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In this study, we used event-related potentials (ERPs) to evaluate the contribution of surface color and
color knowledge information in object identification. We constructed two color-object verification tasks
- a surface and a knowledge verification task - using high color diagnostic objects; both typical and atyp-
ical color versions of the same object were presented. Continuous electroencephalogram was recorded
from 26 subjects. A cluster randomization procedure was used to explore the differences between typical
and atypical color objects in each task. In the color knowledge task, we found two significant clusters that
were consistent with the N350 and late positive complex (LPC) effects. Atypical color objects elicited
more negative ERPs compared to typical color objects. The color effect found in the N350 time window
suggests that surface color is an important cue that facilitates the selection of a stored object represen-
tation from long-term memory. Moreover, the observed LPC effect suggests that surface color activates
associated semantic knowledge about the object, including color knowledge representations. We did
not find any significant differences between typical and atypical color objects in the surface color verifi-
cation task, which indicates that there is little contribution of color knowledge to resolve the surface color
verification. Our main results suggest that surface color is an important visual cue that triggers color
knowledge, thereby facilitating object identification.
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1. Introduction

Perceiving that a strawberry is red versus knowing and recalling
that a strawberry is red are distinct cognitive operations. The sur-
face color of an object can be defined as the percept generated by
the color present in the object image (e.g., the color red in a picture
of a red strawberry), whereas color knowledge refers to the knowl-
edge about the prototypical color of an object and is represented
and stored together with other semantic information about the
object (e.g., the knowledge that strawberries are typically red).
Tanaka and collaborators (2001) proposed the “Shape + Surface”
model of object recognition which makes a distinction between
surface color and color knowledge. According to this model, object
recognition is jointly determined by bottom-up influences (surface
color) and top-down influences (color knowledge). In this context,
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one can ask how these two representations interact during object
recognition. It is well documented that surface color contributes
to the recognition of diagnostic color objects (for a review, see
Tanaka et al., 2001). For surface color to be a relevant cue in object
recognition, cognitive processing must identify whether the color
present in the object is, or is not, appropriate for a given object.
For this to occur, semantic color knowledge must be accessed.
Following this reasoning, one can hypothesize that when semantic
color knowledge is activated together with other visual and func-
tional object properties, recognition is faster and more accurate.
To study how surface color and color knowledge might interact
during object recognition, Joseph and collaborators (Joseph, 1997;
Joseph & Proffitt, 1996) manipulated the input color independently
of color knowledge in a series of verification tasks. The authors
found that color knowledge significantly influenced object recogni-
tion; for example, an image of a purple apple was more likely to be
mistaken for a cherry than for a blueberry. This interference effect
occurs because both apples and cherries are typically red and not
because the apple was colored purple, the typical color of blueber-
ries. The same pattern of results was obtained when uncolored
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pictures were used, suggesting that the conceptual processing of
color did not depend on the presence of surface color. In their ver-
ification tasks participants were asked to verify an object target
against three types of distracters: similar in color and shape; dis-
similar in color and similar in shape; and a distracter dissimilar
in color and shape. In a recent study, we used a similar object ver-
ification task in which the effect of color information was assessed
independently of the effects of shape information, by adding a
fourth distracter similar in color and dissimilar in shape in a
2 x 2 factorial design (Bramdo, Faisca, Petersson, & Reis, 2010).
Since the object recognition system is a shape-driven system
(Tanaka et al., 2001), it is important to experimentally manipulate
the effects of color independently of the effects of shape. We ob-
served an interference of color knowledge on object verification
when the color knowledge, activated by a previously presented ob-
ject name (e.g., orange), were consistent with surface color infor-
mation provided by an object picture (e.g., carrot). This
interference effect was strongly dependent on surface color. When
the objects were presented in black and white or in an atypical col-
or, the interference effect disappeared. This finding suggests that
the appropriate surface color input promotes the activation of
stored color knowledge in the cognitive system (Bramdo et al.,
2010).

One approach to investigate these processes in the time domain
is to characterize the underlying neural processing with event-re-
lated potentials (ERPs). Previous ERP studies have identified two
different time windows associated with object identification. The
first observed difference between successful and non-successful
recognition starts around 250 ms after stimulus onset and is char-
acterized by a frontal negativity peaking around 350 ms (N350).
The N350 is more negative when the objects are more difficult to
recognize or not recognized at all. It has been hypothesized that
the N350 reflects the selection of a long-term memory representa-
tion - a stored structural description - that best matches the input
image (Pietrowsky et al., 1996; Schendan & Kutas, 2002, 2003,
2007). The second observed difference starts around 550 ms after
stimulus onset and is characterized by a broadly distributed late
positive complex (LPC). The LPC is also more negative for non-rec-
ognized compared to recognized objects. Modulation of the LPC
has been linked to object identification and is hypothesized to
reflect the activation of semantic knowledge associated with the
object, including the object name (Mazerolle, D’Arcy, Marchand,
& Bolster, 2007; Pietrowsky et al., 1996; Schendan & Kutas, 2002,
2003, 2007; Stuss, Picton, Cerri, Leech, & Stethem, 1992). An addi-
tional effect, which reflects semantic knowledge integration and/or
retrieval is the N400 effect, which was initially related to words
that are semantically unrelated or unusual in a given semantic
sentence context (Kutas & Hillyard, 1980a, 1980b). The N400 com-
ponent is characterized by a negativity peaking around 400 ms
after stimulus onset (Barrett & Rugg, 1990; Ganis, Kutas, & Sereno,
1996; Hamm, Johnson, & Kirk, 2002; Holcomb & McPherson, 1994;
McPherson & Holcomb, 1999; Nigam, Hoffman, & Simons, 1992;
Pietrowsky et al., 1996; Pratarelli, 1994; Stuss et al., 1992) and
was first described for pictures by Barrett and Rugg (1990). Barrett
and Rugg (1990) reported that pictures that were semantically
unrelated to a previous priming stimulus elicit a greater negative
ERP component around 400 ms after stimulus onset, as compared
to pictures that were semantically related to a previous primer.

In this study, we recorded ERPs to investigate how surface color
and color knowledge interact during object identification. Previous
behavioral findings have shown that surface color information trig-
gers the activation of stored color knowledge (Bramado et al., 2010).
If this is the case, then when objects are presented in the appropri-
ate color, color knowledge should be activated more rapidly than
when objects are presented in an inappropriate color. To evaluate
this hypothesis, we constructed a color knowledge verification task

with high color diagnostic objects, that is, objects that are strongly
associated with a prototypical color (Tanaka & Presnell, 1999). Par-
ticipants were instructed to verify whether the prototypical color
of the presented object matched a previously presented color
name. The actual object color was manipulated in order to evaluate
the contribution of surface color to verification, by presenting ob-
jects in both typical and atypical color (see Fig. 1). We predicted
ERP differences between typically and atypically colored objects
in the ERP components previously identified as being involved in
object identification. We assessed the role of surface color in the
activation of stored color knowledge by comparing atypical versus
typical color objects. If the surface color modulates the retrieval of
color knowledge, atypical color objects should elicit a more nega-
tive ERPs in association with the N350 and LPC components. Fur-
thermore, we also explored the differences between matching
and non-matching trials. The non-matching condition creates
incongruence between the color name and the color knowledge
activated by a given object. Thus, we expected that non-matching
trials were associated with more negative ERPs related to the N400
component, considering the previous findings associating this
component with incongruent semantic contexts.

We also evaluated the contribution of color knowledge in the
surface color verification task. We have previously observed that
color knowledge is not automatically activated in the absence of
surface color input (Bramao et al., 2010). Given the fact that stored
color knowledge is not necessary to resolve the surface color veri-
fication task, we predicted that this information would only be
activated to a modest degree, if at all. To investigate this hypothe-
sis, a surface color verification task was designed in which high col-
or diagnostic objects were used. The actual color of the objects was
manipulated in order to evaluate the contribution of color knowl-
edge to surface color verification. To that end, we presented both
typical and atypical color versions of the same object (see Fig. 1).
Participants were instructed to verify whether the surface color
of the object matched a previously presented color name. If color
knowledge is automatically activated during the surface color ver-
ification task, differences in the behavioral and in the electrophys-
iological results should emerge when comparing atypical and
typical color conditions, and when comparing non-matching and
matching trials in the ERPs components previously related to suc-
cessful object identification.

2. Methods
2.1. Participants

Twenty-six right-handed Portuguese native speakers (mean age
(#std) = 23 + 4 years, range 18-32 years; mean years of education
(#std) = 14 + 2 years, range 12-18 years; 9 males and 17 females)
with normal or corrected-to-normal vision participated in the
study. All subjects completed health questionnaires, and none indi-
cated a history of head injury or other neurological or psychiatric
problems. All subjects read and signed an informed consent form
describing the procedures, which adhered to the guidelines set
out by the Declaration of Helsinki. The study was approved by
the local ethics committee.

2.2. Stimulus material

We used eight colors in the experiment (red, gray, orange,
green, yellow, brown, pink and white). Each of the colors was easily
distinguishable from the others. We selected 56 black and white
line drawings from the picture database at the Max Planck Insti-
tute. The drawings in this database are based on the Snodgrass
and Vandervart (1980) set. We selected objects strongly associated
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TASK Typical Color Non-typical Color
1 2 3 4
Color Knowledge b
Verification
llRed!F
Matching Non-matching Matching Non-matching
1 2 3 4
Surface Color .
Verifcation
llRed"

Matching

Non-matching

Matching Non-matching

Fig. 1. Example of the stimuli used in the experiment. The participants had to verify the objects’s color (surface and knowledge) with a previously presented color name
“red”. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with one of selected colors based on the color-diagnosticity scores
of Rossion and Pourtois (2004; where, on the original scale, 1
means ‘the color of the object depicted is not diagnostic at all, i.e., this
object could be in any other color equally well’ and 5 means ‘the color
depicted is highly diagnostic of the object, i.e., the object appears only
with that color in real life’; diagnostic color mean of the selected ob-
jects (xstd) =4.4 + 0.4, range 3.3-5.0). In order to keep color fre-
quency constant, we selected the same number of objects for
each color (seven objects strongly associated with each color, in to-
tal 8 x 7=56 color-object combinations, see Appendix A). Adobe
Photoshop 7.0 was used to apply the proper color to the internal
surface of the objects. To test only color effects, other surface fea-
tures such as texture and details were removed or minimized.

An atypical color version of each object was created. To con-
struct the atypical color version we rotated the typical colors
across objects, whilst ensuring that typical and atypical colored ob-
jects were matched for color frequency and luminance. For exam-
ple, the red color was used to construct the atypical color version of
the typical gray objects and the gray color was used to construct
the atypical color version of the typical red objects. The three other
color pairs used were orange-green, yellow-brown and white-
pink.

2.3. Experimental procedures

Two computerized verification tasks were designed: a knowl-
edge verification task and a surface color verification task. The only
difference between the two tasks was the instructions given to the
subjects. Each verification task comprised 24 blocks (three blocks
for each color). Each block started with the presentation of a color
name followed by 28 objects (14 typical and 14 atypical color ob-
jects - half of them matched and the other half did not match with
the given color name). The color name remained on the screen un-
til subjects pressed a key. In total, each verification task comprised
672 trials, distributed over 24 blocks (28 trials per block). The trials
were divided in two types: matching (336) and non-matching
(336) trials, and in two color conditions: typical and atypical color
(168 trials per trial type and per condition). The same object was
presented three times in each color version and for each trial type
(56 objects x 2 color versions x 3 times each x 2 trial types). Both
blocks and trials within blocks were presented in a randomized or-
der. In the knowledge verification task, participants were asked to
decide whether the prototypical color of the presented object
matched (or not) a previously presented color name (see Fig. 1).

In the surface color verification task, participants were asked to de-
cide whether or not the surface color of the object matched a pre-
viously presented color name, ignoring the prototypical color of
the object (see Fig. 1).

Presentation 0.7 software (nbs.neuro-bs.com/presentation) was
used to display the stimuli on a computer screen (size: 19”; spatial
resolution: 1024 x 768; color resolution: 24 bits) and to register
the response times. Each block lasted about 2 min and started with
the presentation of a color name, which remained on the screen
until the subject pressed a key. This was followed by 28 trials. Each
trial started with a fixation cross (+) presented at the center of the
screen for 500 ms, followed by presentation of the object picture
(760 x 550 pixels) for 120 ms. Participants were instructed to re-
spond as accurately and as quickly as possibly by pressing one of
the two response keys (selection of the response finger was bal-
anced within subjects: half of the participants started with their
right/left hand for yes/no responses and in the middle of each ver-
ification task the response hand changed). The trial ended with the
response of the participant. Between each block, subjects rested for
a few minutes (for as long as they desired). Between each task, sub-
jects paused for at least 10 min. The inter-stimulus interval (ISI)
varied randomly between 750 and 1250 ms. During this period,
indicated by three stars (x*x) on the screen, subjects were allowed
to blink their eyes (Fig. 2) The subjects were instructed to fixate on
the center of the screen and to avoid eye and body movements dur-
ing the recording session. The task order was balanced over sub-
jects. Before each verification task and change of response hand,
subjects were allowed 16 practice trials. The entire recording pro-
cedure lasted approximately 2 h.

2.4. EEG recordings

Continuous electroencephalogram (EEG) was recorded from 64
Ag/AgCl active electrodes held in place on the scalp by an elastic
cap. The electrode montage included 10 midline sites and 27 sites
over each hemisphere. Two additional electrodes (CMS/DRL nearby
Pz) were used as an online reference (for a complete description,
see biosemi.com; Schutter, Leitner, Kenemans, & van Honk,
2006). Three other electrodes were attached over the right and left
mastoids and below the right eye (to monitor eye movements and
blinks). Bioelectrical signals were amplified using an ActiveTwo
Biosemi amplifier (DC-100 Hz bandpass, 3 dB/octave) and were
continuously sampled (24-bit sampling) throughout the experi-
ment at a rate of 512 Hz.
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Fig. 2. Time course of the experimental procedure. Each block started with the presentation of a color name which remained on screen until subject pressed a response
button. Each trial started with the presentation of a fixation point (+), followed by the image of the object and ended with subject response.

2.5. ERP data analysis

The EEG data was analyzed using FieldTrip which is an open
source toolbox for EEG and MEG analysis developed at the F.C.
Donders Centre for Cognitive Neuroimaging (Oostenveld, Fries, &
Jensen, 2009; documentation and algorithms available at ru.nl/
fcdonders/fieldtrip). ERP data were computed using a 1000 ms
epoch (from 200 ms before to 800 ms after the stimulus onset) that
was time-locked to the onset of the stimuli. Before averaging,
epochs that contained muscle and/or eye movement artifacts were
visually rejected, for each subject, and discarded from the analysis.
The electrodes Fp2, F7 and F8 in the electrode-cap were used to
record the EOG (i.e., to detect vertical and horizontal eye move-
ments). The vertical eye movements were captured by calculating
the amplitude difference between the electrode placed under the
right eye and Fp2. In the same way, the horizontal eye movements
were captured by calculating the amplitude difference between F7
and F8. Incorrect response trials were also excluded as well as any
trial with implausibly long/short response times (every trial with a
latency 2.5 standard deviations away from the mean for each par-
ticipant and condition was excluded from further analysis). After
artifact rejection and corrections, an average of 425.5 trials
(63.3%) per subject, from the total set of 672, entered the final anal-
ysis of the color knowledge verification task. The ERP averages
were based on 109.1 (25.6%) matching typical color trials, 104.5
(24.6%) matching atypical color trials, 107.2 (25.2%) non-matching
typical color trials and 104.7 (24.6%) non-matching atypical color
trials. For the surface color verification task, the final analysis
was based upon an average of 442.2 trials (65.8%) per subject, from
the total set of 672. The ERP averages were based on 109.9 (24.9%)
matching typical color trials, 109.6 (24.8%) matching atypical color
trials, 111.3 (25.1%) non-matching typical color trials, 111.4
(25.2%) non-matching atypical color trials. All trials included in
the final analysis were filtered, using a low-pass filter of 30 Hz
and a high-pass filter of 0.01 Hz and transformed to an average
reference (eye electrodes were excluded to compute the common
reference). The 200 ms prior to the stimulus onset served as the
baseline for the amplitude measurement for each channel.

Separate ERP grand-averages were calculated for each experimen-
tal condition.

To investigate the contribution of surface color to color knowl-
edge verification as well as the contribution of color knowledge to
surface color verification, we explored the differences between the
ERPs grand-averages elicited by typical and atypical color objects
and by matching and non-matching trials (between 100 and
800 ms after stimulus onset) in each task using cluster randomiza-
tion analyses. The cluster randomization method that Fieldtrip
uses is an improved version of the method described in Maris
(2004) (Maris & Oostenveld, 2007). This test effectively controls
the Type-1 error rate in a situation involving multiple comparisons
(i.e., 64 electrodes x 360 time points). Briefly, the method works as
follows: In a first step, all pairs (electrode, time point) are identi-
fied for which the t-statistics for the difference between conditions
(e.g., atypical versus typical color) exceed some prior threshold. In
our study, we selected the pairs whose t-statistics exceeded the 5%
critical value of the (electrode, time)-specific t-statistics. The se-
lected (electrode, time) pairs are then grouped into a number of
clusters in such a way that, within every cluster, the (electrode,
time) pairs form a set that is connected spatially and/or tempo-
rally. In other words, if the (electrode, time)-specific t-statistics
that exceeded the statistical threshold were neighboring either
spatially or temporally, these pairs were then grouped together
as a cluster. Each cluster is assigned a cluster-level test statistic
whose value equals the sum of the (electrode, time)-specific test
statistics. Thus, the cluster-level test statistic depends on both
the extent of the cluster and the size of the (electrode, time)-spe-
cific t-statistics that belong to this cluster. The Type-I error rate
for the complete spatiotemporal data matrix is controlled by eval-
uating the cluster-level test statistic under the randomization null
distribution of the maximum cluster-level test statistic. This ran-
domization null distribution is obtained by randomizing the order
of the data (e.g., atypical and typical color trials) within every
participant. By creating a reference distribution from 4000 random
draws, the p-value maybe estimated by the proportion from this
randomization null distribution in which the maximum cluster-le-
vel test statistic exceeds the observed cluster level test statistic
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(this proportion is called a Monte Carlo p-value in the statistics
literature). With this number of 4000 random draws, our Monte
Carlo p-value is an accurate estimate of the true p-value. In brief,
the cluster randomization p-value denotes the chance that such a
large summed cluster-level statistic will be observed when there
is actually no effect. In this way, significant clusters extending both
over time and over electrodes can be identified, providing a mea-
sure both of the timing and of the distribution of the effect.

2.6. Response time analysis

The response times were analyzed by subject (F1) and by stim-
ulus (F2). Response time was defined as the interval between the
onset of the object picture and the subject’s button press. A mini-
mum F (minF) was calculated from the F1 and F2 analyses. This ap-
proach ensures that the results generalize over both subject- and
stimulus domains (Clark, 1973; Raaijmakers, 2003; Raaijmakers,
Schrijnemakers, & Gremmen, 1999). None of the main effects or
interactions that failed to reach significance in the minF calcula-
tion are reported. Overall, the participants were able to correctly
verify almost all stimuli and we focused our analysis on the verifi-
cation times for the correct trials with latencies within 2.5 stan-
dard deviations of the mean for each participant and condition.
We excluded verification times of incorrect responses as well as
implausibly long or short verification times from the analysis. In
total, 11.7% of the trials were excluded (7.4% incorrect and 4.3%
excessively long/short response time). Verification times were ana-
lyzed with a repeated-measures ANOVA including task (surface/
knowledge task), color (typical/atypical) and matching (match-
ing/non-matching) as within-subject/stimulus factors.

3. Results
3.1. Behavioral results

The results showed a significant task effect (minF(1,32)=178,
P <.001) - subjects responded faster in the surface verification task
compared with the knowledge verification task; a main color effect
was observed (minF(1,70) = 63, P <.001) - subjects responded fas-
ter to typical color objects as compared to atypical color objects;
and finally also a main significant effect of matching was also
observed (minF(1,51)=130, P<.001) - subjects responded fast
to matching trials then to non-matching trials. The two-way inter-
action between task and color was significant (minF(1,62) =53,
P <.001). A Tukey HSD post hoc comparison for the subject analysis
showed that in the knowledge verification task subjects were fas-
ter in responding to the typical as compared to the atypical color
presentation (P<.001); however, in the surface task, subjects
respond equally fast to typical and atypical color presentations
(P=.95). The two-way interaction between color and matching
was also significant (minF(1,63) =15, P<.001). A Tukey HSD post
hoc comparison for the subject analysis showed that when the
trials were matching the difference between typical color and
atypical color was bigger (P<.001) than when the trials were
non-matching (P =.005). The three-way interaction was also sig-
nificant (minF(1,71)=11, P=.002; see Fig. 3). A Tukey HSD post
hoc comparison for the subject analysis showed that in the surface
verification task subjects performed equally fast the task indepen-
dently of the color presentation, both in the matching and in the
non-matching trials (P =.99); In the color knowledge verification
task, subjects were faster performing color verifications in the typ-
ical color version; however the advantage of color presentation
was bigger for the matching trials (P<.001) compared to the
non-matching trials (P =.01).

600 - =-T= m Matching Trails
T

— 550 Non-Matching Trials
w
E
o 500 A
E
=
o 450
w
c
2 400 - T T
]
[

il i i

300 T T T

Typical Color  Atypical Color  Typical Color  Atypical Color

Surface Color
Verification Task

Color Knowledge
Verification Task

Fig. 3. Three-way interaction between the factors task, color and matching factors
(minF (1,71) =11, P=.002). Error bars represent the standard error.

3.2. Electrophysiological results

3.2.1. Color knowledge verification task

The color effect was explored through the contrast between
atypical and typical color objects, in both the matching and non-
matching trials. In the matching trials, the color effect was associ-
ated with a greater average negative potential over 26 anterior
electrodes in a time window of 300-500 ms post-onset of the stim-
ulus, consistent with an N350 effect (sum-T=-6309.8; P<.001),
with a corresponding positive effect occurring over 20 posterior
channels (sum-T =3204.6; P=.001; Fig. 4A).

In the non-matching trials, the N350-like effect was observed in
two different clusters, showing that atypical color objects were asso-
ciated with a frontocentral potential of greater negativity (Fig. 4B).
The first cluster was found in a time window of 260-320 ms after
stimulus onset over 22 frontal electrodes (sum-T=-1337.4;
P =.005), with a corresponding positive effect observed in 18 poster-
ior channels (sum-T = 479.3; P = .05). Additionally, a second signifi-
cant cluster was found, also consistent with the N350-like effect,
over 13 frontal right channels (sum-T=-1021.6; P=.01) between
380 and 490 ms after stimulus onset. Finally, around 580-720 ms
after stimulus onset, we observed that atypical color objects once
more induced higher negativity in one cluster (sum-T=-1570.2;
P=.004) over 10 right frontal channels, consistent with the LPC
effect (Fig. 4B).

To explore the difference between non-matching and matching
trials, we compared these two trial types with regard to typical and
atypical color objects. The cluster randomization analysis identified
that the non-matching trials were associated with greater central
negativity compared with the matching trials for both the typical
and atypical color objects in a time window of 350-600 ms post-
onset of the stimulus, consistent with an N400-like effect. In the
typical color objects, the non-matching trials were associated with
more negative amplitudes over 29 central electrodes (sum-
T=-7804.5; P<.001) compared with the matching trails, with a
corresponding positive effect occurring over 27 outer channels
(sum-T = 3204.6; P=.0025; Fig. 5A). For the atypical color objects,
the non-matching trials were associated with more negative
amplitudes compared with the matching trials over 19 channels
(sum-T = —5893.7; P <.001), with the corresponding positive effect
occurring over 12 outer channels (sum-T=2016.3; P=0.006;
Fig. 5B).

3.2.2. Surface color verification task

In this task, we did not observe any significant difference be-
tween atypical and typical color objects in either the matching
(Fig. 6A) or the non-matching trials (Fig. 6B).
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Fig. 4. Topographic distribution of the atypical versus typical color objects in the knowledge color verification task for the matching (A) and non-matching (B) verification.
Time windows of significant differences are plotted. The ERP traces for the typical and atypical color objects at two representative electrode sites (Fpz and Poz) for the
matching (A) and non-matching (B) verification are shown. The significant amplitude differences are shaded in gray and are marked with an arrow (- ). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Topographic distribution of the non-matching versus matching trials in the color knowledge verification task for the typical (A) and atypical (B) color objects. Time
windows of significant differences are plotted. The ERP traces for the matching and non-matching trial at one representative electrode sites (Cz) for the typical (A) and
atypical (B) color objects are shown. The significant amplitude differences are shaded in gray and are marked with an arrow (- ). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

To investigate the matching effect in the surface color verifica-
tion task, we compared the non-matching trials against the match-
ing ones for both typical and atypical color objects. For the typical
color objects, the non-matching trials were associated with greater
frontal negativity compared with the matching trials in a time win-
dow of 215-280 ms post-onset of the stimulus, over 26 channels
(sum-T = —2499.8; P <.001). We observed a corresponding positive
effect over 15 posterior channels (sum-T = 893.7; P = .006; Fig. 7A).
A second significant cluster associating the non-matching trials
with greater central negativity was found over 18 central channels
(sum-T = —-3004.8; P<.001), with a corresponding positive effect
occurring in 13 outer channels (sum-T =603.3; P=.016; Fig. 7A),
between 315 and 480 ms after stimulus onset. Similar results were
found for the atypical color objects. The cluster analysis also iden-
tified two significant clusters showing that the non-matching re-
sponses were associated with greater frontal-central negativity,
compared with the matching responses. The first cluster was found
over 27 frontal channels (sum-T = —2.243.3; P =.0075; Fig. 7B) be-
tween 210 and 280 ms post-onset of the stimulus and the second
cluster identified 10 central electrodes (sum-T = —606.6; P =.031;
Fig. 7B) between 320 and 370 ms post-onset of the stimulus.

4. Discussion

In this study, we used event-related potentials (ERP) to better
understand the contribution of color perception and stored color
knowledge to object identification. We designed two color-object
verification tasks — a surface color and a color knowledge verification
task — where both typical and atypical color versions of the same high
color diagnostic objects were presented. In the color knowledge task,
the subjects were asked to verify whether or not the prototypical col-
or of the presented objects matched with a previously presented color
name, independently of the actual color of the presented object. The
object color was manipulated in order to evaluate the contribution
and the interference of surface color information during object iden-
tification. In the surface color verification task, subjects were asked to
verify whether or not the color of the presented object matched with a
previously presented color name, independently of the prototypical
color of the object. The actual object color was manipulated in order
to evaluate the contribution and the interference of stored color
knowledge with regard to the surface color task.

Our results showed that the atypical color objects were associ-
ated with significant N350 and LPC effects in the knowledge color
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Fig. 6. Topographic distribution of the atypical versus typical color objects in the surface color verification task for the matching (A) and non-matching (B) verification. Two
different time windows are plotted. The ERP traces for the typical and atypical color objects at one electrode sites (Cz) for the matching (A) and non-matching (B) verification
are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(A) Typical Color
N

315-480ms

(B) Atypical Color
aind

315-480ms
6 uv
Matching Trials
— Non-Matching Trials
-200 800 ms
-6 v

Fig. 7. Topographic distribution of the non-matching versus matching trials in the surface color verification task for the typical (A) and atypical (B) color objects. Time
windows of significant differences are plotted. The ERP traces for the matching and non-matching trial at two representative electrode sites (Fz and CPz) for the typical (A)
and atypical (B) color objects are shown. The significant amplitude differences are shaded in gray and are indicated with an arrow (- ). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

task, whereas no differences were found between the atypical and
typical color conditions in the surface color task. In color knowl-
edge verification, the differences observed between the ERP elic-
ited by atypical and typical color objects were temporally and
topographically consistent with an N350-like effect. Atypical color
objects were associated with a more negative ERP over the frontal
sites during the time window between 300 and 500 ms after
stimulus onset. The N350 marks the first ERP component associ-
ated with identification success; the N350 is smaller for correctly
identified compared to unidentified objects, it is sensitive to the

recoverability of perceptual structure, and it is an index of the
matching process between the perceptual input with a template
stored in the long-term memory (McPherson & Holcomb, 1999;
Schendan & Kutas, 2002). The visual knowledge enabling this
matching ability is of generic semantic type (Schendan & Kutas,
2002, 2003, 2007). Additional findings suggest that the N350 is lar-
ger for more complex images (Ruchkin, Johnson, Canoune, & Ritter,
1991; Schendan & Kutas, 2002; Stuss, Sarazin, Leech, & Picton,
1983) as well as for non-typical image views relative to easier to
recognize, canonical views, consistent with the idea that the
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N350 effect is related to the selection of a stored structural descrip-
tion model to match against the perceptual input (Schendan &
Kutas, 2003). Our results are consistent with previous research
on the N350 effect and show that color information is activated
in the N350 time window. This, together with the fact that subjects
were faster in verifying typical color objects, suggests that shape
and color effects are combined to facilitate the selection of struc-
tural descriptions from the long-term memory in this time win-
dow. The fact that we did not observed surface color effects in
early ERP components corroborates the account that color infor-
mation is activated together with the structural description. In this
context, the typical surface color might limit the possible structural
descriptions that match with the presented object in the early part
of the identification process. In addition, for the non-matching tri-
als in the color knowledge verification task, we observed an effect
post-500 ms (referred to as LPC), with a typical frontal topography
(Hanslmayr et al., 2008; Liotti, Woldorff, Perez, & Mayberg, 2000).
This shows that atypical color objects were associated with a more
negative ERP over the frontal sites during the time window be-
tween 580 and 720 ms after stimulus onset. Previous ERP studies
suggest that the LPC effect is related to activation of associated
semantic knowledge (see, for example, Mazerolle, D’Arcy,
Marchand, & Bolster, 2007). Similarly to the N350 effect, the LPC
effect varies with recognition success; however, unlike the N350,
the LPC shows categorization modulations for any image, regard-
less of recoverability. The LPC may index a fronto-parietal network
for categorization-related processes, such as selection of an appro-
priate response, including a name (Schendan & Kutas, 2002, 2003,
2007). Although LPC repetition effects could reflect memory for
these later categorization processes, most evidence suggest that
these effects reflect conscious recollection (Duarte, Ranganath,
Winward, Hayward, & Knight, 2004; Paller, Kutas, & Mclsaac,
1995). The color effects found in this ERP component suggest that
typical color facilitates the activation of semantic object knowl-
edge. Taken together, the LPC and N350 effects that we observed
suggest that object color helps in the identification process, by
facilitating access to the structural description and associated
semantic knowledge about the object. The behavioral results are
consistent with this idea: subjects were faster in responding to
the typical color objects in both matching and non-matching trials.
Additionally, the matching effect in the color knowledge verifica-
tion task showed that non-matching trials were associated with a
more negative potential over the central channels in a time win-
dow between 350 and 600 ms after stimulus onset, consistent with
an N400-like effect. This significant N400-like effect was found for
both typical and atypical color objects, suggesting that semantic
knowledge about the object color was activated during the task,
even when the objects were presented in a non-typical color
(e.g., a strawberry painted in gray). Whenever the color knowledge
activated by the object did not match with the previous presented
color name (non-matching trial), a greater N400 was observed.
This result is consistent with previous literature showing N400 ef-
fects when a picture is semantically anomalous in a given context
(see, for example, Hamm et al., 2002).

In the surface verification task, we did not find any significant
effects related to color knowledge (neither behavioral nor ERP ef-
fects). Subjects verified equally fast and use the same cognitive re-
sources to determine that a red strawberry (a typical red object)
and a red mouse (a typical non-red object) are colored red, and that
a gray strawberry and a gray mouse are not colored in red. Thus,
we suggest that when color knowledge is not necessary to resolve
a task, this information is not automatically activated. An alterna-
tive interpretation is that subjects performed the surface verifica-
tion task before the object color knowledge was activated, or
possibly that the task was too easy and did not implicate explicit
object recognition to accurately perform the task. In other words,

subjects could have decided about the surface color without com-
pleting the identification of the object and without a full activation
of the object properties and features. This set of circumstances
might explain the absence of effects that were present in the
behavioral results; however, they cannot explain the absence of
ERP effects. It is well documented that ~200-300 ms after stimuli
onset, functional and perceptual properties of the objects are auto-
matically activated (Vihla, Laine, & Salmelin, 2006). Thus a better
explanation of our results is that color knowledge was activated
conditionally during the surface color verification task. Neverthe-
less, we believe that it is important to replicate this result with a
more complex verification task, where explicit object identification
is necessary to accurately perform the task. Furthermore, we
observed that non-matching trials in the surface color verification
task were associated with a more negative potential over the fron-
tal sites ~200 ms after stimulus onset and with a more central neg-
ative potential ~300 ms after stimuli onset, compared with the
matching trials. This negative frontal potential shares some prop-
erties with the N2 component, with regard to both latency and
topographic distribution (Folstein & Petten, 2008). N2 effects have
been shown in conditions that require inhibition of a prepared
response and/or contain elements suggesting two conflicting
responses, as compared to conditions without response inhibi-
tion or response conflict (Nieuwenhuis, Yeung, Wildenberg, &
Ridderinkhof, 2003; Pfefferbaum, Ford, Weller, & Kopell, 1985).
Folstein and collaborators (2008) suggested that enhancement of
the N2 is due to conflicting information that occur when partici-
pants begin to prepare a motor response before evaluation of a
stimulus is complete. This hypothesis suggests that the N2 effect
is sensitive to response conflict (Folstein, Van Petten, & Rose,
2008). In accordance with this idea, we suggest that the N2 effect
found in our study is related with motor-related preparation, and
whenever an object was colored in a different color from the pre-
viously presented color name (non-matching trial), a stronger N2
component was elicited.

At the neuroanatomical level, distinct neural regions appear to
be differentially engaged during the processes of color perception
and the retrieval of object color knowledge. Whereas color percep-
tion is more closely associated with the occipital and posterior
occipitotemporal cortex (Bartels & Zeki, 2000; Chao & Martin,
1999; Zeki & Marini, 1998), color knowledge is associated with
the left anterior inferior temporal, left frontal and left superior
parietal regions of the brain (Chao & Martin, 1999; Wiggs,
Weisberg, & Martin, 1999). Also, neuropsychological studies have
reported dissociation between surface color and color knowledge
in the ventral occipitotemporal cortex. Whereas lesions in the lin-
gual gyrus result in achromatopsia in the presence of spared color
knowledge (Bouvier & Engel, 2006), lesions in the ventral temporal
cortex results in color agnosia with spared color perception (Miceli
et al., 2001). Together, these studies suggest that the brain regions
engaged during the retrieval of object-color knowledge are differ-
ent from those areas engaged during color perception. However,
the dissociation between perception and knowledge retrieval
mechanisms does not necessarily imply that these two abilities
are independent. For example, some neuroimaging results suggest
that color knowledge modulates regions that are involved in color
perception (Goldberg, Perfetti, & Schneider, 2006; Howard et al.,
1998; Kellenbach, Brett, & Patterson, 2001; Simmons et al., 2007;
Ueno et al., 2007). Previous studies have investigated color percep-
tion with the ERP technique (Anllo-Vento, Luck, & Hillyard, 1998;
Buchner, Weyer, Frackowiak, Romaya, & Zeki, 1994; Edwards, Xiao,
Keysers, Foldidk, & Perrett, 2003; Goffaux et al., 2005; Lu et al.,
2010; Plendl et al., 1993; Proverbio, Burco, Zotto, & Zani, 2004).
For instance, Goffaux and colleagues (2005) measured early ERPs
to examine the effect of color cues on scene categorization. The
ERPs associated with the black and white images and with the
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atypical colored scenes were delayed compared to the ones
associated with the typical colored scenes. The color effects were
mirrored in the early (150 ms following stimulus onset) frontal
EEG correlates.

Overall, the objective of the present study was to explore the
interactions between top-down color knowledge and bottom-up
color perception during object recognition. Our study provides
electrophysiological evidence suggesting that surface color input
and color knowledge retrieval interact during object recognition.
The results suggest that the appropriate surface color prompts
the activation of color knowledge, thereby facilitating object recog-
nition. Although color knowledge could be activated without the
presence of color input, the surface color input triggers the activa-
tion of stored color knowledge, contributing to more efficient ob-
ject identification, both facilitating the selection of a stored
object representation from long-term memory and activating the
associated semantic object knowledge.
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Appendix A. Stimuli used in experiment

Color  Object name

Red Apple, Cherry, Heart, Lips, Strawberry, Tomato,

Ladybug

Gray Key, Mouse, Nail, Scissors, Hippopotamus, Shark,
Elephant

Orange Carrot, Lobster, Orange, Pineapple, Pumpkin, Crab,
Traffic cone

Green  Alligator, Artichoke, Frog, Lettuce, Pepper, Tree, Pea

Yellow Banana, Bee, Lemon, Star, Sun, Cheese, Bird

Brown Camel, Deer, Fox, Kangaroo, Monkey, Peanut, Nut

Pink Arm, Ear, Finger, Pig, Leg, Hand, Foot
White  Cigarette, Cloud, Sheep, Swan, Bone, Igloo, Tooth
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