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• Color names divide the continuous spectrum 
of color into discrete categories. 

• Does the neural representation of color 
become more categorical along the cortical 
visual pathways?

1 2 3 4 5 6 7 8 9 10

...0163815158000236743006780003...
k=11, n=3 De Bruijn cycle

Task: monitor for intermittent 
flicker of fixation dot

Stimulus: counter-phase 
flickering (5Hz) 
checkerboard for 1100 ms

• Ten subjects. BOLD fMRI, 3T, 3mm voxels

• 55 minutes of Color Adapt scanning
(plus retinotopy and a “color localizer”)

• Model both the “direct effect” of a color upon 
neural response and the “carry-over effect” 
of the prior stimulus

Separate behavioral experiment measured blue/
green color naming for the same subjects and stimuli

Linear model is better than categorical in V1-V3
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Hue change produces recovery from adaptation well fit by a linear model

Linear recovery from adaptation
p<0.05 map-wise by permutation

Effect of size of color change upon 
BOLD response within region

q=0.05 by FDR
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Fig.1.
E

xam
ples

of
stim

uliused
in

the
perceptualand

conceptualknow
ledge

tasks.T
he

top
half

of
the

figure
displays

exam
ple

stim
uli

from
the

color
per-

ception
functionallocalizertask.Subjects

view
ed

21-s
blocks

ofchrom
atic

and
achrom

atic
stim

uliand
determ

ined
ifthe

w
edgesin

each
stim

ulusw
heelform

ed
an

orderly
clockw

ise
hue

sequence.T
he

bottom
halfofthe

figure
depicts

stim
-

ulifrom
the

event-related
property

verification
task.In

concept-property
trials,

subjects
w

ere
presented

a
conceptw

ord
for

tw
o

seconds,follow
ed

by
a

prop-
erty

w
ord,also

fortw
o

seconds.T
heirtask

w
as

to
indicate

w
hetherthe

property
could

be
true

ofthe
concept.Property

w
ordscould

indicate
eithercolorsorm

otor
actions.O

n
a

subsetoftrials,subjectssaw
conceptw

ordsthatw
ere

notfollow
ed

by
properties.T

hese
trials

w
ere

included
to

allow
deconvolution

ofthe
response

to
conceptw

ords
from

the
response

to
the

property
w

ords.

erties
verified

during
the

property
verification

task.Specifically,
w

e
assessed

w
hethercolorpropertiesactivated

any
ofthese

areas
m

ore
than

did
the

m
otorproperties.

2.
M

ethods

2.1.
Subjects

Ten
right-handed,native

E
nglish-speaking

volunteers
from

the
E

m
ory

U
ni-

versity
com

m
unity

participated
in

the
scanning

study
for

pay
(six

fem
ale

and
four

m
ale;

age
range,

19–44
years).

A
ll

subjects
com

pleted
health

question-
naires

prior
to

scanning,and
none

indicated
a

history
of

head
injury

or
other

neurologicalproblem
s.In

accordance
w

ith
the

prescribed
protocols

of
E

m
ory

U
niversity’sInstitutionalR

eview
B

oard,allsubjectsread
and

signed
an

inform
ed

consentform
describing

the
procedures

and
possible

risks.

2.2.
E

xperim
entaldesign

Subjectsperform
ed

tw
o

tasksw
hile

undergoing
fM

R
I:an

event-related
prop-

erty
verification

task
in

w
hich

subjects
retrieved

know
ledge

about
com

m
on

objects’
color

and
m

otor
properties,follow

ed
by

a
block

design
version

of
the

Farnsw
orth-M

unsell100
H

ue
Task,adapted

from
B

eaucham
p

etal.(1999).

2.2.1.
P

roperty
verification

task
In

the
property

verification
task,

subjects
received

tw
o

kinds
of

ran-
dom

ly
inter-m

ixed
events:concept-property

events,and
concept-only

events.In
concept-property

events,a
conceptw

ord
thatnam

ed
a

physicalobject(anim
ate

or
inanim

ate)
appeared

for
2

s
(e.g.,

B
A

N
A

N
A

,
SC

R
E

W
D

R
IV

E
R

),
follow

ed
im

m
ediately

by
either

a
w

ord
for

a
color

or
m

otor
property,also

presented
for

2
s

(e.g.,
yellow

,
turned).

O
n

reading
the

property
w

ord,
subjects

determ
ined

w
hether

the
property

could
possibly

be
true

of
the

conceptand
indicated

their
decision

by
m

aking
a

binary
response

w
ith

the
fingers

of
their

dom
inanthand

on
a

button
box.

V
erification

latencies
w

ere
m

easured
from

the
onset

of
the

property
nam

e.D
ecision

latencies
shorter

than
200

m
s

or
longer

than
2600

m
s

w
ere

excluded
from

analysesofthe
behavioraldata.O

n
the

concept-only
events,

only
a

concept
w

ord
w

as
presented

for
2

s.Interspersed
am

ong
the

tw
o

event
types

w
ere

variable
duration

interstim
ulus

intervals
during

w
hich

a
centrally

located
fixation

m
ark

w
as

presenton
the

screen
(average

duration
=

6.7
s,range

2–24
s).

D
uring

the
112

concept-only
events,

the
sam

e
concept

w
ords

from
the

concept-property
trials

w
ere

presented
butw

ithouta
subsequentproperty

w
ord.

T
hese

concept-only
events

w
ere

included
in

the
design

to
allow

the
hem

o-
dynam

ic
response

for
the

property
w

ords
to

be
m

athem
atically

deconvolved
from

the
response

for
the

conceptw
ords

(O
llinger

etal.,2001).C
oncept-only

events
w

ere
then

m
odeled

w
ithin

the
sam

e
colum

n
of

the
design

m
atrix

as
concepts

in
the

concept-property
events.A

s
a

result,concept
w

ords
occurred

frequently
enough

in
the

absence
of

property
w

ords
to

allow
us

to
uniquely

estim
ate

the
hem

odynam
ic

responses
to

concepts
and

properties
separately,

even
though

in
concept-property

trials
the

property
w

ords
alw

ays
follow

ed
the

onsetof
conceptw

ords
ata

shortfixed
interval(2

s).Sim
ulations

run
in

A
FN

I
(http://afni.nim

h.nih.gov/afni)
prior

to
the

study
dem

onstrated
thatthe

concept
and

property
events

w
ere

notcollinearand
thatthe

conceptand
property

events
could

be
deconvolved

reliably.For
m

ore
inform

ation
on

this
innovative

tech-
nique

for
separating

events
w

ith
fixed

tem
poralsequences

in
fastevent-related

designs,see
O

llingeretal.(2001).
A

tthe
startofany

given
trial,subjects

did
notknow

w
hetherthey

w
ould

see
a

concept-only
or

concept-property
event.Subjects

w
ere

instructed
to

read
all

conceptw
ords

and
prepare

to
respond

to
a

property,should
one

be
forthcom

ing.
B

ecause
no

property
w

ordsw
ere

presented
during

concept-only
events,how

ever,
subjects

did
not

m
ake

a
response.T

hey
w

ere
instructed

that
if

a
property

did
not

appear,
they

should
instead

prepare
for

the
next

concept
w

ord.
From

the
subjects’

perspective,the
task

w
as

identicalduring
the

conceptperiod
of

both
the

concept-only
and

concept-property
trials.For

each
concept-property

trial,
the

property
nam

ed
either

a
color

(112
trials)

or
a

m
otor

action
(56

trials).A
s

described
earlier,the

m
otorproperty

trials
served

as
a

contrastcondition
forthe

colorproperty
trials. 1

Seven
optim

ized
pseudo-random

stim
ulus

presentation
sequences

for
the

property
verification

trials
w

ere
created

in
optseq2

(http://surfer.nm
r.m

gh.
harvard.edu/optseq/).Trialsequences

forthese
seven

optim
ized

runs
w

ere
then

counterbalanced
across

participants.To
controlfor

stim
ulus

repetition
effects,

concept
w

ord
presentations

w
ere

balanced
across

runs.
A

pproxim
ately

half
of

the
concept

w
ords

appeared
in

a
concept-only

trial
before

appearing
in

a
concept-property

trial;the
otherhalfappeared

afterw
ards.

A
m

ong
the

coloritem
s,18

differentcolorw
ords

appeared
across

the
trials.

Som
e

color
properties

w
ere

repeated
m

ultiple
tim

es:12
color

w
ords

w
ere

pre-
sented

4
tim

es,2
color

w
ords

w
ere

presented
8

tim
es,and

4
color

w
ords

w
ere

presented
12

tim
es.

2.2.2.
C

olor
perception

functionallocalizer
task

To
functionally

localize
brain

regions
underlying

colorperception,subjects
perform

ed
a

version
ofthe

Farnsw
orth-M

unsell100
H

ue
Task

adapted
forfM

R
I.

1
Prior

to
conducting

the
study,

w
e

considered,
as

an
alternative

research
design,

com
paring

B
O

L
D

responses
to

concept
w

ords
having

strong
im

plicit
color

associates
w

ith
those

having
w

eak
im

plicitcolor
associates.W

e
decided

againstthis
approach

because
concepts

thatdo
nothave

strong
colorassociates

m
ay

stillnonethelesshave
associated

colorinform
ation.In

the
strong

colorasso-
ciate

condition,subjects
w

ould
reliably

retrieve
a

particularcolorproperty
fora

particular
concept(e.g.,B

A
N

A
N

A
–

yellow
).In

the
w

eak
color

associate
con-

dition,subjects
m

ightstillretrieve
colorproperties,butthe

particularproperties
m

ightbe
m

ore
idiosyncratic

(e.g.,C
A

R
–

blue
orred

orblack
orgreen).B

ecause
both

conditions
w

ould
thus

involve
retrieving

colorinform
ation,com

paring
the

tw
o

w
ould

yield
a

nulleffect,w
hen

in
factcolor

property
retrievalw

as
critical

for
the

task.T
he

only
solution

to
this

problem
w

ould
be

to
com

pare
concepts

w
ith

and
w

ithout
associated

color
inform

ation.U
nfortunately,it

is
difficult

to
identify

concepts
thatdo

nothave
any

associated
colors.Fortunately,this

is
not

the
case

for
other

types
of

property
inform

ation.
In

particular,
it

is
relatively

easy
to

generate
lists

of
concepts

w
ithout

associated
m

otor
inform

ation
(e.g.,

C
L

O
U

D
,E

L
E

PH
A

N
T

).Forthis
reason,w

e
chose

to
com

pare
activity

observed
w

hen
subjects

verified
concept’s

color
properties

w
ith

the
activity

w
hen

they
verified

m
otorproperties.
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http://www.psych.upenn.edu/stslab
http://cfn.upenn.edu/aguirre
http://color.psych.upenn.edu/lab   

apersi@sas.upenn.edu
aguirreg@mail.med.upenn.edu

Summary

• Variation in hue (blue       green) is represented by 
linear variation in neural similarity within cortical 
areas V1-V3.
•Within area hV4, both a linear and a categorical 

model of neural similarity performed equally poorly
• ∆3 transitions within and across the categorical 

boundary did not differ in responses within V1-hV4 
or elsewhere in a whole-brain analysis
• Neural features of categorical color perception 

were not found during viewing of colors without 
explicit reference to category
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No cross-boundary effect was found within 
visual area regions or in a whole brain analysis 

(FDR q=0.05 level)
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