task
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Figure 5.
Effect of the repetition vs. alternation of stimulus features in compatible trials of the Simon

task on mean reaction times (A) and mean error rates (B) for aged-matched controls, right
PFC patients and left PFC patients. Black bars indicate values for trials in which there is a
complete alternation of stimulus features in comparison to the preceding trial and gray bars
indicate values for trials in which there is a complete repetition of stimulus features in
comparison to the preceding trial.
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