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Abstract

Bl Neuroimaging tests of sensorimotor theories of semantic
memory hinge on the extent to which similar activation patterns
are observed during perception and retrieval of objects or object
properties. The present study was motivated by the hypothesis
that some of the seeming discrepancies across studies reflect flex-
ibility in the systems responsible for conceptual and perceptual
processing of color. Specifically, we test the hypothesis that re-
trieval of color knowledge can be influenced by both context (a
task variable) and individual differences in cognitive style (a sub-
ject variable). In Experiment 1, we provide fMRI evidence for
differential activity during color knowledge retrieval by having sub-
jects perform a verbal task, in which context encouraged subjects

INTRODUCTION

Sensorimotor theories of semantic memory posit that ob-
ject knowledge is organized in a distributed, modality-
specific fashion and that object knowledge is stored in or
near the brain regions that subserve perception of and ac-
tion with objects (Barsalou, 1999; Warrington & McCarthy,
1987; Allport, 1985). A large body of behavioral, neuro-
imaging, and neurophysiological research has provided
evidence for these theories (for a review, see Martin, 2007
or Thompson-Schill, 2003). In particular, neuroimaging
studies have demonstrated that retrieving knowledge of
object features draws on similar neural substrates as per-
ception in the same modality, as shown through vision
(e.g., Simmons et al., 2007; Chao & Martin, 1999; Kosslyn,
Thompson, Kim, & Alpert, 1995; Martin, Haxby, Lalonde,
Wiggs, & Ungerleider, 1995), hearing (e.g., Kraemer,
Macrae, Green, & Kelley, 2005; Hughes et al., 2001; Yoo,
Lee, & Choi, 2001; Wheeler, Petersen, & Buckner, 2000),
and action (e.g., Yee, Drucker, & Thompson-Schill, 2010;
Oliver, Geiger, Lewandowski, & Thompson-Schill, 2009;
Hauk, Johnsrude, & Pulvermiiller, 2004; Kellenbach, Brett,
& Patterson, 2003; Chao & Martin, 2000).
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to retrieve more- or less-detailed information about the colors of
named common objects in a blocked experimental design. In the
left fusiform, we found more activity during retrieval of more- ver-
sus less-detailed color knowledge. We also assessed preference
for verbal or visual cognitive style, finding that brain activity in
the left lingual gyrus significantly correlated with preference for
a visual cognitive style. We replicated many of these effects in Ex-
periment 2, in which stimuli were presented more quickly, in a
random order, and in the auditory modality. This illustration of
some of the factors that can influence color knowledge retrieval
leads to the conclusion that tests of conceptual and perceptual
overlap must consider variation in both of these processes. Il

The sensory modality in question in the current investi-
gation is vision and, in particular, color vision, which is of
interest for a number of reasons: Crucial to object identifi-
cation, it is often the feature used to distinguish between
two otherwise similar objects (e.g., lemons and limes). Ad-
ditionally, color can be characterized by both continuous
values along multiple dimensions (such as hue, saturation,
and luminance) or more coarsely in a categorical fashion.
Moreover, unlike other features of object appearance, such
as shape or size, color is a feature that is only perceived
through the visual modality.

The procedures for—and the results of—prior investiga-
tions of color perception and color retrieval are varied.
Brain regions sensitive to color perception have been iden-
tified through the use of passively viewed colored versus
grayscale Mondrians (Chao & Martin, 1999; Howard et al.,
1998) or while making luminance judgments on visual stim-
uli (Simmons et al., 2007; Beauchamp, Haxby, Jennings, &
DeYoe, 1999). Although active brain regions tend to include
lateralized or bilateral fusiform and lingual gyri, there is
certainly no overwhelming consensus on the brain areas in-
volved in color perception. Tasks used to identify brain re-
gions involved in color knowledge retrieval have included
a similarity task of two named objects in the same color
family (Howard et al., 1998), naming colors of objects pre-
sented as achromatic line drawings (Chao & Martin, 1999;

Journal of Cognitive Neuroscience 23:9, pp. 2544-2557



Martin et al., 1995) or verifying colors of objects (Simmons
et al., 2007; Kellenbach, Brett, & Patterson, 2001). In addi-
tion to lateralized or bilateral fusiform and lingual gyri being
active, a posterior inferior temporal network can also be ac-
tivated during retrieval (Kellenbach et al., 2001). Although
these findings largely have been interpreted as evidence for
sensorimotor theories of semantic memory, there are dis-
crepancies among studies that threaten this conclusion;
for example, the absence of evidence for overlapping
responses to color perception and color retrieval (Chao
& Martin, 1999) was contradicted by the finding of direct
overlap between the two (albeit only in the left fusiform
gyrus) (Simmons et al., 2007).

Past work on this topic has tended to investigate this
overlap between conceptual and perceptual color process-
ing by posing the question: “Does color knowledge retrieval
activate the color perception area?” Instead, we propose re-
framing the question as, “What factors influence color
knowledge retrieval, and under what circumstances do
these factors influence the extent of overlap between color
knowledge retrieval and color perception?” We propose
that differences in the literature may also be explained by
two factors that influence color knowledge retrieval: task
factors and individual factors.

To motivate the relevance of task or context factors for
color retrieval, consider the following two contexts: First,
imagine that you are trying to avoid eating strawberries
as you pick through a fruit salad comprising blueberries,
blackberries, and strawberries. As you plan your search of
the bowl of fruit, you will need to know that the strawberries
are the red bits in the bowl. Now instead, imagine that
you are trying to avoid eating the strawberries in a fruit
salad that also includes raspberries, watermelon, and
cherries. Dodging the red pieces will no longer help you;
instead, you need to recall the specific shade of red of the
strawberry. In other words, the context (created by the
other fruits in the bowl) changes the type of color informa-
tion you retrieve about the fruits. This is the contextual dif-
ference we tried to capture with our task manipulation.

Turning to individual factors, differences in cognitive
style may play a role in the representation that is retrieved
by a given individual. A cognitive style is a psychological di-
mension that represents consistencies in how an individual
acquires and processes information (Kozhevnikov, Kosslyn,
& Shephard, 2005). Different individuals process certain
types of information differently (e.g., learning through pic-
tures or through words), and this idea has been part of
many theories in various avenues of psychological research
(Kraemer, Rosenberg, & Thompson-Schill, 2009; for a re-
view, see Kozhevnikov, 2007). In this pair of studies, we
use the Verbalizer—Visualizer Questionnaire (VVQ) devel-
oped by Kirby, Moore, and Schofield (1988) to identify
propensities for visual or verbal cognition. A key difference
between task factors and individual factors is that the
latter, such as visualizing preferences, are described as
being stable over time, whereas the former can vary on a
trial-to-trial basis. Both of these types of factors may affect

components of the color knowledge retrieval process, sug-
gesting it to be more dynamic and complicated than pre-
viously thought.

In the current investigation, we examined the effects of
task factors and individual factors on color retrieval by im-
plicitly varying the retrieval context and by assessing indi-
vidual preferences for cognitive style. In Experiment 1,
subjects performed a verbal task in which they judged the
color similarity of three named objects. The composition
of the object groups encouraged retrieval of either object
colors from the same color category (i.e., three red items)
or from different color categories (i.e., two red items and
a yellow item). These object groups were, thus, meant to
encourage retrieval of more or less detailed color knowl-
edge. Using fMRI, we measured brain activity during re-
trieval, controlling for difficulty by covarying out RT. We
observed effects of both task factors and individual factors,
although in different regions: We found that activity in the
left fusiform gyrus was significantly greater when retrieving
and discriminating object colors from the same versus dif-
ferent color category. The lingual gyrus was responsive to
the task (compared with baseline), but there was no signifi-
cant difference in activity between conditions. However,
activity in this region (and task performance) significantly
correlated with visual cognitive style preference, as mea-
sured by the self-report VVQ (Kirby et al., 1988).

To replicate and extend the results of Experiment 1, we
conducted a second experiment that varied detail of color
knowledge, with several key procedural changes. In Ex-
periment 2, we used auditory rather than visual stimuli to
ensure that any effects were because of the retrieval of
visual knowledge and not some modulation of the response
to the visually presented words. Second, we used a ran-
domized rather than blocked manipulation of the color
task to minimize the contribution of state effects on the
retrieval process. Even with these changes, Experiment 2
replicated many of the findings of Experiment 1 with acti-
vation in the left fusiform gyrus. Additionally, there was a
significant positive correlation of the VVQ and task per-
formance. Our findings support the notion that retrieval
of color knowledge representations relies on similar neu-
ral substrates as color perception and that the degree to
which these systems overlap can be influenced both by
context and by cognitive style.

EXPERIMENT 1
Methods
Participants

For Experiment 1, 12 healthy subjects (six men, average
age = 22.8 years, range = 19-30 years) participated. All
subjects (in both experiments) provided written informed
consent to participate and received monetary compensa-
tion in return for their participation. The human subjects
review board at the University of Pennsylvania approved
all experimental procedures.
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Materials

For each trial, subjects judged the similarity of three named
objects, indicating which of the two objects was more simi-
lar to the third object in terms of color. The conditions of
interest differed such that, to arrive at a correct answer,
varying levels of detailed color information were required.
Thus, we manipulated the level of detail of color knowl-
edge by having subjects compare either objects drawn
from different color categories or between-color categories
(BCO) (e.g., comparing paprika and pencil to ladybug,
wherein less detailed color information would suffice) or
objects drawn from the same color category, or within-
color category (WCC) (e.g., comparing butter and egg yolk
to school bus, wherein more detailed color information
becomes necessary).

The 300 objects used in the experiments were rated
for color agreement (>66%) by an independent group of
50 subjects, drawn from the same population as the study
sample. Furthermore, to alleviate ambiguity in WCC trials
and to create WCC trials with agreement for the correct
answer, these 50 subjects performed an additional rating
task. For this task, they rated the color similarity of pairs
of all objects within a color category, and WCC trials were
created by pairing two objects (rated for high color similar-
ity) with a third object (rated for low color similarity). Once
created, the trials in both conditions of interest were
normed in an independent group of 25 subjects for accu-
racy and RT differences.

Because a substantial portion of the objects used in these
experiments did not have listings in the MRC Psycholinguis-
tic Database (Wilson, 1987), as prioritizing for high color
agreement constrained our object names list, we felt that
the conditions could not be accurately matched in terms
of familiarity and lexical frequency. Thus, we used a lexical
decision task (in which all of the words referred to concrete
objects) as a proxy measure of familiarity and frequency,
which has been used previously (Goldberg, Perfetti, &
Schneider, 2006). A separate set of 25 subjects drawn from
the same population as the study sample completed the lex-
ical decision task, during which they verified whether each
presented word referred to a real world object or not. Each
of the 300 words used in the neuroimaging experiments
was randomly presented individually and intermixed with
300 pronounceable pseudowords (Rastle, Harrington, &
Coltheart, 2002) that were matched with the 300 real words
for letter length and number of syllables. RT and accuracy
measures were collected, which did not differ across the
two conditions of interest. In summary, in Experiment 1,
the conditions were matched for lexical frequency and
familiarity (as measured by lexical decision RTs) and num-
ber of letters, number of phonemes, number of syllables,
and color agreement.

No more than 1 week before the scanning session, sub-
jects came to the laboratory to fill out relevant paperwork,
provide informed consent, and become acquainted with
the tasks by performing practice versions. Additionally, they
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were administered the VVQ developed by Kirby et al. (1988)
in a manner identical to that reported previously (Kraemer
et al., 2009).

Procedure: Experiment 1

At the beginning of each trial, two words appeared at the
bottom of the screen for 4000 msec, and then a third word
replaced a fixation cross at the top of the screen (see Fig-
ure 1). At this point, the subjects’ task was to decide which
of the two bottom words was more similar in real world
color to the top word. Subjects indicated their response
with a button press within a 4500-msec response window
during which time all three words were visible. We collected
response latencies to include as a covariate in all fMRI anal-
yses to control for differences in time on task across condi-
tions. At the end of the trial, a fixation cross appeared in the
center of the screen for 500 msec, before the onset of the
next trial, for a total trial duration of 9000 msec.

Trials from the WCC and BCC conditions were blocked in
Experiment 1 as follows: we presented five trials of one con-
dition (45 sec) followed by 45 sec of fixation (“baseline”)
and then five trials of the other condition followed by
45 sec of fixation, and so on. In each of two functional
scans (or runs), subjects completed five WCC blocks and
five BCC blocks, for a total of 50 trials per condition across
the two scans, with an equivalent amount of fixation time.
To reduce variability across subjects associated with task
order, trials were presented in the same order for all sub-
jects, beginning with a WCC block. Before scanning, sub-
jects completed five practice trials of each condition. We
used E-Prime software (Psychology Software Tools, Inc.,
Sharpsburg, PA) to present stimuli and collect response data.

After subjects completed both color retrieval scans, we
administered a “functional localizer” to identify brain re-
gions involved in color perception, so that we could com-
pare regions that are affected by task or subject factors
during color retrieval to regions that respond to color per-
ception in the same group of subjects. Participants saw
blocks of the Farnsworth-Munsell 100-hue stimuli, in which
they judged whether wedges that made up chromatic or
achromatic color wheels were sequentially ordered from
lightest to darkest. The methods and stimuli for this task
were identical to those that were used previously by
Simmons and colleagues (Simmons et al., 2007) and have
previously been used to identify brain regions involved
in color perception (e.g., Beauchamp et al., 1999).

Image Acquisition

We acquired imaging data using a 3T Siemens Trio system
with an eight-channel head coil and foam padding to se-
cure the head in position. After we acquired T1-weighted
anatomical images (TR = 1620 msec, TE = 3 msec, TI =
950 msec, voxel size = 0.9766 mm X 0.9766 mm X
1.000 mm), each subject performed the color knowledge
retrieval task, followed by the color perception task, while
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Figure 1. Design of Experiment 1.

undergoing BOLD imaging (Ogawa et al., 1993). We
collected 912 sets of 44 slices using interleaved, gradient-
echo, EPI (TR = 3000 msec, TE = 30 msec, field of view =
19.2 cm X 19.2 cm, voxel size = 3.0 mm X 3.0 mm X
3.0 mm). At least 9 sec of “dummy” gradient and radio-
frequency pulses preceded each functional scan to allow
for steady-stage magnetization; no stimuli were presented,
and no fMRI data were collected during this initial period.

Neuroimaging Data Analysis

We analyzed the data off-line using VoxBo (www.voxbo.org)
and SPM2 (www.fil.ion.ucl.ac.uk). Anatomical data for
each subject were processed using the FMRIB Software
Library toolkit (www.fmrib.ox.ac.uk/fsl) to correct for spa-
tial inhomogeneities and to perform nonlinear noise
reduction. Functional data were sinc interpolated in
time to correct for the slice acquisition sequence, motion-
corrected with a six-parameter, least squares, rigid body
realignment routine using the first functional image as a
reference, and normalized in SPM2 to a standard template
in Montreal Neurological Institute space. The fMRI data
were smoothed using a 9-mm FWHM Gaussian smoothing
kernel. Following preprocessing for each subject, a power
spectrum for one functional run was fit with a 1/frequency
function; we used this model to estimate the intrinsic
temporal autocorrelation of the functional data (Zarahn,
Aguirre, & D’Esposito, 1997).

We fit a modified general linear model (Worsley & Friston,
1995) to each subject’s data, in which the conditions of

interest were modeled as a block and convolved with a stan-
dard hemodynamic response function. Several covariates
of no interest (global signal, scan effects, and movement
spikes) were included in the model. The response latency
for each trial was also included as a covariate of no interest
to address any confounds of difficulty or “time on task”; in
other words, effects of condition reported below describe
differences between conditions that cannot be explained
by response time differences alone. From this model, we
computed parameter estimates for each condition (com-
pared with baseline) at each voxel. These parameter esti-
mates were included in the group-level random effects
analyses described below.

To establish functionally defined ROIs (fROIs) in which
we assessed the effects of task and individual factors on col-
or retrieval, we first performed a group-level random effects
analysis, in which we compared brain activity for both con-
ditions of interest to the fixation baseline. Note that, defined
this way, these fROIs are unbiased with regard to the test of
interest, namely whether there are differences in activation
between the two conditions. Next, from the set of fROIs
that emerged from this analysis, we identified the peak clus-
ter of voxels from lingual and fusiform gyri, as these two re-
gions have been implicated in color perception and color
knowledge retrieval (Martin, 2007; Simmons et al., 2007,
Beauchamp et al., 1999; Chao & Martin, 1999). To create
fROIs of comparable size across regions, we did not use a
predetermined threshold, but rather we adjusted the
threshold that yielded approximately 100 maximally respon-
sive voxels in each of these regions. (For the remaining
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fROIs about which we did not have a priori hypotheses, we
assessed effects using an approach better suited for explora-
tory analyses, which we discuss in Exploratory, Whole-Brain
Analyses.) Finally, within each of these fROIs, we calculated
parameter estimates for each subject, for each condition,
on the spatially averaged time series (across the 100 voxels
in the fROI), and we used these parameter estimates to
assess the effects of task and individual factors on color
retrieval (see Figure 2). Task effects were assessed using
a paired ¢ test of the difference between the WCC param-
eter and the BCC parameter, and subject effects were as-
sessed using a Pearson’s correlation between these values
and the difference scores on the VVQ.

Results
Behavioral Results

Each dimension of the VVQ ranges from —20 to 20. Al-
though scores for each dimension were generally positive,
we measured preference for a visual or verbal cognitive
style as the difference, calculated by subtracting verbal
from visual scores. This difference score will be reported
throughout the article as “Vis-Verb.” Difference scores
ranged from —5 to 15 (M = 4.3, SD = 7.15).

The average RT (in msec) for correct trials in both experi-
mental conditions was 1485.08 (SD = 678.66). As expected,
the inherent difference in difficulty between the two experi-
mental conditions resulted in notable RT differences (BCC:
M = 1332.25, SD = 651.91; WCC: M = 1720.17, SD =
669.27; t(11) = 4.74, p < .001). Vis-Verb scores were not
correlated with RT (r = —.38, p = .20). Accuracy across
conditions was fairly high (84%) but lower for the more dif-

ficult WCC condition (BCC: 95%; WCC: 74%; t(11) = 13.40,
p < .001). As seen in Figure 3A, accuracy difference scores
(calculated by subtracting accuracy on the BCC trials from
the WCC trials) significantly correlated with Vis-Verb scores
(r = .58, p < .05). This result suggests that subjects who
prefer the visual cognitive style tended to perform better
on trials in which object representations of higher detail
were retrieved.

Imaging Results

Results are shown in Figure 2A. In the left fusiform region
(100 voxels; ¢ = 6.96, Talairach coordinates: —36 —47 —13,
BA 37), activation was significantly greater during WCC
blocks (mean percent signal change = 0.53%, SD =
0.21%) than during BCC blocks (mean percent signal
change = 0.40%, SD = 0.14%; t(11) = 4.02, p = .002). A
weak but nonsignificant positive correlation also existed
between the magnitude of the condition effect (calculated
as the difference in signal change between the two condi-
tions) and Vis-Verb scores (r = .35, p = .13). The finding of
task-dependent levels of activity in the left fusiform region
during color retrieval supports our hypothesis that context
can influence the color knowledge retrieval process.

In the left lingual region (119 voxels; ¢ = 5.5, Talairach
coordinates: —15 —85 —3, BA 18), there was significant
activation in both conditions but no difference between
conditions (WCC: mean = 0.28%, SD = 0.16%; BCC:
mean = 0.29%, SD = 0.14%; 1(11) = —0.28, p = .83).
Although there was not a reliable main effect of condition,
there was a significant positive correlation (see Figure 3C;
7 = .56, p = .03) between the magnitude of the main effect
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Figure 2. Areas of visual cortex show differences in activity when retrieving color knowledge at differing levels of detail. fROI analysis of left
lingual and left fusiform regions for Experiment 1 (visual stimuli, A) and Experiment 2 (auditory stimuli, B). Error bars indicate =1 SE.
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and the Vis-Verb scores: Participants who preferred the
visual cognitive style had more activation in the left lingual
region during trials requiring retrieval of more detailed
color information. The finding that activity in the left lin-
gual region is correlated with an individual’s cognitive style
supports our hypothesis that individual factors can influ-
ence retrieval of color knowledge representations.

Additional Analyses

Comparing color retrieval to color perception. A sepa-
rate analysis investigated the overlap between color per-
ception and color knowledge retrieval by identifying ROIs
of approximately 100 active voxels during the color per-
ception localizer in the same manner described for the
color retrieval fROIs. This method yielded two ROIs in
the left fusiform (¢ = 5.05, 102 voxels) and the left lingual
gyrus (¢ = 6.5, 110 voxels). We then assessed the extent
to which the regions involved in color perception were also
involved in the color knowledge task by overlaying the
color perception ROIs with the color knowledge ROIs
described above. Here, we found that voxels involved in
both color perception and color knowledge retrieval over-
lapped in both left fusiform gyrus (10 voxels; Figure 4A)

and left lingual gyrus (2 voxels; Figure 4B). When we
repeated our analyses of task and subject effects in the re-
gions functionally defined to be involved in color percep-
tion, there was a marginally significant increase for WCC
versus BCC trials (¢[11] = 2.20, p = .084), although the

&

Figure 4. Color perception and color knowledge retrieval activate
overlapping brain regions. Overlap of Experiment 1 fROIs for color
perception (red) and color knowledge (blue) in left fusiform (A) and
left lingual (B) regions. Overlapping voxels are shown in green.
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correlation between Vis-Verb scores and brain activity was
not statistically significant.

Exploratory, whole-brain analyses. In a group-level
random effects analysis, we identified all clusters that sur-
passed a p < .001 (uncorrected) threshold for the task—
baseline contrast (for clusters greater than 100 voxels, we
picked approximately the peak 100 voxels to be consistent
with our approach above). This analysis revealed 13 addi-
tional fROIs; within each of these fROIs, we then tested
significance of the WCC-BCC contrast as well as the corre-
lation of brain activity with Vis-Verb scores. These regions
are reported in Table 1. As can be seen, several other
regions activated during color retrieval—beyond those
selected for their involvement in color perception—were
also modulated by task and subject factors.

Discussion

The results of Experiment 1 provide evidence that task
factors (context) and individual factors (here, cognitive
style) influence conceptual processing of color. Activa-
tion during the color retrieval task was observed in two
regions—the left fusiform gyrus and the left lingual gyrus—
that have been reported in prior research on color per-
ception and memory and that overlapped with regions
activated by our color perception localizer in the same
group of subjects. In these two regions, we found evi-
dence of effects of both task factors and individual fac-
tors. Specifically, in the left fusiform region, we observed
greater activation when color knowledge was retrieved
in a context that requires detailed or specific color infor-
mation (i.e., WCC blocks) than in one that does not (i.e.,
BCC blocks). And in the left lingual region, the magnitude
of this effect was correlated with the degree to which sub-
jects preferred the visual cognitive style.

These findings paint a picture of color retrieval as a dy-
namic process that varies as a function of both state and
trait factors. The overlap between our two color knowledge
retrieval ROIs with voxels that respond to color perception
(Figure 4) raises the possibility that one aspect of color re-
trieval that varies is the extent to which early perceptual pro-
cesses are recruited during memory retrieval. Furthermore,
the finding that subjects who report a visual cognitive style
did better on WCC trials than those who did not demon-
strates that there can be behavioral consequences of these
variations in color retrieval processes. Lastly and more gen-
erally, these findings illustrate the utility of using both
group and individual analyses, a point to which we return
in the General Discussion.

Early visual cortex has been shown to be recruited
when retrieving high-resolution details of object surface
geometry (Kosslyn & Thompson, 2003). However, to our
knowledge, this is the first demonstration that retrieval of
color knowledge representations can differentially activate
areas of visual cortex that are also involved in color percep-
tion. However, there is an alternative explanation of our
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findings that arises from our choice to present verbal stim-
uli in the visual modality in Experiment 1: The differences
we observed between the WCC and BCC conditions could
be explained by a low-level, perceptual explanation un-
related to our hypothesis, if subjects scanned the visually
presented words differently during the two conditions (e.g.,
multiple fixations on each word in the WCC condition). In
other words, although we statistically controlled for re-
sponse time differences (in our general linear model),
we cannot be certain that the same amount of visual pro-
cessing occurred per unit time. Experiment 2 addressed
this concern by presenting auditory rather than visual
stimuli, so we could be certain that activation in visual
areas did not reflect processing of the words per se but
instead of the objects to which the words refer.

In Experiment 2, in addition to replicating our initial find-
ings in the auditory modality, we also wanted to address
the time course of dynamic changes in knowledge re-
trieval. In Experiment 1, subjects were presented with
45-sec blocks that alternated between retrieval of more-
or less-detailed color knowledge representations. Thus,
the results of Experiment 1 could reflect an anticipatory
strategy sustained across an entire block. In Experiment 2,
we randomized the order of conditions on a trial-by-trial
basis. In this way, subjects were unable to predict the type
of knowledge that would be required before each trial. We
also reduced each trial’s duration to reduce the potential
impact of postdecision processes. Therefore, unlike in Ex-
periment 1, where condition differences could have been
present even in the intertrial interval of each block, in Ex-
periment 2 any observed differences in activation between
conditions would have to reflect the response to each indi-
vidual set of stimuli.

EXPERIMENT 2
Methods
Participants

For Experiment 2, 12 healthy subjects (six men, average
age = 22.9 years, range = 19-27 years) participated. No
subjects participated in both experiments.

Materials

We selected 25 trials from each condition of Experiment 1
for use in Experiment 2. The items in the two conditions
were matched for lexical frequency and familiarity (as mea-
sured by lexical decision RTs), number of phonemes, and
color agreement. Auditory stimuli were recorded using
Audacity (version 1.2.5) and were filtered for noise. Because
of the inherent difficulty of hearing intelligible words above
scanner noise made while acquiring functional images, we
modified sound files with a Matlab tool that boosts sound
frequencies normally masked by fMRI noise. Behavioral
piloting of both file types revealed that the modified sound
files were more intelligible than the original sound files. To

Volume 23, Number 9



Table 1. Clusters Identified in Exploratory, Whole-Brain Analysis

Peak Location

WCC-BCC
ROI BA X Y z Peak t Value Voxels t Statistics Vis-Verb r
Experiment 1
L thalamus/putamen - —36 —27 -6 12.12 115 5.69%** —0.09
L intraparietal sulcus 7 =30 —57 44 11.95 92 2.79% 0.11
R inferior frontal gyrus 44/45 51 34 20 9.48 101 3.17%* 0.2
L fusiform gyrus 19 —36 —47 -13 9.26 100 4.02%% 0.35
L lingual gyrus 18 —15 -85 -3 8.57 116 —-0.20 0.56
B anterior cingulate 32 0 26 37 8.42 100 5.36%* —0.14
R angular gyrus/superior 39 33 —48 41 8.11 85 7 .55 %k —0.05
parietal lobule
L inferior frontal gyrus 45 —45 30 15 7.74 99 4.20%* —0.08
(pars triangularis)
L inferior frontal gyrus 44 -39 11 33 7.67 81 3.12%* 0.34
(pars opercularis)
R inferior frontal gyrus 45 57 39 4 7.39 23 5.96G% % —0.51
(pars triangularis)
L angular gyrus/superior 39 —42 —44 55 7.11 22 4.15%* 0.14
parietal lobule
R middle frontal gyrus 8/9 42 18 49 6.70 35 4.34%* —-0.05
R thalamus/caudate - 9 5 22 6.10 100 3.22%% 0.16
Experiment 2
L cingulate gyrus 32 -3 11 42 16.75 100 2.34% 0.04
L middle frontal gyrus 6 -39 -1 48 16.75 104 0.90 0.03
L superior temporal gyrus 42 —68 —26 6 11.96 105 -1.01 0.39
L insula 13 —33 15 4 11.86 71 1.20 0.23
L thalamus - —18 —26 -1 11.81 112 0.13 0.06
R cuneus 30 9 —69 11 11.09 106 191 0.00
L lingual gyrus 18 -18 —82 -6 9.67 101 -0.55 0.19
R superior temporal gyrus 22 42 —26 1 9.37 107 0.03 0.03
R insula 13 30 17 -1 9.23 92 1.83 —-0.05
L inferior parietal lobule 40 -39 -39 45 8.65 62 1.25 0.01
L inferior frontal gyrus 9 —45 16 24 7.74 42 2.56% 0.46
R inferior frontal gyrus 9 59 10 30 7.47 43 3.02% 0.08
L fusiform gyrus 37 —42 —53 —12 6.85 116 —0.24 -0.16

These clusters were identified as those surpassing a p < .001 (uncorrecte

d) threshold. For clusters larger than 100 voxels, approximately the 100 most

active voxels were identified. Bolded ¢ statistics surpass Bonferroni-corrected significance threshold (p < .004). Other ¢ statistics noted for signifi-
cance (*p < .05, *¥p < .01, **¥p < 001, ****p < .0001). L = left; R = right.

further facilitate word recognition in the scanner, subjects
listened to all of the words before scanning (once each, ina
random order) and were told they would hear these words
again during the scan. They also generated the typical col-

ors of these objects, and naming latencies (as a proxy of
familiarity for the scanned subjects) were compared across
the conditions of interest. There were no significant differ-
ences in naming latencies across these conditions.
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Procedure: Experiment 2

On each trial, subjects heard three words and were in-
structed to decide which of the first two named objects
(spoken in a female voice) was more similar in color to
the third named object (spoken in a male voice). The trial
structure, illustrated in Figure 5, was as follows: At the
beginning of each trial, a “READY?” prompt appeared on
the screen for 250 msec. Subjects then heard the names
of three objects (the words” onsets were 1000 msec apart).
Simultaneously with the onset of the third word, a visual
prompt of “COLOR?” appeared, and subjects had 3650 msec
to respond with a button press. Subjects were also told to
press a third button if the words in a given triad were un-
intelligible because of scanner noise so we could eliminate
those trials from our analyses. The intertrial interval was
100 msec, for a total trial duration of 6000 msec.

Each subject completed three scanning runs of the color
retrieval task (6-7 min each) with eight to nine trials of each
condition per run. We presented a unique trial order to
each subject using Optseq2 (surfer.nmr.mgh.harvard.edu/
optseq) to generate optimized pseudorandom stimulus
presentation sequences. For each trial, the entire 6 sec (this
includes auditory word presentation and time to respond)
was analyzed and reported. Experimental trials were inter-
mixed with jittered fixation periods averaging 6 sec in
length. (These trials were also intermixed with filler trials
on which subjects made judgments unrelated to object
color, which were not further analyzed.)

Additionally, the list of 300 objects contained four homo-
phones (JEANS, PEA, THYME, DOE) that when heard

rather than seen, could potentially result in ambiguity irre-
levant for the task of interest. Thus, for Experiment 2, dur-
ing acquisition of anatomical images (and before functional
imaging), each of the 300 words was visually presented on
the screen for 1000 msec. The words were randomly pre-
sented across subjects, but the homophones always came
first. Subjects were told that these words were being pre-
sented to refresh their memories of the objects that would
come up during the task, and they were instructed to read
each word silently to themselves.

The “functional localizer” to identify brain regions in-
volved in color perception was administered after the color
knowledge task, exactly as in Experiment 1. All image ac-
quisition parameters were as in Experiment 1, although
fewer volumes were collected (693) and the overall dura-
tion of the experiment was shorter. Behavioral and func-
tional data were analyzed as in Experiment 1, with the
exception that we modeled each trial as a separate event
with a 6-sec duration.

Results
Bebavioral Results

Vis-Verb scores ranged from —11to 13 (M = 1.5,SD = 8.07)
and did not differ from Experiment 1 scores (p = .37).
The pattern of performance on the WCC and BCC trials
resembled that of Experiment 1: There was a small but
still reliable difference between conditions in RTs to cor-
rect trials (BCC: M = 1898.42, SD = 246.10; WCC: M =
2109.38, SD = 322.78; 1(11) = 3.96, p = .002). Vis-Verb

Between-color Within-color
READY “paprika” READY “butter”
_—
s
0 | 250 msec + “pencil® 250 msec * | Tegg yolk”
L
o Y .
=1 1000 msec ¥ Tadybug” 1000 msec + |school bus
©
s 1000 msee COLOR? 1000 meee COLOR?
R
|
- .
3650 msec * 3650 msec c
100 msec 100 msec

Between-color
' TRIAL (6 sec)

Fixation baseline

Run structure
(randomized)

Within-color
TRIAL (6 sec)

Figure 5. Design of Experiment 2.
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Figure 6. Color knowledge retrieval recruits overlapping brain regions in both Experiment 1 and Experiment 2. fROI overlap in left fusiform
(A) and left lingual (B). fROIs are indicated for Experiment 1 (red), Experiment 2 (blue), and their overlap (green).

scores were not correlated with RT (p = .97). Accuracy was
high across conditions (81%) and varied between
conditions (BCC: 86%; WCC: 73%; t(11) = 5.09, p < .001).
Accuracy differences significantly correlated with Vis-Verb
scores (r = .64, p = .03), replicating the result from Experi-
ment 1 (and shown in Figure 3B).

Imaging Results

Functional ROIs were identified in the same manner as in
Experiment 1. There was substantial overlap between the
fROIs obtained in Experiment 1 and those obtained in Ex-
periment 2, despite the many methodological variations
(see Figure 6).

Results are shown in Figure 2B. In the left fusiform re-
gion (66 voxels, t = 5.5, Talairach coordinates: —42 —65
—12, BA 19), activation was marginally greater during
WCC trials (mean = 0.43%, SD = 0.15%) than during BCC
trials (mean = 0.38%, SD = 0.19%,; t(11) = 2.17, p = .053);
this effect was not reliably different in magnitude from that
observed in Experiment 1, p = .15. We also observed a
marginally significant positive correlation between the
magnitude of the main effect and Vis-Verb scores (r =
46, p = .07). These results establish that the effect of
context on activation in left fusiform cortex during color re-
trieval is insensitive to the procedural variations between
the two experiments.

In the left lingual region (91 voxels, ¢ = 5.0, Talairach
coordinates: —12 —87 —1, BA 17), there was no significant
difference in activation between WCC trials (mean = 0.81%,

SD = 0.29%) and BCC trials (mean = 0.80%, SD = 0.27%;
p = .75). As shown in Figure 3D, we observed a weak,
positive correlation between the magnitude of the main
effect and Vis-Verb scores that did not differ in magnitude
from the correlation observed in Experiment 1 (p = .57)
but which also did not reach significance here (p = .24).

Additional Analyses

An exploratory, whole-brain analysis revealed several other
voxel clusters that surpassed a p < .001 (uncorrected)
threshold at the whole-brain level for the task—baseline con-
trast. Identified in the same manner as in Experiment 1,
within each of these fROIs, we then tested significance of
the WCC-BCC contrast as well as the correlation between
brain activity and Vis-Verb scores. These data are reported
in Table 1. Unlike Experiment 1, there were no reliable ef-
fects (of either task or subject variables) in any of these re-
gions. Interestingly, a fusiform region that emerged during
the exploratory analysis (that was more posterior to the fusi-
form region identified in our primary analyses and closer to
the lingual region identified earlier) did not show the con-
dition effect.

Discussion

Experiment 2 replicated many of the results of Experi-
ment 1, despite a number of methodological changes: In
Experiment 2, we (i) arranged stimuli in a randomized or-
der, preventing subjects from anticipating the trial condition,
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(ii) reduced the trial duration from 9 to 6 sec, and (iii) pre-
sented auditory rather than visual stimuli during color
knowledge retrieval. Even with these changes, the main
effects followed the same pattern as seen in Experiment 1.
Specifically, in both experiments, context (i.e., WCC versus
BCC) affected the magnitude of activation in the left fusi-
form region during color knowledge retrieval. In the left
lingual region, there was no difference in activity between
conditions, although weak to moderate correlations were
observed between the condition effect and cognitive style
preference. And in both experiments, task accuracy posi-
tively correlated with visual-preferred cognitive style.

Although there was substantial replication between the
two experiments, there were a few differences. First, slightly
different parts of the lingual region were activated during
the color retrieval task (the lingual region activated in Ex-
periment 2 was more bilateral and anterior to that activated
in Experiment 1, despite some overlap). Although we have
no compelling explanation for this difference, the anterior
activation is interesting, as it has been suggested that ante-
rior color perception regions involved in color knowledge
retrieval can be recruited on the basis of task demand
(Simmons et al., 2007; Beauchamp et al., 1999). Perhaps
because of this localization difference or perhaps because
of one of the methodological changes between the two
experiments, the percent signal change in the lingual
region was much greater (in both conditions) in Experi-
ment 2 than in Experiment 1, as seen in Figure 2. If any-
thing, one might have predicted /ess activation under
auditory presentation conditions.

A second difference between the experiments concerns
the correlation between effect size and Vis-Verb scores in
the lingual region. Although the correlation in Experiment 2
replicated that of Experiment 1 in pattern, it was a weaker
correlation that did not approach significance. Although
these correlations did not differ from each other, there
are both methodological and theoretical reasons to expect
the correlation to be greater in Experiment 1 than in Ex-
periment 2. First, there is less statistical power in a random-
ized than a blocked design (D’Esposito, 2006); under this
account, a more reliable correlation might have emerged
with a greater number of trials with which to estimate the
condition effect in each subject. Second, if the consequence
of having a more visual cognitive style is an increased like-
lihood of deploying a visual strategy, then the correlation
with cognitive style should be greater under conditions that
favor the use of anticipatory strategies. In Experiment 2, we
switched from a procedure that encouraged such strategies
(slow trials in a predictable, blocked sequence) to one that
did not (fast trials in a randomly ordered sequence). Under
this account, the correlation with cognitive style should be
lower in Experiment 2 than in Experiment 1.

GENERAL DISCUSSION

In this pair of studies, we explored factors that influence the
retrieval of color knowledge from memory. Specifically, we
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hypothesized that a task variable (context) and a subject
variable (here, cognitive style) might affect the process of
color retrieval, which may in fact be more dynamic and flexi-
ble than previously assumed. The results of Experiment 1
supported this hypothesis in two ways: We saw the effects
of a task variable in the left fusiform gyrus, where there was
significantly greater activity during WCC trials than during
BCC trials. In the left lingual gyrus, we saw the effects of
a subject variable, in that the magnitude of the condition
effect on an individual subject level positively correlated
with subjects’ preference for a visual cognitive style, as mea-
sured by Vis-Verb scores. In Experiment 2, despite numer-
ous methodological changes, we replicated many of the
results from Experiment 1.

The Nature of Factors that Influence Conceptual
Processing of Color

In both experiments, task accuracy positively correlated
with the degree of visual cognitive style preference. Al-
though all (but one) subjects were more accurate on the
BCC trials than the WCC trials, subjects with the stron-
gest visual style preference performed with almost equal
accuracy whereas subjects with the strongest verbal style
preference had differences in accuracy approaching 30%
(see Figure 3A and B). Considering the methodological
differences between the two experiments, this replica-
tion demonstrates an influence of cognitive style on task
performance that is not dependent on state effects within
a task block (i.e., predicting task condition) or on the
modality in which the information is presented (auditory
or visual).

In both experiments, we saw more brain activity in the
left fusiform during WCC than during BCC trials, and these
differences could not be explained by RT differences alone.
This replication indicates that color retrieval processes can
vary on a trial-to-trial basis, driven by the immediate con-
text. There may also be more sustained changes in color
retrieval strategies that emerge when the context is predict-
able and ongoing (as in Experiment 1), but the findings in
Experiment 2 indicate that color retrieval is a dynamically
changing collection of processes.

The ability to alter color retrieval processes in contex-
tually appropriate ways might be thought of as a skill that
varies across individuals. In accordance with this idea, the
positive correlation between signal change and Vis-Verb
scores in the lingual gyrus (robust in Experiment 1, weaker
in Experiment 2) suggests an influence of cognitive style on
knowledge retrieval in an early color perception region
(Simmons et al., 2007; Beauchamp et al., 1999; Chao &
Martin, 1999). For high visualizers (i.e., those with a higher
Vis-Verb score), imagining object colors more closely re-
sembles perception than for low visualizers, and perhaps
as a result, these subjects perform better under conditions
that require more detailed color information (i.e., WCC
trials). Moreover, this result complements some recent
findings that modality-specific cortical activity may underlie

Volume 23, Number 9



processing related to visual and verbal cognitive styles
(Kraemer et al., 2009).

More generally, one might ask why the fusiform gyrus
shows the task effect, whereas the lingual gyrus shows
effects of the subject variable. Rather than ascribe func-
tional descriptions to these two regions, we hope that our
findings—that both task and subject variables influence the
color knowledge retrieval process—point to the utility of
using multiple approaches to understand the connections
between brain and behavior. Here, we have used average
tendencies in a traditional ROI data analysis to demonstrate
differential activation based on discrimination of objects
from the same or differing color category. Additionally,
we have found that the variability in these average tenden-
cies is also meaningful with regard to cognitive styles, high-
lighting the informativeness of an individual differences
approach. By using both types of analyses, our findings help
to inform a richer understanding of the factors influenc-
ing color knowledge retrieval. Indeed, the conjunction of
these approaches has been used in previous research
(see Epstein, Higgins, & Thompson-Schill, 2005; Omura,
Aron, & Canli, 2005).

Reconciling Extant Findings and Representations
that Vary in “Resolution”

As we reviewed in the Introduction, numerous neuroimag-
ing studies have examined the extent of overlap between
regions activated by perception and memory of object
properties—including color— to evaluate claims of senso-
rimotor theories of semantic memory. But the results of
such studies have been mixed. For example, an early experi-
ment failed to detect overlap between voxels activated by
passive viewing of Mondrian-like displays (color percep-
tion) and voxels activated by color naming of achromati-
cally presented object drawings (color knowledge) (Chao
& Martin, 1999). However, another study found direct over-
lap in the left fusiform, using active hue sequencing (color
perception) and property verification (color knowledge)
(Simmons et al., 2007). In the current study, we observed
overlap between color perception and color retrieval in
the fusiform gyrus (as in Simmons et al., 2007) and also in
the lingual gyrus (direct overlap was ot found in Simmons
et al., 2007); however, we also found that the magnitude of
activation in these regions varied across subjects and across
contexts. This variability may explain some of the inconsis-
tencies in the literature.

Given these results, we propose that differences in re-
sults across studies reflect the existence of multiple types
of color representations that vary in resolution. Here, the
term “resolution” is used to describe a representation in
color space, where a high-resolution color representation
is one that contains fine detail (e.g., distinguishing two
shades of red), whereas a low-resolution representation
contains coarse detail (e.g., red versus yellow). We designed
our WCC and BCC trials to tap into these two types of repre-
sentations, respectively. Just as responses to visual stimuli

can be described as varying in abstraction over low-level
properties of the stimulus such as orientation, size, and
so on, it may be useful to describe color knowledge at vary-
ing levels of abstraction. In this way, the idea of multiple
color representations is compatible with sensorimotor
theory: retrieval of color knowledge at different levels of
resolution would recruit perceptual representations with
varying levels of abstraction. According to this view, overlap
between color perception and color knowledge retrieval
would depend on the “match” in the abstractness of the
information represented in each case. It then follows that
the tasks implemented in previous neuroimaging studies
tapped representations at varying levels of resolution, re-
sulting in slight differences in activation.

Although our results might suggest the existence of
multiple color knowledge representations within a sensori-
motor framework of semantic memory, we found no areas
in which there was greater activity for low- versus high-
resolution trials. There are two accounts for the process
in which these putative representations are accessed. Given
a linguistic input (either written or spoken words), these
representations might be of a serial nature—retrieval of
the high-resolution representation is dependent on (or
occurs after) retrieval of the low-resolution representation.
Or, the representations could be parallel in nature—both
representations can be accessed separately in theory, but
a serial strategy is applied for this task. That is, one rep-
resentation is used first to try to solve the current task; if
unsuccessful, the other type of representation is used in-
stead. Investigation of these accounts warrants further
study, as our data cannot distinguish between the two.

There is also an alternative explanation of our data based
on the idea that both trial types involved retrieval of a single
representation, but that, in the high-resolution condition,
this representation was more difficult to retrieve. Consis-
tent with this explanation, RTs in both experiments were
longer for high- versus low-resolution trials, and there was
differential activation in the fusiform gyrus. However, this
difficulty explanation is unlikely for the following reasons.
First, RT was a covariate in all fMRI data analysis, so that
the differences in activation we reported for each experi-
ment cannot be attributed to RT differences. Indeed, this
type of hierarchical regression model will tend to under-
estimate the effect of task on activation. Second, in both
experiments, the lingual gyrus was activated equally for
both retrieval conditions, so the specificity of our effects
is not well explained by a task difficulty explanation. Third,
we found a positive correlation of Vis-Verb scores with
brain activity in the lingual gyrus for Experiment 1, as well
as with improved task accuracy. Under a difficulty account,
task accuracy should negatively correlate with lingual ac-
tivity; however, we do not find this to be the case.

Conclusions

Taken together, this pair of studies demonstrates the first
neuroimaging evidence that context (a task factor) and
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cognitive style (an individual factor) can influence color
knowledge retrieval, and it may be that these factors also
influence the degree to which color knowledge retrieval
and color perception share a common neural substrate.
We have proposed that these factors affect the resolution
of the color information that is retrieved, and we suggest
that the degree of overlap between color retrieval and color
perception depends on the match between the resolution
of the information required of each. More generally, these
findings illustrate that color retrieval is a more dynamic and
variable process than previously described and necessitate
some modifications to current sensorimotor theories of
semantic memory.
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