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Abstract We conducted an event-related potential (ERP)
study to investigate the electrocortical dynamics of atten-
tional feature-based processing in the Stroop matching
task. Participants in the study (n = 37) compared the ink
color of a colored word with the meaning of a color—word
in white ink. The two task stimuli were presented simul-
taneously or with SOAs (Stimulus Onset Asynchrony) of
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400 and 1,200 ms. The Stroop matching effect was maxi-
mal during SOA-0, was reduced at SOA-400, and was
inverted at SOA-1200. We focused the ERP analysis on the
N1 component. Paralleling the behavioral results, the N1
amplitude was greater for congruent stimuli than incon-
gruent stimuli during SOA-0. This difference was attenu-
ated at SOA-400, and at SOA-1200, an inverse pattern was
observed. The results provide evidence that early selection
processing participated in the Stroop matching task phe-
nomenon and also suggest that the temporal modulation of
early attention is a function of task characteristics such as
SOA.

Keywords Stroop - ERP - Feature attention - Matching
task
Introduction

Selecting relevant aspects of the visual scene when facing
multiple, conflicting stimuli features is required for the
complex visual environment in which we live. The Stroop
effect describes the increased time to respond to a target
feature in the presence of one or more incongruent but
irrelevant features. In the traditional Stroop task (Stroop
1935), a pronounced delay occurs when a word such as
BLUE appears in a different ink color (e.g., red), and
participants are asked to name the color while ignoring the
word. There are many variations of the original Stroop
task. In this study, we focused on the so-called Stroop
matching task, in which congruent or incongruent Stroop
stimuli were presented with either a colored patch, a
sequence of colored “X”s, or another color—-word printed
in neutral ink (Durgin 2003; Goldfarb and Henik 2006; Luo
1999; Mascolo and Hirtle 1990; Simon and Berbaum 1988;
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Treisman and Fearnley 1969; Zysset et al. 2001). Volun-
teers compared the relevant features of both stimuli and
indicated whether the stimuli matched or not.

The work of Treisman and Fearnley (1969) initiated the
Stroop matching task discussion and contributed to some
theoretical aspects related to Stroop-like interference.
Treisman and Fearnley (1969) asked the participants to
match the color or the word of the Stroop stimulus with a
color—word in black or with a sequence of colored “X”s.
The participants found that it was more difficult to perform
between-feature matching (color-word or word—color
comparisons) than within-feature matching (word—word or
color—color comparison) when incongruent colored words
were used. Such pattern of results, i.e., longer response
times for incongruent Stroop stimuli than congruent Stroop
stimuli (a congruency effect), especially for between-fea-
tures comparisons, has been used by some to support a
translational account of Stroop interference (Glaser and
Glaser 1989; Virzi and Egeth 1985). The translational
theory states that interference occurs when a response
requires translation between the internal code of the rele-
vant attribute to another code according to the response
(e.g., during color—word or word—color comparisons).
After the classic work of Treisman and Fearnley (1969),
several studies have explored the Stroop matching task
using different approaches. Typically, these studies also
observed the congruency effect especially for between-
feature comparisons (e.g., Luo 1999; Simon and Baker
1995; Sugg and McDonald 1994).

Some Stroop matching task studies have examined the
congruency effect along a time-course, by varying the
Stimulus Onset Asynchrony (SOA) between the two
stimuli (Flowers 1975; Machado-Pinheiro et al. 2010; Sugg
and McDonald 1994). In those studies, the congruency
effect in between-feature comparisons was significantly
reduced with increasing SOAs. A similar decrease in the
congruency effect with relation to SOAs has been observed
in other Stroop-like tasks, such as when using oral
responses and presenting the distracter word (in a neutral
ink) prior to the relevant ink and varying the SOA (e.g.,
Dyer 1971; Glaser and Glaser 1982). These findings sug-
gest that the activation pattern, related to the Stroop effect
network, is sensitive to the temporal relationship between
stimuli. Furthermore, this temporal component of the
Stroop effect has been recently observed in an event-rela-
ted potential (ERP) study (Appelbaum et al. 2009),
revealing the SOA manipulation as a useful tool to mod-
ulate Stroop-like interference ERP effects.

Based on behavioral Stroop matching tasks findings, it
was postulated that semantics, more than response com-
petition, played a larger role in Stroop-like interferences
(Luo 1999). The hypothesis of null-response conflict in
Stroop matching tasks has been reinforced by fMRI studies

@ Springer

that did not find anterior cingulate cortex (ACC) activation
for the Stroop matching task (Mitchell 2006; Zysset et al.
2001). These results have led to the supposition that the
Stroop matching task has some particular characteristics
that make it distinct from other Stroop-like tasks. The ACC
activation has been consistently related to response-conflict
monitoring (Botvinick et al. 1999, 2001) or response-
related aspects of attention selection (Liu et al. 2006;
Milham and Banich 2005; Silton et al. 2010) with other
Stroop-like tasks.

In addition to fMRI studies, other Stroop-like projects
have applied the ERP technique. Two principle, late inter-
ference-related response components have been consis-
tently indentified: the N450 and the late positive complex
(LPC) (Atkinson et al. 2003; Liotti et al. 2000; Markela-
Lerenc et al. 2004; Rebai et al. 1997; West and Alain 1999).
The N450 has been considered a reflection of the detection
and/or resolution of response conflict, and it has been
related to ACC activity (Hanslmayr et al. 2008; Liotti et al.
2000; West et al. 2004). The LPC has been associated with
late semantic processing (Liotti et al. 2000). The congru-
ency effect is scarce among sensory ERP components (Ilan
and Polich 1999), which suggests that the Stroop interfer-
ence occurs exclusively at later stages during response
selection, rather than sensory input processing. Alterna-
tively, fMRI studies have also considered the involvement
of early feature attentional processing (Polk et al. 2008).

Recently, Goldfarb and Henik (2006) have conducted a
more profound analysis of the Stroop matching task by
using a between-feature matching strategy (word—color
matching). They compared the reaction times (RTs) in
response to five different combinations of congruent and
incongruent conditions: two conditions were for the
“same” and three were for “different” responses [see
Goldfarb and Henik (2006) for details]. They found that
“same” and “different” responses differed in relation to
the congruency effect that was observed: there were shorter
RTs for incongruent stimuli than congruent stimuli for the
“different” condition. According to their interpretation,
participants erroneously make an irrelevant match between
the relevant and irrelevant attributes of the Stroop stimulus,
and this error interferes in response selection. Thus, con-
gruent and incongruent Stroop stimuli would generate a
tendency to respond to “same” and “different”, respec-
tively. Conflict would occur when the Stroop stimulus is
congruent but the correct response is “different” and vice
versa (Stroop stimulus is incongruent, and correct response
is “same”). The authors suggested a reevaluation of the
previous theory that considered semantic competition as
the major source of conflict in the Stroop matching task.

The irrelevant matching reported by Goldfarb and Henik
(2006) could be an essential step for triggering conflict in
subsequent levels of processing such as decision-making
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and response selection. Irrelevant feature integration during
matching is a plausible explanation for irrelevant matching
because the irrelevant attribute of the Stroop stimulus is in
the same feature domain as the relevant stimulus. For
instance, to make a word—color matching decision for the
word from the Stroop stimulus with the color of a colored
patch, participants must ignore the color of the Stroop
stimulus, which is in the same feature domain as the target
color. Additionally, the irrelevant color has the advantage
of being placed in the same location as the word to be
matched, while the relevant color patch is less favored by
spatial attention. In other words, it must be difficult to
ignore an attribute which is being favored by spatial
attention and that is in the same feature domain of another
stimulus used as target.

The inability to pay attention to exclusively task-rele-
vant features, while ignoring a competing task-irrelevant
feature could be the reason why participants mistakenly
performed an irrelevant feature match during the task.
Previous research using event-related potentials, which
provide a high temporal resolution of cortical function, has
suggested that early ERP components such as P1/N1 are
sensitive to spatial and feature-based selective attention
(Hillyard and Munte 1984; Mangun 1995; Zhang and Luck
2009). Specifically, the pattern of more negative N1/P2
amplitudes during the nonspatial selection of stimulus
features (e.g., color, shape, motion) has been referred to as
“selection negativity” or SN, which has an onset latency
between 140 and 180 ms poststimulus (Anllo-Vento and
Hillyard 1996; Anllo-Vento et al. 1998). This wave likely
reflects the electrophysiological correlate of the way a
particular feature is selectively processed according to its
task relevance. The source of the wave is probably located
in the extrastriate cortex (Schoenfeld et al. 2007).

There have been reports that SN amplitude increases as
a function of the number of attended features (Keil and
Muller 2010; Smid et al. 1999). For instance, Keil and
Muller (2010) observed a greater difference wave in the
traditional SN window (160-220) when the selection of a
stimulus feature (e.g., size) was accompanied by another
attended target feature (e.g., color), compared to selection
of a feature in otherwise unattended stimuli (e.g., size
selection when the color of the object is unattended). The
role of SN on perceptual decisions based on the conjunc-
tion of cross-dimensional stimulus features, such as color
and shape, has been previously investigated with a go/no-
go Stroop-like task (Kopp et al. 2007). Kopp et al. (2007)
used a visual target identification task, in which subjects
identified target-compatible features in color and shape
domains. They observed higher SN amplitude when the
stimuli that elicited a no-go response shared a feature
characteristic (in color or shape domain) with the stimuli
that elicited a go-response.

In the present work, we tested the hypothesis that the to-
be-ignored feature of the Stroop stimulus is perceptually
processed, thus interfering in the between-feature matching
task. Along these lines, we predicted that a modulation in
earlier segments of the ERP occurs, especially by feature-
based attention to stimuli during congruent and incongruent
conditions. That Stroop-like interference may not exclu-
sively occur at stages of response selection (Hanslmayr
et al. 2008), but also during sensory processing, could
indicate serious implications for the established postulation.
Moreover, we manipulated the SOA between stimuli to
investigate whether the attenuation of the congruency effect
with increasing SOA, which was previously observed in
behavioral Stroop matching task studies, was also related to
variations in ERP visual components.

Methods
Participants

Data were collected from 37 (age: 21 £ 1.23; 7 male)
graduate psychology students at the University of Granada.
All participants were right-handed and had normal or
corrected-to-normal vision. They were naive to the goals of
the experiment. All procedures were approved by the local
ethics committee, and written informed consent was
obtained from the participants prior the study.

Stimuli and task

The stimuli were a colored word in congruent or incon-
gruent color ink (Stroop stimulus) and a color—word in
white ink (Fig. 1). We have chosen to use a color—word
matching task (i.e., compare the color of the Stroop stim-
ulus with a color-word in neutral ink) instead of a word—
color matching task (i.e., compare the word from the
Stroop stimulus with a colored patch) to test the irrelevant
matching hypothesis. Although Goldfarb and Henik (2006)
used the word—color matching task, this form of the task
makes it difficult to obtain satisfactory physical control,
because it is hard to equalize color distribution across
conditions. As physical control is important to the early
ERP components on which we were focusing, we chose to
use a color-word comparison, which also required
between-feature matching. To make a comparison between
the color of the Stroop stimulus and the color-word in
neutral ink, subjects must ignore the word presented in the
Stroop stimulus, which is also a color-word. Many other
Stroop matching task studies have also used the color—word
comparison (Dyer 1973; Mitchell 2006; Simon and Baker
1995; Treisman and Fearnley 1969; Zysset et al. 2001).
Although we recognize that this strategy limits comparison
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Fig. 1 Sequence of events and
duration of stimuli. The first
stimulus (S1) was a color—word
(YELLOW, BLUE, or RED) in
a congruent or incongruent
color ink. The second stimulus
(S2) was a color—word in white
ink. Subjects would press a key
only if S1 and S2 matched (Go).
Only Go conditions [Go/
incongruent (1) and Go/
congruent (2)] were analyzed,
and they represented 80% of
total trials. No-go/congruent (3),
No-go/incongruent-unrelated
(4), and No-go/incongruent-
related (5) represented 20% of
total trials. “Related” and
“unrelated” refer to the
relationship between the color—
word of the Stroop stimulus
(S1) and the color-word of S2.

300 ms

TIME

500 -700 ms

YELLOW
S1 congruent GO o (2)

80%

YELLOW

Until Response

YELLOW
o

S1+S2

1500 ms

YELLOW 2500 ms
° (3)
BLUE

NO-GO
20%

S1incongruent

S1 and S2 stimuli could be
presented simultaneously or
with a 400 or 1,200 ms SOA

between our study and Goldfarb and Henik (2006) study, it
still allows us to test the irrelevant matching hypothesis.
The two stimuli were presented simultaneously or with
an SOA of 400 or 1,200 ms between them. Each trial began
with a blank screen (300 ms) followed by the appearance
of an empty circle used as a fixation point. In SOA-400 and
SOA-1200 conditions, after approximately 500-700 ms
from fixation onset, the first stimulus (S1) was presented
1.5° above fixation. S1 was a color-word (YELLOW, RED
or BLUE), printed in yellow, red, or blue ink (Fig. 1,
stimuli above fixation). After an interval of 400 or
1,200 ms from S1 onset, the second stimulus (S2) was
presented 1.5° below fixation, and it was a color—word
printed in white ink (Fig. 1, stimuli below fixation). Both
S1 and S2 remained on the screen until a manual response
occurred. In the SOA-0 condition, S1 and S2 were pre-
sented simultaneously after fixation point onset. Each letter
composing the words measured 0.9° x 0.9° of the visual
angle. Once both stimuli were presented on the screen (for
all SOAs), participants were asked to compare the color ink
of S1 to the word of S2 and to press a key if they were the
same. If they did not match, no response was required (go/
no-go task). Go-trials occurred in 80% and no-go trials in
20% of the trials. This design was chosen instead of a
choice response design with “same” and “different”
responses in order to reduce the number of conditions that
had to be analyzed, permitting a larger number of trials per
condition and therefore improving the signal-to-noise ratio.
However, despite the absence of an overt response, the
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“different” condition occurred in 20% of our trials because
it was important to minimize anticipatory behavior by the
participants. Response times were not analyzed for “dif-
ferent” judgments. In addition, congruent and incongruent
conditions in the “same” and “different” trials were not
grouped together to avoid misunderstandings in interpret-
ing the results (Goldfarb and Henik 2006). We compared
two distinct conditions with an error analysis for Go trials:
Go/congruent and Go/incongruent; and three conditions for
No-go trials: No-go/congruent, No-go/incongruent-unre-
lated, and No-go/incongruent-related (see Fig. 1). The
experimental session had 6 blocks of 90 trials each (sev-
enty-two Go trials and eighteen No-go trials) with 1 or
2 min of rest between blocks. Half of the Go trials were
congruent, and half were incongruent. Therefore, there
were 36 Go/congruent conditions and 36 Go/incongruent
conditions per block (12 for each SOA). There were 6 No-
go/congruent, 6 No-go/incongruent-related, and 6 No-go/
incongruent-unrelated conditions per block that were
equally distributed among the SOAs. The presentation of
conditions for each block was randomized, and block order
was counterbalanced between subjects. Each trial began
after an inter-trial interval (ITI) of 2,500 ms. Anticipatory
(RT shorter than 100 ms), slow (RT greater than
1,500 ms), and incorrect key-press responses were con-
sidered errors and were excluded from further behavioral
and ERP analyses. The experiment was conducted in a
sound-attenuated room under dim ambient light. Partici-
pants sat in front of an LCD monitor with their head
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positioned by means of a chin rest approximately 57 cm
from the display. A microcomputer running E-Prime v1.2
(Psychological Software Tools, Inc.) timed the presentation
of the stimuli, delivered trigger codes, and recorded key
presses.

Behavioral analysis

We conducted a congruency (Go/congruent and Go/
incongruent) X SOA (0, 400 and 1,200 ms) two-way
repeated-measures ANOVA on the correct RT data. Two
separate error rate ANOVAs were performed for Go and
No-go trials. For Go-trials, we performed a two-way
repeated measured ANOVA with Error type (anticipation
and slow responses) x congruency (Go/congruent and Go/
incongruent) as factors. For No-go trials, we performed a
one-way repeated measures ANOVA with congruency
(No-go/congruent, No-go/incongruent-related, and No-go/
incongruent-unrelated) as a single factor.

Electrophysiological recording and analysis

We recorded electroencephalogram (EEG) using an Asa-
lab (Advanced Neuro Technologies) recording system with
thirty-two (Ag/AgCl) electrodes embedded in a cap in the
following electrode sites from the 10-20 system: FPz, FP1,
FP2, Fz, F7, F3, F4, F8, FC5, FC1, FC2, FC6, Cz, C3, C4,
T7, T8, CP5, CP1, CP2, CP6, Pz, P3, P7, P4, P8, POz, Oz,
Ol1, 02, M1, and M2. Additionally, two electrodes were
placed on the outer canthi to detect horizontal eye move-
ment. All electrodes were referenced to Cz during the
recording session and then referenced again offline to the
average reference. The sample rate was 1,024 Hz during
data acquisition, and the data were resampled at 256 Hz for
analysis. Impedance was kept below 10 kQ for all elec-
trodes. The data were filtered offline using 0.3 Hz high-
pass and 70 Hz low-pass digital filters. Offline analysis of
the data, including the removal of eye movement artifacts,
was performed using the EEGLAB v5.03 toolbox (Delor-
me and Makeig 2004) with Matlab v7.0 (Math-works,
Natick, MA). The data were epoched from 100 ms pre-S1
onset to 1,200 ms post-S2 onset. Thus, the epochs had a
distinct length according to SOA conditions as follows:
SOA-0 (1,300 ms), SOA-400 (1,700 ms), and SOA-1200
(2,500 ms). For all SOA conditions, the baseline corre-
sponded to the 100 ms period preceding S1 onset. Epochs
containing voltage deviations larger than 100 puV relative
to baseline for any of the electrodes were rejected. Eye
movement artifacts were removed from the data using
Independent Component Analysis (Jung et al. 2000).
Separate averages were calculated for ERPs with
incongruent and congruent stimuli (for Go trials) in the
three SOAs. P1 and N1 components were measured for the

parietal-occipital electrodes (O1, O2, Oz, POz, P7, P3, Pz,
P4, P8), and their peak amplitudes were quantified in the
80-120 (Akyurek et al. 2010a, b) and 160-200 (Keil and
Muller 2010) time-windows after S2 onset.

A congruency (Go/congruent and Go/incongru-
ent) x Electrode (O1, 02, Oz, POz, P7, P3, Pz, P4, P8)
two-way repeated measures ANOVAs were conducted
separately for each SOA. When appropriate, a post hoc
analysis using the Newman—Keuls test was also performed,
and a Greenhouse—Geisser epsilon correction for non-
sphericity was applied to both the behavioral and the EEG
data. The alpha level adopted for statistical significance
was o = 0.05.

To further investigate a possible correspondence
between behavioral and N1 temporal modulations, we
computed the linear trend pattern obtained for behavioral
and ERP data as a function of SOA. Congruency effects
(delta = Go/incongruent minus Go/congruent) for behav-
ioral and ERP data were investigated through one-way
repeated measures ANOVAs with SOA (0, 400, 1,200 ms)
as factor. For ERP data, this repeated measures one-factor
ANOVA was computed for each parietal-occipital elec-
trode separately (O1, 02, Oz, POz, P7, P3, Pz, P4, P8). We
have focused our ERP analyses on the delta waves because
in the present experimental design, at SOA-400, the ERPs
for successive stimuli overlap with differing amounts of
distortion related to SOA-0 and SOA-1200. Although there
are other methods for deconvolving differential overlap in
the ERP waveforms (Woldorff 1993), the approach used in
the current study was designed to restrict direct compari-
sons between SOAs to the delta congruency as proposed by
Appelbaum et al. (2009). An equivalent amount of overlap
was present for the incongruent and congruent trials within
a given SOA. Therefore, evaluating the difference wave
has been demonstrated to be an effective approach in these
instances (Appelbaum et al. 2009).

To take advantage of the topographical information in
the ERP signal and to relate behavioral and electrocortical
linear trend patterns along SOAs, we performed additional
analysis on significant ANOVA results with correlation
maps (Keil et al. 2008). The ERP data and RTs were
combined across SOAs to form a linear trend index for
each participant. Specifically, RT differences (Go/incon-
gruent minus Go/congruent) were treated as follows:
LINEAR TREND INDEX = [RTdiff (SOA-0) — RTdiff
(SOA-400)] + [RTdiff (SOA-400) — RTdiff (SOA-
1200)]. This index becomes larger if participants show a
maximum RT increase for incongruent Stroop displays
during SOA-0 trials and show a linear decrease in the
congruency effect (see Fig. 3 for a better view of the linear
pattern). The same logic was applied to ERP differences in
the SN window, resulting in a measure of linear amplitude
reduction in the difference wave (incongruent minus
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congruent) across SOAs. Pearson correlations between
both linear indices were calculated and plotted on the scalp
(see Fig. 4 for a better view of the scalp correlation plot).

Results
Behavioral data
Error analysis

The overall mean percentage of errors was 2.27% (453
errors in 19,980 trials): 114 errors in Go-trials and 339
errors in No-go trials. The ANOVA for Go-trials revealed a
main effect of Error type [F(1, 36) = 16,09, P < 0.001;
& = 1.00] and congruency [F(1, 36) = 23.62, P < 0.001;
¢ = 1.00] as well as for the interaction between these
factors [F(1, 36) = 14.48, P < 0.01; ¢ = 1.00]. Post hoc
analysis revealed that slow responses were more frequent
in the Go/incongruent trials (89 errors in 15,984 trials;
0.56%) than in the Go/congruent trials (19 errors; 0.12%;
P < 0.001). The analysis of anticipated trials showed that
the difference between Go/congruent (0.01%) and Go/
incongruent (0.04%) conditions was not significant
(P = 0.262). For No-go trials, a significant effect was
found for condition [F(1, 52) =15, 35, P <0.001;
¢ = 0.72]. Post hoc analysis revealed that participants
committed more errors in No-go/congruent trials (169
errors in 3,996 trials- 4.23%) than in No-go/incongruent-
unrelated (70 errors—1.75%) and No-go/incongruent-
related (100 errors—2.50%) trials (P < 0.001 for both
comparisons). There was no difference between the two
incongruent No-go conditions (P = 0.106). Thus, error
analyses indicated that the incongruent trials elicited more
errors during Go responses, while the opposite pattern was
observed for the No-go trials (No-go/congruent condition
elicited more errors).

Reaction time analysis

The ANOVA for response time showed that congruency
and SOA were significant sources of variance, [F(1, 36) =
166.85, P < 0.001; ¢ = 1.00] and [F(1, 49) = 1043.47,
P < 0.001; ¢ = 0.67], respectively. The interaction was
also significant [F(2, 66) = 264.82, P < 0.001; ¢ = 0.91].
RTs obtained for Go/congruent trials were shorter than
those obtained for Go/incongruent trials (500 vs. 574 ms).
Post hoc analysis showed that RTs also tended to decrease
as SOA increased (727 vs. 478 vs. 406 ms, respectively;
P < 0.001 for all comparisons). Go/incongruent and Go/
congruent conditions were significantly different at SOA-0
(831 vs. 624 ms, respectively); at SOA-400 (504 vs.
452 ms, respectively), and at SOA-1200 (389 vs. 424,
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respectively; P < 0.001 for all comparisons). Thus, the
interaction indicated that the strongest difference between
conditions was elicited at SOA-0. In addition, there was
attenuation at SOA-400, and an inversion of the congru-
ency effect occurred at SOA-1200, with the Go/congruent
condition eliciting greater responses.

Electrophysiological data

The P1 and N1 following the S2 stimuli were maximal at
the parieto—occipital scalp areas. The ANOVA of the P1
amplitude revealed a significant main effect for Electrode
at SOA-0 [F(4, 138) = 19.29, P < 0.001; ¢ = 0.48], SOA-
400 [F(4, 128) =542, P < 0.001; ¢ = 0.44], and SOA-
1200 [F(4, 130) = 24.70, P < 0.001; ¢ = 0.45]. There was
not a main effect for congruency at SOA-O [F(l,
36) = 0.05, P = 0.818; ¢ = 1.00], SOA-400 [F(1, 36) =
1.29, P = 0.26; ¢ = 1.00], or SOA-1200 [F (1, 36) = 0.35,
P = 0.56; ¢ = 1.00]. The interaction did not reach signif-
icance at SOA-0 [F(4, 151) = 0.55, P = 0.71; ¢ = 0.52]
and at SOA-400 [F(4, 150) = 1.86, P = 0.12; ¢ = 0.52].
The interaction was significant at SOA-1200 [F(4, 137) =
5.06, P <0.01; ¢ =047], and the post hoc analysis
revealed that the amplitude of Go/incongruent and Go/
congruent conditions differed at electrodes P4 and P7
(P < 0.001 for both).

The N1 component amplitude yielded a significant main
effect for the Electrode at SOA-0 [F(3, 105) = 17.85,
P <0.001; &=0.36], SOA-400 [F(3, 94)=6.13,
P <0.001; ¢ =0.33], and at SOA-1200 [F(3, 101) =
13.60, P < 0.001; & = 0.35] as well as a significant main
effect for congruency at SOA-0 [F(1, 36) = 6.27,
P <0.05; ¢=1.00] and SOA-1200 [F(1, 36) = 9.04,
P < 0.01; ¢ = 1.00]. The Go/congruent condition elicited
a greater N1 component in relation to the Go/incongruent
condition at SOA-0. The opposite pattern was observed at
SOA-1200, where the Go/incongruent condition elicited a
greater N1. There was no main effect for congruency at
SOA-400 [F(1, 36) = 2.65, P = 0.11; ¢ = 1.00], but the
interaction was significant [F(4, 152) = 2.38, P < 0.05;
& = 0.54]. Post hoc contrasts at SOA-400 showed that the
amplitude of the N1 component was greater in the Go/
congruent condition than the Go/incongruent condition for
electrodes O1, Oz, and O2 (P < 0.05 for all). The inter-
action was not significant at SOA-0 [F(4, 149) = 2.16,
P = 0.07; ¢ =0.52] and SOA-1200 [F(5, 172) = 1.85,
P = 0.11; ¢ = 0.60]. Thus, similar to the pattern observed
for reaction time, the dynamics of the N1 congruency
effect are SOA-related, demonstrating an inversion of the
effect at SOA-1200 in relation to SOA-0 and SOA-400.
The Go/congruent condition consistently elicited a greater
N1 amplitude in SOA-0, and an inversion occurred at
SOA-1200 (the Go/incongruent condition elicited a greater
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N1). ERP waveforms and topographical maps at P7 from
the overall average of all subjects for both Go/incongruent
and Go/congruent conditions in the three SOAs are shown
in Fig. 2.

Electrophysiological vs. behavioral

There was a significant effect for SOAs on RT measures
[F(2, 66) =264.81, P <0.001, ¢ =0.91] with delta
congruency gradually decreasing from SOA-0 to SOA-
1200, as confirmed by post test linear trend analysis

[F(1, 109) = 379.8, P <0.001; see Fig. 3, left panel].
Significant congruency effects for SOAs on N1 amplitudes
were also observed at the parietal-occipital electrodes: P7
[F(2, 72) = 12.85, P < 0.001; ¢ = 0.88], P3 [F(2, 72) =
10.64, P <0.01; &£=0.83], POz [F(2, 72)=3.91,
P <0.05; ¢=0.99], Ol[F(2, 72) =6.62, P <0.010;
e =0.98], Oz [F(2, 72) = 3.20, P < 0.05; ¢ = 0.99], and
02 [F(2,7 2) = 3.36, P < 0.05; ¢ = 0.95]. A significant
linear trend with delta congruency gradually increasing from
SOA-0 to SOA-1200 was found at the following electrodes:
P7 [F(1, 109) = 25.35, P < 0.001]; P3 [F(1, 109) = 16.34,

Fig. 2 Right—Grand mean 4t N1 (160-200 ms) INCONGRUENT-CONGRUENT
topographical distribution of the ~ P7

NI averaged across a time 2 -2r 0.65
window of 160-200 ms post-S2 - 0 — Go/incongruent

onset for Go/incongruent and E ‘\} \/ W—\. — Go/congruent SOA
Go/congruent differences g 2t 0
(Go/incongruent minus Go/ "

congruent: congruency effect). C 0 200 400 600 800 1000

Left—Grand-average event- S1+8S2

T!me{ms} 10.33

P7

A\ .
_ (== e
\Y,

SOA
400

i V’WVKQ"W .:::;

500 1000 Time (ms)

Ll

related potential (ERP) 4
waveform elicited by Go/ =2l
S
incongruent and Go/congruent E
conditions at P7 electrode at & 0tfed
SOA-0 (top), SOA-400 2
(middle), and SOA-1200 > 2
(bottom). The time scale 4
represents the epoch pre- and -400 s 2
post-S2 onset for each SOA 1 1+ 82
4
£
g o
5
> 3
4
-1200 -500

S1

Reaction Time

[
th
o

200

150 4

100 1

t
(=1

o

Incongruent-Congruent {ms)
&
=]

-100

400 1200
SOA (ms)

o

Fig. 3 Left—Reaction time delta (Go/incongruent minus Go/con-
gruent) along SOAs. Right—N1 delta (Go/incongruent minus Go/
congruent) peak amplitude along SOAs. There was a linear trend in

-0.65

N1 Peak (P7)

1.0
0.8 1
0.6 1
0.4 1
0.2 1
0.0
0.2 1
0.4 1
06 1
08

Incongruent - Congruent (V)

0 400 1200

SOA (ms)
the opposite direction for RT and N1 congruency effects. RT

congruency effect decreased, and the N1 congruency effect increased
along SOAs. Error bars indicate the standard error of the mean

@ Springer



602

Exp Brain Res (2011) 208:595-605

N1 Linear Trend Index at POz
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Fig. 4 Correlation scatter plot (fop) obtained for POz and a rank-
correlation map (bottom) showing the relationship between the N1 and
the RT congruency linear trend indexes. The N1 amplitude linear index
increased as the RT linear trend index increased, and this correlation was
maximal at POz (r = 0.51, P < 0.05)

P < 0.001]; POz [F(1, 109) = 6.26, P < 0.05]; O1[F(1,
109) = 5.35, P < 0.05]; Oz [F(1, 109) = 4.47, P < 0.05];
and O2 [F(1, 109) = 4.48, P < 0.05]. The right panel of
Fig. 3 illustrates results for the P7 electrode.

To further elucidate the relationship between RT and the
N1 congruency effect along SOA, we performed a corre-
lation analysis across the individual linear trend index
obtained for the N1 amplitude at all electrodes and the
same index calculated for behavioral data (see method).
This procedure yielded correlation maps highlighting
electrode sites that were related to changes in congruency
linear trend indexes for RT across N1 amplitude. This
correlation was maximal at the POz electrode (r = 0.51,
P < 0.05, see Fig. 4).

Discussion

The Stroop matching task is an interesting, if somewhat
overlooked, version of the Stroop phenomenon. Although
many behavioral aspects involved in this task have been
explored, there are few neural correlates of such behavioral
findings. To study the mechanisms involved in Stroop

@ Springer

matching tasks, we measured this modified Stroop effect
along different SOAs by combining behavioral and brain-
recording methods. Other studies that have used functional
brain imaging to examine metabolic changes during this
task have grouped together “same” and “different”
responses (Mitchell 2006; Zysset et al. 2001). In order to
provide unambiguous results, we evaluated response times,
error rates, and early event-related potentials components
by analyzing the “same” responses trough a go/no-go
approach. We found that early negativity in the N1/P2 time
segment (160-200 ms) was more negative for the con-
gruent than the incongruent condition during simultaneous
S1/S2 presentation (SOA-0). The size and direction of the
congruency effect (i.e., incongruent minus congruent) were
reliably affected by SOA between S1 and S2, showing an
opposite pattern at SOA-1200. The modulation of the
congruency effect along SOA was found only for N1 and
not for P1, which may be related to the discriminatory
nature of the task (Vogel and Luck 2000). These results
suggest a major link between N1 and behavioral responses.
The pattern of results found for N1 parallels and correlates
with the behavioral results, where the RT for the congruent
condition was shorter than the incongruent condition at
SOA-0, and an inversion (shorter RTs for incongruent than
congruent trials) was found at the longest SOA.

During the Stroop matching task, the feature (word) that
was irrelevant at the S1 position was also the target at the
S2 position. Thus, the distracter—word represented a
potentially relevant stimulus that shared common features
with the target-word and had the advantage of being in the
same spatial location as color. We propose that color
processing activated the representation of the word related
to this specific color, facilitating the processing of the
target—word and, although not desirable, the processing of
the distracter—word. In a behavioral study, Wuhr and
Waszak (2003) have explored this issue using an elegant
approach. The participants had to name the color of one of
two overlapping colored rectangles presented at the center
of a screen, while ignoring the incongruent color—words
that appeared as parts of the relevant object, as parts of the
irrelevant object or in the background. Stroop interference
was significantly larger when the incongruent words were
part of the relevant object. Their results support the
hypothesis that feature-based selection is associated with
amplification in the processing of all the features of the
selected object, including the irrelevant features (Wuhr and
Waszak 2003). This conclusion has also been demonstrated
through ERP studies that showed an enhancement in the
amplitude of early ERP components for task-irrelevant
features when the features shared common characteristics
with the target (Zhang and Luck 2009). Based on these
findings, we can presume that the N1 effect could reflect an
overall feature facilitation triggered by the target features.
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This effect would occur especially when the target and
distracter words were exactly the same as the color (at
congruent condition there would be shorter reaction times).
The effect would also arise when there is simultaneous
competition between the target-word (S2) and distracter—
word (S1) feature values (SOA-0).

One could argue that the N1 component reflects facili-
tation promoted by word repetition in the congruent con-
dition (a word—word effect) regardless of the instructions to
pay attention to the words or to the color. However, many
works have shown that the Stroop matching task effect is
only robust for between-feature matching (color—-word or
word—color) and not for within-feature matching (word—
word or color—color) (Luo 1999; Simon and Baker 1995;
Sugg and McDonald 1994). The hypothesis that the N1
amplitude effect observed is related to a between-feature
behavioral interference was reinforced through the SOA
variation that was applied in our study. We observed a
linear increment of N1 delta (incongruent minus congru-
ent) peak amplitude along the SOAs (from the highest to
the lowest behavioral conflict conditions). This trend pro-
vides evidence that the N1 component may be related to
undesirable distracter processing that is maximal during
SOA-0Q; otherwise, we should have been unable to observe
a correspondence between N1 and behavioral congruency
data as a function of task variations such as SOA.

One possibility is that when relevant and irrelevant
attributes are in the same feature domain (e.g., both are
words in the case of a color-word matching), distracter—
word processing could induce an irrelevant matching and a
conflict in other stages of processing such as in the
response level. This conclusion agrees with task-conflict
theory (Goldfarb and Henik 2006, 2007; MacLeod and
MacDonald 2000). According to this theory, during a
Stroop task, an irrelevant task (word reading) could inter-
fere with the relevant task (color naming). In the present
study, the irrelevant task was the comparison between the
color of the Stroop stimulus and the distracter—word. Fur-
ther evidence for this interpretation has emerged from error
analysis of our data. We found that the No-go/congruent
condition elicited a greater percentage of error than the No-
go/incongruent conditions. It is possible that for the No-go/
congruent condition, subjects are inclined to respond,
generating more errors because of the initial facilitation
promoted by the distracter—-word in this condition. The
ERP results of Kopp et al. (2007) reinforce this interpre-
tation because they found neural-correlates of feature-
based attentional selection affecting response-decisions,
through a go/no-go approach.

This hypothesis could also offer an explanation for the
lack of the congruency effect normally found during
within-feature (word—word or color—color) matching tasks
(Luo 1999; Sugg and McDonald 1994). During a within-

feature matching task, the relevant stimuli are in the same
feature domain and the distracter is in a different feature
domain and could be easily gated by attention, thereby
avoiding the occurrence of a conflict during feature-inte-
gration processing and preventing the irrelevant task.
Future studies should test if the N1 amplitude during
incongruent and congruent conditions would be indistin-
guishable in this case, regardless of the SOA.

A prior study has shown that the feature-based attention
effect is much stronger when attended and ignored stimuli
are presented simultaneously (Zhang and Luck 2009).
During simultaneous stimuli displays, there is a greater
chance of relevant and irrelevant stimuli to become inte-
grated into a single event. When S1 and S2 are processed
as two separate events, there is a failure to integrate the
events, leading to a modulation of the N1 amplitude
(Akyurek et al. 2010a, b). In agreement with these obser-
vations, we found that the N1 congruency was modulated
as a function of SOA and that this SOA variation affected
behavioral responses in a correspondent fashion. Flowers
(1975) observed similar temporal modulation on behav-
ioral congruency by using SOAs ranging from 120 to
800 ms in a Stroop matching task. At SOA-800, he found
the same pattern of reversal that we observed at SOA-1200,
although the reversal was not significant (Flowers 1975).

Regarding the reversal effect found for both ERP and
the behavioral data at SOA-1200, one possibility is that
during SOAs, there is a controlled attention effort to gate
distracter input and maintain the overall task goal accord-
ing to instruction. In other words, controlled attentional
mechanisms may be used to efficiently eliminate the dis-
tracter influence and improve performance in the face of
conflict. Considering that the distracter—word and the tar-
get—word (S2) are the same in the congruent condition, it is
plausible that at the longest SOA, there is an overall
inhibition for this condition in opposition to the facilitation
observed during simultaneous presentation. In fact, we
observed electrophysiological evidence of this interpreta-
tion because the N1 component was affected by SOA,
which showed an opposite pattern in SOA-1200 in relation
to SOA-0O, and this result paralleled the RT findings.
Therefore, the matching feature decision seems to be ini-
tially driven by incoming information, but strongly influ-
enced by higher cognitive processes when extra time is
allowed. In essence, the longer time appears to promote an
overall inhibition of distracter-related information. This
interpretation is supported by evidence of top-down at-
tentionally mediated distracter inhibition in the extrastriate
cortex in a study using event-related functional magnetic
resonance imaging (Slotnick et al. 2003). This evidence is
consistent with the idea of enhanced processing in attended
features areas concomitant with the suppression of dis-
tracter features during Stroop-like tasks (Polk et al. 2008).
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In conclusion, the present study provided information
about the mechanisms involved in Stroop matching tasks.
A strong functional relationship between ERP data and
behavioral performance was suggested by the remarkably
linear relationship between the congruency effect observed
in the N1 amplitude and RT across SOAs. An explanation
may be the enhancement of early processing of stimuli
when target and nontarget features are the same, thereby
promoting facilitation for “same” responses. This initial
facilitation is overcome when the SOA allows for extra
processing of the relevant and irrelevant features. This
trend may indicate the deployment of attentional resources
that gate the irrelevant feature, thus causing an overall
inhibition when the target-word and distracter—word are
the same during long SOAs. Future studies are necessary to
investigate if these electrophysiological data occur when
“different” responses are also collected.

Acknowledgments This research was supported by Fundagio
Carlos Chagas Filho de Amparo a Pesquisa do Estado do Rio de
Janeiro, Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq), and Coordenagdo de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES). Partial support was also provided by
grants from IBNNet/FINEP and PROPP-UFF. We extend special
thanks to the Society for Psychophysiological Research (SPR) for the
fellowship training program to the first author (IAD).

References

Akyurek EG, Dinkelbach A, Schubo A, Muller HJ (2010a) Electro-
physiological correlates of detecting a visual target and detecting
its absence: the role of feature dimensions. Neuropsychologia
48:3365-3370

Akyurek EG, Schubo A, Hommel B (2010b) Fast temporal event
integration in the visual domain demonstrated by event-related
potentials. Psychophysiology 47:512-522

Anllo-Vento L, Hillyard SA (1996) Selective attention to the color
and direction of moving stimuli: electrophysiological correlates
of hierarchical feature selection. Percept Psychophys
58:191-206

Anllo-Vento L, Luck SJ, Hillyard SA (1998) Spatio-temporal
dynamics of attention to color: evidence from human electro-
physiology. Hum Brain Mapp 6:216-238

Appelbaum LG, Meyerhoft KL, Woldorff MG (2009) Priming and
backward influences in the human brain: processing interactions
during the stroop interference effect. Cereb Cortex
19:2508-2521

Atkinson CM, Drysdale KA, Fulham WR (2003) Event-related
potentials to stroop and reverse stroop stimuli. Int J Psycho-
physiol 47:1-21

Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD (1999)
Conflict monitoring versus selection-for-action in anterior cin-
gulate cortex. Nature 402:179-181

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD (2001)
Conflict monitoring and cognitive control. Psychol Rev
108:624-652

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent
component analysis. J Neurosci Methods 134:9-21

@ Springer

Durgin FH (2003) Translation and competition among internal
representations in a reverse Stroop effect. Percept Psychophys
65:367-378

Dyer FN (1971) The duration of word meaning responses: Stroop
interference for a different preexposures of the word. Psychon
Sci 25:229-231

Dyer FN (1973) Same and different judgments for word-color pairs
with “irrelevant” words or colors: evidence for word-code
comparisons. J Exp Psychol 98:102-108

Flowers JH (1975) “Sensory” interference in a word-color matching
task. Percept Psychophys 18:37-43

Glaser M, Glaser W (1982) Time course analysis of the stroop
phenomenon. J Exp Psychol 8:875-895

Glaser WR, Glaser MO (1989) Context effects in stroop-like word
and picture processing. J Exp Psychol Gen 118:13-42

Goldfarb L, Henik A (2006) New data analysis of the stroop matching
task calls for a reevaluation of theory. Psychol Sci 17:96-100

Goldfarb L, Henik A (2007) Evidence for task conflict in the stroop
effect. J Exp Psychol Hum Percept Perform 33:1170-1176

Hanslmayr S, Pastotter B, Bauml KH, Gruber S, Wimber M,
Klimesch W (2008) The electrophysiological dynamics of
interference during the stroop task. J Cogn Neurosci 20:215-225

Hillyard SA, Munte TF (1984) Selective attention to color and
location: an analysis with event-related brain potentials. Percept
Psychophys 36:185-198

Ilan AB, Polich J (1999) P300 and response time from a manual
Stroop task. Clin Neurophysiol 110:367-373

Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V,
Sejnowski TJ (2000) Removing electroencephalographic arti-
facts by blind source separation. Psychophysiology 37:163-178

Keil A, Muller MM (2010) Feature selection in the human brain:
electrophysiological correlates of sensory enhancement and
feature integration. Brain Res 1313:172-184

Keil A, Smith JC, Wangelin BC, Sabatinelli D, Bradley MM, Lang PJ
(2008) Electrocortical and electrodermal responses covary as a
function of emotional arousal: a single-trial analysis. Psycho-
physiology 45:516-523

Kopp B, Tabeling S, Moschner C, Wessel K (2007) Temporal
dynamics of selective attention and conflict resolution during
cross-dimensional Go-NoGo decisions. BMC Neurosci 8:68

Liotti M, Woldorff MG, Perez R, Mayberg HS (2000) An ERP study
of the temporal course of the stroop color-word interference
effect. Neuropsychologia 38:701-711

Liu X, Banich MT, Jacobson BL, Tanabe JL (2006) Functional
dissociation of attentional selection within PFC: response and
non-response related aspects of attentional selection as ascer-
tained by fMRI. Cereb Cortex 16:827-834

Luo CR (1999) Semantic competition as the basis of stroop
interference: evidence from color-word matching task. Psychol
Sci 10:35-40

Machado-Pinheiro W, Volchan E, Vila J, Dias EC, Alfradique I,
Oliveira L, Pereira MG, David IA (2010) Role of attention and
translation in conflict resolution: implications for Stroop match-
ing task interference. Psychol Neurosci. Reference type: In press

MacLeod CM, MacDonald PA (2000) Interdimensional interference
in the stroop effect: uncovering the cognitive and neural anatomy
of attention. Trends Cogn Sci 4:383-391

Mangun GR (1995) Neural mechanisms of visual selective attention.
Psychophysiology 32:4—-18

Markela-Lerenc J, Ille N, Kaiser S, Fiedler P, Mundt C, Weisbrod M
(2004) Prefrontal-cingulate activation during executive control:
which comes first? Brain Res Cogn Brain Res 18:278-287

Mascolo MF, Hirtle SC (1990) Verbal coding and the elimination of
stroop interference in a matching task. Am J Psychol
103:195-215



Exp Brain Res (2011) 208:595-605

605

Milham MP, Banich MT (2005) Anterior cingulate cortex: an fMRI
analysis of conflict specificity and functional differentiation.
Hum Brain Mapp 25:328-335

Mitchell RL (2006) Anterior cingulate activity and level of
cognitive conflict: explicit comparisons. Behav Neurosci
120:1395-1401

Polk TA, Drake RM, Jonides JJ, Smith MR, Smith EE (2008)
Attention enhances the neural processing of relevant features and
suppresses the processing of irrelevant features in humans: a
functional magnetic resonance imaging study of the stroop task.
J Neurosci 28:13786-13792

Rebai M, Bernard C, Lannou J (1997) The stroop’s test evokes a
negative brain potential, the N400. Int J Neurosci 91:85-94

Schoenfeld MA, Hopf JM, Martinez A, Mai HM, Sattler C, Gasde A,
Heinze HJ, Hillyard SA (2007) Spatio-temporal analysis of
feature-based attention. Cereb Cortex 17:2468-2477

Silton RL, Heller W, Towers DN, Engels AS, Spielberg JM, Edgar
JC, Sass SM, Stewart JL, Sutton BP, Banich MT, Miller GA
(2010) The time course of activity in dorsolateral prefrontal
cortex and anterior cingulate cortex during top-down attentional
control. Neuroimage 50:1292-1302

Simon JR, Baker KL (1995) Effect of irrelevant information on the
time to enter and retrieve relevant information in a stroop-type
task. J Exp Psychol 21:1028-1043

Simon JR, Berbaum K (1988) Effect of irrelevant information on
retrieval time for relevant information. Acta Psychol 67:33-57

Slotnick SD, Schwarzbach J, Yantis S (2003) Attentional inhibition of
visual processing in human striate and extra striate cortex.
Neuroimage 19:1602-1611

Smid HG, Jakob A, Heinze HJ (1999) An event-related brain potential
study of visual selective attention to conjunctions of color and
shape. Psychophysiology 36:264-279

Stroop JR (1935) Studies of interference in serial verbal reactions.
J Exp Psychol 18:643-663

Sugg MJ, McDonald JE (1994) Time course of inhibition in color-
response and word-response versions of the stroop task. J Exp
Psychol Hum Percept Perform 20:647-675

Treisman A, Fearnley S (1969) The stroop test: selective attention to
colours and words. Nature 222:437-439

Virzi RA, Egeth HE (1985) Toward a translational model of stroop
interference. Mem Cognit 13:304-319

Vogel EK, Luck SJ (2000) The visual N1 component as an index of a
discrimination process. Psychophysiology 37:190-203

West R, Alain C (1999) Event-related neural activity associated with
the stroop task. Cogn Brain Res 8:157-164

West R, Bowry R, McConville C (2004) Sensitivity of medial frontal
cortex to response and nonresponse conflict. Psychophysiology
41:739-748

Woldorff MG (1993) Distortion of ERP averages due to overlap from
temporally adjacent ERPs: analysis and correction. Psychophys-
iology 30:98-119

Wuhr P, Waszak F (2003) Object-based attentional selection can
modulate the stroop effect. Mem Cognit 31:983-994

Zhang W, Luck SJ (2009) Feature-based attention modulates feed
forward visual processing. Nat Neurosci 12:24-25

Zysset S, Muller K, Lohmann G, von Cramon DY (2001) Color-word
matching stroop task: separating interference and response
conflict. Neuroimage 13:29-36

@ Springer



	Stroop matching task: role of feature selection and temporal modulation
	Abstract
	Introduction
	Methods
	Participants
	Stimuli and task
	Behavioral analysis
	Electrophysiological recording and analysis

	Results
	Behavioral data
	Error analysis
	Reaction time analysis

	Electrophysiological data
	Electrophysiological vs. behavioral

	Discussion
	Acknowledgments
	References


