
A
e

E
a

b

a

A
R
R
A
A

K
P
C
F
V
E
f

t
V
a
c
b
2
b
s
C
a
s
C
m
&
V
t
i
B
a
D
D

0
d

Neuropsychologia 47 (2009) 2480–2487

Contents lists available at ScienceDirect

Neuropsychologia

journa l homepage: www.e lsev ier .com/ locate /neuropsychologia

ffective learning enhances activity and functional connectivity in
arly visual cortex

swar Damarajua, Yang-Ming Huanga,∗, Lisa Feldman Barrettb, Luiz Pessoaa

Indiana University, 1101 E10th St, Bloomington, IN 47405, United States
Boston College, Massachusetts General Hospital/Harvard Medical School, United States

r t i c l e i n f o

rticle history:
eceived 22 December 2008
eceived in revised form 20 April 2009
ccepted 24 April 2009
vailable online 3 May 2009

eywords:

a b s t r a c t

This study examined the impact of task-irrelevant affective information on early visual processing regions
V1–V4. Fearful and neutral faces presented with rings of different colors were used as stimuli. During the
conditioning phase, fearful faces presented with a certain ring color (e.g., black) were paired with mild
electrical stimulation. Neutral faces shown with rings of that color, as well as fearful or neutral faces shown
with another ring color (e.g., white), were never paired with shock. Our findings revealed that fearful faces
evoked enhanced blood oxygen level dependent (BOLD) responses in V1 and V4 compared to neutral faces.
rimary visual cortex
onditioning
aces
ision
motion
MRI

Faces embedded in a color ring that was paired with shock (e.g., black) evoked greater BOLD responses in
V1–V4 compared to a ring color that was never paired with shock (e.g., white). Finally, BOLD responses
in early visual cortex were tightly interrelated (i.e., correlated) during an affectively potent context (i.e.,
ring color) but not during a neutral one, suggesting that increased functional integration was present
with affective learning. Taken together, the results suggest that task-irrelevant affective information not
only influences evoked responses in early, retinotopically organized visual cortex, but also determines

cross
the pattern of responses a

Accumulating evidence shows that the processing of affec-
ively significant visual objects is prioritized (Compton, 2003;
uilleumier, 2005). Affective stimuli that have dominance in visual
wareness (Alpers & Gerdes, 2007; Alpers & Pauli, 2006) are pro-
essed faster (Stolarova, Keil, & Moratti, 2006) and are more likely to
e processed when only limited resources are available (Anderson,
005; Anderson & Phelps, 2001). Neuroanatomical connections
etween orbitofrontal cortex (OFC) and both the ventral and dor-
al visual streams (Barbas, 1988, 1995; Carmichael & Price, 1995;
avada, Company, Tejedor, Cruz-Rizzolo, & Reinoso-Suarez, 2000),
s well as projections from the amygdala all along the ventral
tream (Amaral, Behniea, & Kelly, 2003; Amaral, Price, Pitkänen, &
armichael, 1992), suggest that affective brain regions functionally
odulate visual processing regions (Barrett & Bar, 2009; Duncan
Barrett, 2007; Lang et al., 1998; Pessoa & Ungerleider, 2004;

uilleumier, 2005). There is accumulating neuroimaging evidence
hat objects with affective value receive enhanced visual process-
ng even in early, retinotopically organized cortex (e.g., V1–V4).

oth affectively salient images (Lane, Chua, & Dolan, 1999; Lang et
l., 1998; Mourão-Miranda et al., 2003) and faces (Büchel, Morris,
olan, & Friston, 1998; Vuilleumier, Richardson, Armony, Driver, &
olan, 2004) evoke enhanced blood oxygen level dependent (BOLD)

∗ Corresponding author.
E-mail address: yangming.huang@gmail.com (Y.-M. Huang).

028-3932/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuropsychologia.2009.04.023
early visual cortex.
© 2009 Elsevier Ltd. All rights reserved.

responses in early visual areas. A recent meta-analytic investiga-
tion summarizing functional magnetic resonance imaging (fMRI)
and PET studies of emotion published from 1990 to 2005 confirmed
that visual processing areas are consistently activated in response
to affectively potent as compared with neutral stimuli (Kober et al.,
2008; see Fig. 2 in Wager et al., 2008).

Recent studies have examined how learning the association
between a neutral stimulus and electrical stimulation affects asso-
ciated responses in early sensory areas more generally. For instance,
Li, Howard, Parrish, and Gottfried (2008) reported that pairing an
odor with electrical stimulation changed the pattern of activity in
primary olfactory cortex and enabled participants to discriminate
previously indiscriminable odors. In a related study, Padmala and
Pessoa (2008) paired the presence of a near-threshold visual patch
with electrical stimulation during an initial conditioning phase.
In a subsequent experimental phase, participants were better at
detecting the visual stimulus when it was predictive of electrical
stimulation, a result that was paralleled by increased signal changes
in V1, as well as other retinotopically organized visual areas. Related
studies have capitalized on the fine temporal resolution of EEG to
address analogous questions (e.g.,Keil, Stolarova, Moratti, & Ray,

2007; Schupp, Junghöfer, Weike, & Hamm, 2003).

However, several properties of the impact of affective learn-
ing on early sensory representations remain poorly understood.
For instance, in previous studies, the effect of learning on sen-
sory representations was typically evaluated for stimuli that are

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:yangming.huang@gmail.com
dx.doi.org/10.1016/j.neuropsychologia.2009.04.023
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Fig. 1. The experimental design contained four face-ring stimuli combinations.
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als contained neutral faces embedded in a ring color that was not associated with
electrical stimulation (FnCn). In summary, electrical stimulation was delivered in
approximately 50% (6/13) of the displays that contained both a fearful face and a
specific ring color. The first presentation of each stimulus type not involving shock
(i.e., FnCa, FaCn, and FnCn) served as a “habituation” trial; data from these trials were
uring aversive conditioning, only FaCa faces were paired with mild electrical stim-
lation; the other three stimuli were never paired with shock. FaCa: face affective,
olor affective; FaCn: face affective, color neutral; FnCa: face neutral, color affective;
nCn: face neutral, color neutral.

oth task relevant and explicitly attended. Here, we reasoned that,
ike intrinsically affective stimuli (e.g., fearful face), learned affec-
ive stimuli would impact visual processing even when the stimuli
re task-irrelevant and unattended, at least if processing capacity
s not exhausted by the main task (Pessoa, McKenna, Gutierrez,

Ungerleider, 2002). It also remains unclear how learning the
ssociation between compound stimuli and electrical stimulation
mpacts evoked responses in early visual cortex. For instance, if a
earned stimulus is defined in terms of a conjunction of features,
s the impact on early visual responses specific to the conjunction
f those features? To investigate these questions, subjects viewed
aces depicting neutral or fearful expressions that were surrounded
y either a black or a white ring while undergoing fMRI. During an
nitial aversive learning phase, fearful faces presented with a certain
ing color (e.g., black) acquired additional affective salience via pair-
ng with electrical stimulation (Fig. 1). During a subsequent phase,
ace-ring compound stimuli were task-irrelevant, and subjects per-
ormed a simple letter-detection task at fixation (Fig. 2). Our goal
as to evaluate fMRI responses in early, retinotopically organized

reas to the four types of face-ring pairs.
Importantly, in addition to investigating evoked fMRI responses

n early visual cortex, we were interested in probing the pattern of
ctivity across retinotopically organized areas. To do so, we com-
uted the correlations between fMRI responses for early visual
reas for different face-ring pairings and then compared the cor-
elation structure to those observed in other brain regions robustly
ngaged by our task. Overall, the correlational analyses allowed us
o probe not only the effects of affective significance on individual
isual areas (as described above), but also how the pattern of effects
aried as a function of facial expression under different ring colors,
amely, affective contexts.

. Methods

.1. Participants
Twenty-eight (8 male) right-handed subjects ranging in age from 20 to 37 years
articipated in the study. All participants were in good health with no history of
eurological or psychiatric disorders as assessed by a neuropsychiatric interview
MINI) and gave written informed consent, as approved by the Institutional Review
oard of Indiana University. Participants had normal or corrected-to-normal vision.
ogia 47 (2009) 2480–2487 2481

Two participants were excluded from data analysis: one participant was excluded
due to excessive head motion during scanning (>2 voxels) and the other was excluded
due to poor behavioral performance (4 SDs below the average of all participants).
Two participants did not participate in the retinotopic mapping session, leaving 24
participants for visual region of interest analyses.

1.2. Stimuli and task design

Face stimuli were taken from the Karolinska directed emotional faces (KDEF), the
Ekman set (Lundqvist, Flykt, & Öhman, 1998) and the Ishai-NIMH set (Ishai, Pessoa,
Bikle, & Ungerleider, 2004). Only neutral and fearful faces were used in this study.
All faces were converted to black and white, and both contrast and brightness were
adjusted to maintain consistency across the face sets. Faces were cropped of hair
and enclosed in a black or white oval ring as shown in Fig. 2. Presentation software
(Neurobehavioral Systems, CA) was used to display the stimuli and record behavioral
responses throughout the experiment.

1.3. Procedure

1.3.1. Overview
Participants first completed a conditioning phase during which they were pre-

sented with fearful faces surrounded by a colored ring (Fig. 1) that were paired
with electrical stimulation (face affective, color affective, or FaCa) or not (face affec-
tive, color neutral, or FaCn), as well as neutral faces that were similarly surrounded
but never paired with electrical stimulation (face neutral, color affective or FnCa;
face neutral, color neutral or FnCn). For example, for some participants fearful faces
ringed in black were paired with electric stimulation (FaCa), whereas fearful ringed
in white were not (FaCn). Color was counterbalanced across participants. During the
experimental phase, participants attended to the center of a computer screen while
face-ring pairings varying in degree of affective salience were presented parafoveally
(3.5◦ from the center of the stimulus to the center of the display). On a separate day,
participants completed a retinotopic mapping session to allow the delineation of
early visual areas (see below).

1.3.2. Conditioning phase
The conditioning phase employed a 2 facial expression (affective vs. neutral) × 2

color (affective: ring color that was associated with electrical stimulation; neutral:
ring color that was not associated with electrical stimulation) experimental design.
The participants viewed 34 face-ring pairs during this stage. The face-ring stim-
uli used in each trial were presented in random order with the constraint that no
more than two face-ring stimuli of the same type were presented successively. Thir-
teen trials contained fearful faces embedded in a ring color that was associated
with electrical stimulation (FaCa; participants received electrical stimulation in six
of these trials). Seven trials contained neutral faces embedded in a ring color that
was associated with electrical stimulation (FnCa; participants did not receive elec-
trical stimulation in these trials). Seven trials contained fearful faces embedded in
a ring color that was not associated with electrical stimulation (FaCn). Seven tri-
Fig. 2. Trial structure. Participants were asked to report the number of times the
target letter “X” was shown in a stream of four letters while ignoring task-irrelevant
face stimuli. For clarity, not all trial phases are shown (see text).
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esis. Finally, the average correlation value obtained experimentally was compared
to critical values of the null distribution. The same logic was employed to compare
482 E. Damaraju et al. / Neurop

liminated from further analysis to reduce novelty effects. Using this design, partic-
pants viewed each stimulus type equally often (except six times instead of seven
or FaCa with electrical stimulation). Due to a programming error, 28 face identities
and not 34) were employed, such that 6 of them were presented twice.

Each conditioning trial started with a 400-ms presentation of the fixation cross
ollowed by a 100-ms blank screen (Fig. 2). Next, two identical faces depicting the
ame emotion and surrounded by the same color were simultaneously presented for
s. The participants were instructed to maintain focus on the white cross located at

he center of the display while using their right index finger to indicate facial expres-
ion. The participants were asked to respond as rapidly and accurately as possible.
ace-ring stimuli were presented simultaneously in the upper two quadrants cen-
ered at an eccentricity of 3.5◦ from the fixation, subtended 3.5◦ × 4.5◦ of visual angle
nd were presented on a gray background. During trials with aversive stimulation,
mild electrical stimulus was delivered 1500 ms after the onset of fearful face-ring

timuli and co-terminated with the fearful face-ring pair. After stimuli offset, there
as a 9500-ms blank inter-trial interval.

The electrical stimulation was administered for 500 ms (at 50 Hz) to the distal
halange of the fifth finger of the right hand through a stimulator (E13-22; Coulbourn

nstruments, PA), which included a grounded RF filter, and MR-compatible leads and
lectrodes (BIOPAC systems, CA). Before the experiment, participants were informed
hat they would receive electrical stimulation only after the presentation of a certain
ype of stimulus (i.e., fearful faces paired with black or white rings; the pairing was
ounterbalanced across subjects), but were not informed about how often the elec-
rical stimulation would be delivered upon the presence of this type of stimulus. The
ntensity of the “highly unpleasant but not painful” stimulation (range: 1.4–4.0 mA)
as determined for each participant while he or she was prepared for MRI scanning.

Skin conductance responses (SCRs) were recorded during MRI data acquisition
ith the MP-150 system (BIOPAC systems, CA) and MRI-compatible Ag/AgCl elec-

rodes placed on the distal phalange of the fifth finger of the left (non-dominant)
and. SCRs were amplified and sampled at 250 Hz. Recorded SCRs waveforms were
etrended and smoothed with a median filter over 50 samples to filter out MRI-

nduced noise. On each trial, the SCR was calculated by subtracting a baseline
average signal between 0 and 1 s) from the peak amplitude during the 1–6 s time
indow following stimulus onset (Prokasy & Raskin, 1974). We obtained the average

esponse of 6 trials for each condition and performed a repeated-measure ANOVA
n these SCR estimates to assess if aversive learning was successful.

.3.3. Experimental phase
The order of presentation of the four conditions of interest was randomized

o as to optimize the estimation of condition-specific responses (Dale, 1999). The
xperimental session contained six fMRI runs, each of which consisted of nine trials
er stimulus type (36 experimental trials in total) and one “filler” trial. A total of 72

aces with unique identities, which did not appear during the conditioning phase,
ere used (18 per stimulus type) and each face was shown three times. The filler

rial contained FaCa stimuli paired with electrical stimulation (the filler trial was
iscarded from subsequent analyses involving FaCa trials). At the end of each run, five
hort “booster” trials (one per each stimulus type and one FaCa presented along with
lectrical stimulation) were employed to minimize extinction (Lim & Pessoa, 2008);
ooster trials were identical to those presented during the conditioning phase. The
articipants were also instructed to rate the degree of fear they felt for the electrical
timulation at each run (1–4 scales).

For experimental trials, participants were asked to count the number of times
he target letter ‘X’ appeared within a rapid stream of four letters. At the start of each
rial, a green fixation cross appeared for 300 ms, followed by a 100-ms blank screen,
fter which a stream of four letters was presented (each for 400 ms) at fixation
see Fig. 2). The letter stream contained one or two X’s (no letter appeared twice
n a row). Between 600 and 1000 ms after the trial’s onset, two identical face-ring
timuli were presented parafoveally for 200 ms. Face-ring stimuli were presented at
he same screen location as during the conditioning phase. The slight jitter in the
nset time was used to reduce temporal expectancy. Participants were instructed to
aintain fixation at the center of the display, where the letter stream was presented,

nd to indicate the number of times the target letter X was presented. The inter-trial
nterval was 4 s.

For the booster trials at the end of each run, the participants were instructed
o judge facial expression as in the conditioning session. A display was shown for
000 ms to notify the participants that they now needed to judge the face as either
eutral or fearful. Each trial started with a green fixation lasting for 500 ms followed
y 2000-ms presentation of the faces at the same location as in the conditioning
hase. A white fixation remained on the screen for 9500 ms after the faces disap-
eared. As stated, following booster trials, participants rated the degree of fear felt
oncerning the electrical stimulation. Stimulation intensity was maintained at the
ame level throughout the experiment and the participants’ unpleasantness ratings
emained virtually unchanged (e.g., after run 1: 2.2; after run 6: 2.1).
.3.4. Retinotopic phase
During a separate experimental session, participants underwent standard

etinotopic mapping (Engel, 1997; Engel et al., 1994) which allowed the determina-
ion of boundaries between early, retinotopically organized visual areas V1–V4. In
ddition, a set of “localizer” runs were employed that presented a flashing checker-
oard stimulus (8 Hz) at the same locations as those at which face stimuli were
ogia 47 (2009) 2480–2487

shown during the main scanning session containing conditioning and experimental
phases. Evoked responses in these runs were combined with retinotopic mapping
information to determine the cortical representation of the face stimuli across early
visual cortex.

1.4. MRI data acquisition and analysis

Functional MR data were collected using a 3-T Siemens TRIO scanner (Siemens
Medical Systems, Erlangen, Germany). Structural images were acquired first
with a high-resolution MPRAGE anatomical sequence (TR = 1900 ms; TE = 4.15 ms;
TI = 1100 ms; 1-mm isotropic voxel; 256-mm field of view). Next, BOLD contrast func-
tional images were acquired with gradient-echo echo-planar T2*-weighted imaging.
Each functional volume consisted of 40 slices oriented perpendicular to the calcarine
sulcus with a slice thickness of 3 mm (TR = 2500 ms; TE = 30 ms; FA = 90◦; field of
view: 192 mm; 64 × 64 matrix; interleaved acquisition order). Similar parameters
were used for functional data acquisition during the retinotopic session except that
32 slices were acquired per volume.

Analysis of fMRI data was performed using AFNI tools (Cox, 1996), unless indi-
cated otherwise. The first two functional volumes of each run were removed to
account for equilibration effects. Functional data underwent the following process-
ing steps: slice-time correction, motion correction, Gaussian spatial smoothing (full
width at half maximum: 6 mm), and intensity normalization (each voxel’s mean
was set to 100). Each individual’s functional data were analyzed via standard mul-
tiple linear regression. The linear models included constant and trend parameters
that served as covariates of no interest. A two-stage mixed-effects analysis was per-
formed in which regression coefficients for each condition (fixed factor) were tested
across participants (random factor) via t-tests or repeated-measures ANOVAs.

1.4.1. Region of interest (ROI) analysis for early visual areas
ROIs for early visual areas were defined as voxels within each of the early

visual areas V1–V4 that were significantly active during the localizer runs relative
to fixation (p < .001, uncorrected). No spatial smoothing was applied to the data.
A representative time series for each visual area was obtained by averaging the
time series of supra-threshold voxels. Condition-specific coefficients of interest were
determined as in the voxelwise analysis above.

1.4.2. ROI analysis for other regions
ROIs for other regions were selected based on the group map of general task

activation (all-task vs. rest; p < .001, uncorrected). ROIs were then mapped onto each
participant’s brain if those voxels also showed general task activation at the indi-
vidual level (p < .001, uncorrected). A representative time series for each ROI was
obtained by averaging the time series of supra-threshold voxels. Condition-specific
coefficients of interest were determined as in the voxelwise analysis above.

1.4.3. Functional connectivity analysis
Functional connectivity typically refers to the correlations of spatially separate

neurophysiological events (Friston, 1994). Here, we were interested in determining
how the pattern of responses across early visual areas changed as a function of the
stimulus feature, namely, ring color (affective vs. neutral). Our approach was some-
what different from other formulations of functional connectivity. Because a rapid
event-related design was employed, and we were interested in the effect of context
(i.e., ring color), we performed an analysis based on the estimated responses to the
specific experimental conditions instead of correlating the entire time series from
visual areas V1–V4. For instance, to investigate the effect of ring color on “connec-
tivity”, we correlated the differential responses (i.e., contrast images; FaCa–FaCn)
for all pairs of regions (V1–V2, V2–V3, etc.) to generate a correlation matrix (see
e.g., Fig. 5A). Employing differential responses had the added benefit of removing
potential contaminations from unspecific signals (including any potential changes
in baseline, linear, and non-linear drifts).

According to our procedure, evaluating differences in functional connectivity
amounted to comparing correlation matrices for different conditions. For present
purposes, we adopted simple, first-order comparisons of the correlation pattern.
Specifically, we assessed whether the average correlation between visual areas
V1–V4 differed during affective vs. neutral ring-color conditions. To evaluate the
statistical significance of the potential correlation differences, a permutation-based
statistic was determined by (1) randomly assigning parameter estimates to a spe-
cific experimental condition (e.g., FaCn), (2) computing contrasts (e.g., FaCa–FaCn)
while keeping subjects fixed, (3) computing a “null” correlation matrix across indi-
viduals and pairs of visual areas, and (4) repeating this procedure 10,000 times to
generate the sampling distribution of the correlation matrix under the null hypoth-
correlations between early visual areas and other brain regions (see Fig. 5A and B).
Finally, in the functional connectivity analyses involving “other areas” (i.e., not

V1–V4), we did not include the fusiform gyrus (FFG). Although the FFG was robustly
engaged during the experimental procedure, the posterior aspect of the FFG abutted
area V4 in some participants such that these regions shared functional data and could
not be separated in a precise and reliable fashion.
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Table 1
Summary of ANOVA results for early visual areas.

Effect of facial expression Effect of color Interaction effect

V1 F = 4.39, p < .05 F = 7.97, p < .01 F = .87, n.s.
V2 F = .85, n.s. F = 9.63, p < .01 F = .08, n.s.
E. Damaraju et al. / Neurop

. Results

.1. Affective learning during the conditioning phase

Mean SCRs are shown in Fig. 3. A 2 facial expression (affective vs.
eutral) × 2 color (affective vs. neutral) repeated-measures ANOVA

ound evidence of affective learning. Specifically, a statistically sig-
ificant main effect of facial expression indicated that participants
howed stronger SCRs to fearful vs. neutral faces, F(1, 23) = 10.336,
< .01, regardless of whether the fearful faces were paired with
lectrical stimulation or not. Furthermore, a statistically significant
ain effect of color, F(1, 23) = 4.451, p < .05, revealed that partici-

ants showed stronger SCRs for faces surrounded by the color that
as paired with electrical stimulation (FaCa) even when that color
as not paired with shock (FnCa) relative to the unpaired color

FaCn and FnCn). Finally, the interaction failed to reach statistical
ignificance, F(1, 23) = 2.111, p = .15.

.2. Behavioral performance during the experimental phase

Accuracy and reaction time (RT) results during the experimental
ession revealed that participants performed the task as intended.
articipants were just as accurate to perform the letter-counting
ask on trials that contained fearful faces as those containing neu-
ral faces (97.02% vs. 97.04%), indicating that facial expression did
ot disrupt task performance, F(1, 23) = .004, p = .9. Nor did facial
xpression affect response latency (fear: 498.81 ms vs. neutral:
99.94 ms), F(1, 23) = .014, p = .9.

In addition, participants were just as accurate on trials contain-
ng faces that were embedded in an affectively salient color ring as
n trials containing faces that were embedded in a neutral color
ing (96.60% vs. 97.46%), indicating that color did not affect task
erformance, F(1, 23) = 2.015, p = .15. They were also just as fast; par-
icipants were just as quick to judge the number of X’s presented in
trial when it contained faces that were embedded in an affective

olor ring (503.98 ms) as when they were embedded in a neutral
olor ring (494.77 ms), F(1, 23) = .473, p = .44.
For both accuracy and speed, the interaction failed to reach
tatistical significance, F(1, 23) = 1.985, p = .15, and F(1, 23) = .034,
= .85, respectively. Taken together, the accuracy and RT data reveal

hat different types of face-ring stimuli did not cause different

ig. 3. Skin conductance responses (SCRs) during the initial conditioning phase as
function of trial type. Abbreviations as in Fig. 1.
V3 F = .49, n.s. F = 16.81, p < .001 F = .10, n.s.
V4 F = 8.11, p < .01 F = 4.82, p < .05 F = .30, n.s.

All F’s had the same degrees of freedom (numerator: 1; denominator: 23).
n.s.: not significant.

degrees of interference on the behavioral task, which was designed
to be a relatively easy, unchallenging task.

2.3. BOLD responses during the experimental phase

2.3.1. Early visual areas
BOLD signal changes in each early visual area (V1–V4) were

subjected to a 2 facial expression (affective vs. neutral) × 2 color
(affective vs. neutral) repeated-measures ANOVA (one per visual
area). The results revealed that affective learning increased BOLD
responses in early visual areas, although the effect was not limited
to the compound stimuli that were directly paired with electrical
stimulation (Table 1 and Fig. 4). Specifically, fearful (vs. neutral)
faces produced increased BOLD responses in areas V1 and V4 (i.e.,
a main effect of facial expression was significant). In addition, all
faces shown with the ring color that was paired with electrical
stimulation increased BOLD responses in V1–V4 (i.e., a main effect
of color was significant). No significant interaction between facial
expression and color was observed in V1–V4. Note that because no
significant differences were observed for regions on the right or left
hemisphere, signals from both hemispheres were pooled.

2.3.2. Fusiform face gyrus
BOLD signal changes in the right and left FFG were each sub-

jected to a 2 facial expression (affective vs. neutral) × 2 color
(affective vs. neutral) repeated-measures ANOVA. The effect of
facial expression was not statistically significant in either right or
left FFG (p = .15 and .20, respectively). The effect of color was sta-
tistically significant in both hemispheres; F(1, 23) = 7.684, p < .05
for right FFG and F(1, 23) = 11.988, p < .001 for left FFG. Again, the
results suggest that affective learning was not specific to specific
compound stimuli. All faces shown with the ring color that was
paired with electrical stimulation increased BOLD responses in FFG.

2.4. Functional connectivity analysis

Functional connectivity analyses were performed to evaluate
the co-activation of brain regions during the processing of fearful
faces (vs. neutral faces) when embedded in an affective vs. neu-
tral color ring. We were interested in investigating correlations
involving two main “blocks” of regions: early visual areas (V1–V4)
and “other areas” (i.e., defined as regions that showed general task
activation, excluding V1–V4 and FFG). We first report correlations
computed either within early visual areas (V1–V2, V1–V3, etc.) or
within “other areas” (IPS–FEF, IPS–pSMA, etc.; see Fig. 5 for region
labels).

The sub-matrices labeled “Varea” in Fig. 5A and B show the
correlation matrix of differential responses between fearful and
neutral faces across V1–V4 under affective and neutral ring-color
conditions, respectively. Although correlations were sizeable in
the affective color condition (average r = 0.62), they were signifi-

cantly smaller (p < .01) during the neutral color condition (average
r = 0.20). Functional connectivity within “other areas” under affec-
tive and neutral ring-color conditions was not statistically different
(see “Oarea” labeled in Fig. 5A and B; average r = 0.43 vs. 0.33 for
right hemisphere; average r = 0.47 vs. 0.50 left hemisphere). The
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Fig. 4. BOLD signal changes as a function of visual ar

bove pattern of results within visual and within other areas indi-
ates that the relationship between them (i.e., the Varea and Oarea
ub-matrices) changed as a function of color. Indeed, a signifi-

ant area (Varea, Oarea) by ring-color (black, white) interaction
as detected (p < .001), such that the difference in (average) cor-

elation between the blocks of early visual and other areas (i.e.,
area–Oarea) was larger during the affective vs. the neutral ring
olor.

ig. 5. Correlation matrix of differential responses for fearful vs. neutral faces in both affec
arly visual areas; Oarea: correlations within “other areas”; VOarea: correlations betwe
emporal sulcus; IPS: intraparietal sulcus; pSMA: pre-supplementary motor area; PrCs: pr
s indicated by the color scale.
d experimental condition. Abbreviations as in Fig. 1.

We also determined correlations between early visual areas, on
the one hand, and “other areas”, on the other hand (V1–IPS, V1–FEF,
etc.); the “VOarea” labels in Fig. 5A and B indicate the sub-matrices

displaying these correlations. Functional connectivity during the
presentation of faces presented with an affective ring color (average
r = 0.09 and 0.17 for right and left hemispheres, respectively) were
similar to those presented with a neutral one (average r = 0.09 and
0.16 for right and left hemispheres, respectively); no significance

tive and neutral contexts (i.e., ring colors). Abbreviations: Varea: correlations within
en early visual and “other areas”. L: left; R: right; PrCu: precuneus; STS: superior
ecentral sulcus; FEF: frontal eye field; INS: insula. Colors code for correlation values



sychol

d
a

w
e
a
“
t
a
w

3

v
s
v
t
i

3

m
w
V
e
t
M
a
&
t
s
t
t
a
s
t
f
i
b
c
i
w
u
G
v
c

3
p

r
o
i
t
i
n
C
&
l
t
r
a
e

E. Damaraju et al. / Neurop

ifferences were observed in these cases (p = .49 and .46 for right
nd left hemispheres, respectively).

In summary, when fearful (vs. neutral) faces were presented
ith an affective ring color, there was strong coupling between

arly visual areas, but weak functional connectivity between these
reas and “other areas”, and moderate connectivity within those
other areas”. In contrast, during a neutral ring-color condition,
here was relatively little functional connectivity within early visual
reas, but moderate connectivity within “other areas” (as well as
eak connectivity between early visual and “other areas”).

. Discussion

This study demonstrated three important findings. First, early
isual cortex is modulated by affective salience, even when that
alience is learned. Second, this modulation occurs even when
isual material is unattended. Third, affective salience modulates
he functional connectivity within early visual areas. Each finding
s discussed in turn.

.1. Affective modulation of early visual areas

Our experimental design did not involve stimuli that opti-
ally drive early visual cortex (such as high-contrast gratings), yet
e observed that face-ring stimuli evoked responses throughout
1–V4 that were modulated by affective learning (due to facial
xpression and/or ring color). Previous fMRI studies have shown
hat both affectively salient stimuli (Lang et al., 1998; Mourão-

iranda et al., 2003) and intrinsically neutral stimuli that are
ssociated with electrical stimulation (Büchel et al., 1998; Padmala
Pessoa, 2008) evoked increased BOLD responses across visual cor-

ex. Furthermore, several EEG studies have reported that affective
alience modulates evoked responses that likely arise in visual cor-
ex within 200 ms following stimulus onset, supporting the notion
hat affective information impacts early visual processing (Keil et
l., 2007; Stolarova et al., 2006). Thus, combined with previous
tudies, our findings suggest that visual cortex throughout occipi-
otemporal cortex is modulated by affective salience. The findings
rom our study extend the earlier findings by showing that the
mpact of affectively salient stimuli on early visual processing can
e further enhanced via aversive learning even when the stimuli are
omplex objects such as faces (as opposed to, say, “low-level” grat-
ngs). In the past, evidence for affective modulation of visual cortex
as partly confounded by differences in physical features (e.g.,
npleasant vs. neutral scenes; but see Rotshtein, Malach, Hadar,
raif, & Hendler, 2001). The present findings revealed that early
isual areas are modulated during an affectively potent context (i.e.,
olor) even when physical features are matched.

.2. Effect of task-irrelevant affective salience on early visual
rocessing

In past studies, robust effects of affective stimuli on visual
esponses have been reported for stimuli that were at the focus
f attention and typically task relevant. The effectiveness of task

rrelevant stimuli in eliciting such enhanced responses, such as
hose demonstrated in this study, is less well documented. For
nstance, some studies that manipulated the focus of attention did
ot report increased responses in early visual cortex (Anderson,
hristoff, Panitz, De Rosa, & Gabrieli, 2003; Bishop, Duncan, Brett,
Lawrence, 2004). In the present study, attention was directed to a
etter-detection task that helped participants maintain central fixa-
ion throughout the duration of the trial. In this manner, the cortical
epresentation of the peripheral, task-irrelevant faces was stable
nd well defined. Critically, we employed an easy task that was not
xpected to substantially consume processing resources, so as to
ogia 47 (2009) 2480–2487 2485

leave enough spare capacity for the task-irrelevant faces—unlike in
previous studies in which the attentional manipulation sought to
exhaust available resources (e.g., Bishop, Jenkins, & Lawrence, 2007;
Lim, Padmala, & Pessoa, 2008; Pessoa et al., 2002). Our results thus
illustrate that robust modulation of early visual cortical responses is
observed for task-irrelevant stimuli (under conditions of low atten-
tional load).

3.3. Affect changes the functional connectivity structure of early
visual cortex

Recently, a wealth of studies has investigated how responses
in different brain regions are functionally related (e.g., Bassett,
Meyer-Lindenberg, Achard, Duke, & Bullmore, 2006; Honey, Kötter,
Breakspear, & Sporns, 2007; Stam, Jones, Nolte, Breakspear, &
Scheltens, 2007). In the present study, we demonstrated that the
context within which a stimulus is presented (i.e., black or white
ring color) influenced the functional connectivity across early visual
regions. Our results revealed that responses were tightly inter-
related during an affectively potent ring-color condition but not
during a neutral one. An increase in functional connectivity was
observed in early visual areas for fearful (vs. neutral) faces within
an affective color context. This suggests that affective salience
impacts the relationship between responses evoked in different
brain regions and that signals are integrated in early, retinotopically
organized areas in a manner that depends on affective information.
Critically, the differential impact of ring color was specific to early
visual areas, as the correlations observed within “other areas” did
not differ as a function of context in the same manner.

Finally, the correlations between early visual and other areas
were relatively low during both types of ring color conditions.
Combined, these results indicate that during an affectively potent
ring-color condition, responses across early visual cortex become
more “coherent”, suggesting that an increase in functional integra-
tion accompanies such conditions. In this manner, early responses
may become relatively more encapsulated, in the sense that corre-
lations between early visual cortex and visual association areas are
reduced. In the absence of potential threat, namely, during a neu-
tral ring-color condition, responses across early visual cortex were
more varied and less well integrated. This increased in functional
integration in response to affective context may be an important
way in which affective stimuli modulate visual processing and,
accordingly, have an increased impact on perception and behavior.

3.4. Limitations of the present study

There are several potential limitations of the present study. First,
during conditioning, participants were more frequently exposed to
affectively significant features (i.e., fearful face and ring color paired
with shock; conditions FaCa, FaCn, and FnCa) than to neutral fea-
tures (i.e., condition FnCn). Note, however, that increased exposure
to affective stimuli could have led to habituation in the amygdala
(Büchel et al., 1998; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998),
which, if anything, would be expected to decrease the impact of
affective features. Thus, stronger effects relative to those reported
here may have been observed with a more balanced design. Sec-
ond, despite being explicitly instructed that electrical stimulation
was associated with a conjunction of facial expression and ring-
color features, our results suggest that participants did not associate
the compound stimulus with shock. Indeed, no significant statis-
tical interactions between facial expression and ring-color were

observed in the SCRs or BOLD responses in early visual cortex.
Therefore, future experimental designs will be needed to inves-
tigate how simple vs. compound affective features are learned.
Finally, we interpreted our findings as indicating that affective
salience enhanced BOLD signal changes in early visual areas, con-
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istent with a large body of studies (Büchel et al., 1998; Lane et
l., 1999; Lang et al., 1998; Mourão-Miranda et al., 2003; Padmala

Pessoa, 2008; Vuilleumier et al., 2004). It is also conceivable,
owever, that our results depended, at least in part, on inhibitory
rocesses triggered by viewing neutral features. In other words,
iewing a neutral face or a neutral ring may have decreased evoked
esponses. Because of the limited spatial coverage provided by our
canning protocol, we were unable to examine signal changes in
nterior prefrontal regions that may be involved in inhibitory pro-
esses (Phelps & LeDoux, 2005).

.5. Future directions

The findings reported here further characterize how affect mod-
lates early visual processing. Several issues remain to be explored,
owever. First, due to the focus on early visual areas, the scanning
arameters did not allow us to examine evoked responses in critical
rain regions involved in affective processing, including the amyg-
ala and OFC, that might be driving the observed changes in visual
ortex. Consistent with other suggestions (Adolphs, 2002; Adolphs

Spezio, 2006; Lang et al., 1998; Mourão-Miranda et al., 2003;
admala & Pessoa, 2008; Vuilleumier et al., 2004), we hypothesize
hat signals from the amygdala and/or OFC, which are important for
he processing of affective information, likely modulated responses
n visual cortex when an affectively potent stimulus or context was
ncountered. Follow-up studies would be needed to inform the
urrent findings regarding possible modulatory effects from these
egions (e.g., assessed via connectivity analysis, including dynamic
ausal modeling (Friston, Harrison, & Penny, 2003)). Second, the
onsequences for perception of the observed modulation remain
nclear. Are the unattended faces “seen” better? A study that more
irectly examined the link between increased visual responses and
ehavioral performance, on the one hand, and stimulus visibility, on
he other hand, would be required to advance our understanding of
his challenging question. Finally, the consequences of the observed
ncrease in functional integration in early visual cortex during an
ffectively potent context deserve to be explored by future studies,
oo.
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