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Maintaining relevant information for later use is a critical aspect of

working memory (WM). The lateral prefrontal cortex (PFC) and

posterior sensory cortical areas appear to be important in supporting

maintenance. However, the relative and unique contributions of these

areas remain unclear. We have designed a WM paradigm with

distraction to probe the contents of maintenance representations in

these regions. During delayed recognition trials of faces, selective

interference was evident behaviorally with face distraction leading to

significantly worse performance than with scene distraction. Event-

related fMRI of the human brain showed thatmaintenance activity in the

lateral PFC, but not in visual association cortex (VAC), was selectively

disrupted by face distraction. Additionally, the functional connectivity

between the lateral PFC and the VAC was perturbed during these trials.

We propose a hierarchical and distributed model of active maintenance

in which the lateral PFC codes for abstracted mnemonic information,

while sensory areas represent specific features of the memoranda.

Furthermore, persistent coactivation between the PFCand sensory areas

may be a mechanism by which information is actively maintained.
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Introduction

Working memory (WM) is a complex process and is composed

of multiple component cognitive processes. A cardinal feature of
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WM is the on-line maintenance of information to guide future

behavior. The specification of the functional neuro-architecture

subserving this process remains controversial. In tasks involving

visual objects, one group of studies points to the lateral prefrontal

cortex (PFC) (Courtney et al., 1997, 1998; Funahashi et al., 1989;

Fuster, 1973; McCarthy et al., 1996; Miller et al., 1996; Scalaidhe et

al., 1999) as the site of maintenance, while others implicate the

visual association cortex (VAC) (Druzgal and D’Esposito, 2003;

Postle and D’Esposito, 1999; Postle et al., 2003; Ranganath et al.,

2004). Additionally, few studies have provided clear evidence for

the nature of the representations coded by persistent delay period

activity.

In the field of cognitive psychology, distraction paradigms

have been instrumental in lending empirical support to influential

models of WM (Baddeley et al., 1984; Logie et al., 1990). These

paradigms rely on the logic that a distractor disrupts WM

performance by engaging and interfering with a capacity-limited

pathway that is common to distraction and WM processing.

Monkey electrophysiology and human fMRI experiments have

adopted delayed response paradigms with distraction to identify

neural pathways subserving maintenance. They are based on the

rationale that only regions whose activity persists after distraction

can support maintenance during successful trials. This strategy

has been employed to identify distinct regions thought to

represent maintenance of verbal (Gruber, 2001) and visual

information (Postle et al., 2003) in humans. Single unit studies

investigating visual object maintenance have demonstrated delay

period activity in the PFC (Fuster, 1973; Scalaidhe et al., 1999)

and in IT (Miyashita and Chang, 1988; Nakamura and Kubota,

1995; Sakai and Miyashita, 1991); but only PFC activity has

been shown to be resistant to task irrelevant distraction (Miller et

al., 1993, 1996). Thus, IT activity may reflect bottom-up,

perceptually-driven processes critical to stimulus representation,

while PFC activity may reflect processes necessary for goal-

directed behavior.

http://www.sciencedirect.com
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In our human event-related fMRI study, we attempted to clarify

the contribution of the lateral PFC and VAC to maintenance by

examining delay period activity while subjects performed a delayed

response task with distraction. The persistence of delay period

activity after distraction implicates that region’s involvement in

maintenance. To clarify the nature of representations in these areas,

we manipulated the congruency of the memoranda and distractor by

utilizing two categories of visual objects (faces and scenes) that

engage object-specific areas of the PFC (Courtney et al., 1997, 1998;

Sala et al., 2003) and VAC (Epstein and Kanwisher, 1998;

Kanwisher et al., 1997). We anticipated that congruency would

produce selective interference inWMperformance (Jha et al., 2004),

which would then allow us to examine the neural correlates of this

effect and to make inferences on the nature of representations during

maintenance in these areas.
Methods

Subjects

Twelve healthy volunteers (ages 23–33; 8 females) participated

in this experiment. All participants were recruited from the

University of California Berkeley community. This study was

approved by the Committee for the Protection of Human Subjects

at the University of California Berkeley. All experiments were

conducted at the Henry H. Wheeler, Jr. Brain Imaging Center at the

University of California Berkeley.

Behavioral paradigm

Stimulus presentation and response recordings were conducted

with E-Prime (Psychology Software Tools, Inc., Pittsburgh, PA;
Fig. 1. Schematic diagram of the distractor task. During encoding, subjects remem

they were shown one picture bounded by a grey border, of either a face or scene, w

learned target face or scene. After another delay period of 10.1 s, the probe stimulus

matched one of the encoded stimuli. After the 14.5 s ITI, the brief appearance of
http://www.pstnet.com) Stimuli were projected onto a screen

viewed by participants through a mirror mounted on the head

radiofrequency (RF) coil while the subject was lying prone in a

scanner. Participants made their responses with the right index and

middle fingers on a response pad.

Participants performed a modified version of a three-item

delayed response working memory task (Fig. 1) while being

scanned. We tested subjects with both face and scene memoranda;

the behavioral data from both WM tasks are presented. The

congruency effect was evident behaviorally only with faces.

Accordingly, our ability to make inferences based on selective

interference is limited to systems supporting faceWM, and the fMRI

data presented are for face WM. During the encoding phase, three

faces were presented sequentially over a period of 3.1 s. The subjects

were instructed to maintain these images over the entire delay period

and make a match discrimination with the probe stimulus. The

subjects were to press the left most button with a match, and the

adjacent button with no match. In the middle of the delay period, a

distractor stimulus, either a face or scene, was displayed for 0.9 s.

The delay period is thus separated into two components, delay 1 and

delay 2, of equal duration of 10.1 s. Prior to entry into the scanner,

the subjects were shown one face target and one scene target stimuli.

The subjects were instructed to make a match discrimination

between the distractor stimulus and these targets. On one third of

trials, the distractor stimulus matched one of the targets, while on the

remainder of trials, the distractor was a unique stimulus. There were

two responses given per trial: one for theWM delayed response task

and one for the distractor target detection task. Responses were

recorded on a 4-button response box. The subjects were to press the

left most button if the distractor stimulus matched one of the targets

and the adjacent button if it did not. The distractor stimulus was

outlined in grey so as to help distinguish this portion of the task from

the rest of the trial.
bered three faces shown sequentially over 3.1 s. After a 10.1 s delay period,

hich required them to make a decision whether this stimulus matched a pre-

appeared during the response period and the subject responded whether this

a red cross bar signaled the beginning of the next trial.

 http:\\www.pstnet.com 
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We employed two categories of visual stimuli, faces and natural

outdoor scenes. All stimuli were novel, except in cases where the

distractor and probe stimuli were matches to distractor targets and

cues, respectively. Stimuli subtended a visual angle of 10-. Faces
represented a random sampling of age groups and distribution

between genders. They were edited so as to minimize peripheral

mnemonic cues: faces were cropped to exclude the ears and hair;

contour of the head and face was blurred with the background; any

face with distinguishing characteristics such as facial hair,

blemishes, or marks was not used; any face that displayed non-

neutral affect was discarded. Pictures of natural outdoor scenes

were obtained from the Digital Library Project, University of

California (http://www.elib.cs.berkeley.edu/photos/landscape).

Scenes that included any man-made object (e.g. cars, umbrellas,

etc.) were discarded. The contents of these pictures represented a

random sampling of outdoor scenes, e.g. mountains, plains, rivers,

trees, etc.

There were 2 trial types: cue/distractor congruent (i.e. face/face)

and cue/distractor incongruent (i.e. face/scene) with equal distri-

bution of trials between these conditions. Overall, the probe

matched the cue 50% of the time. Trials were grouped into 3 blocks

with each block consisting of 12 trials to give a total of 36 trials for

each subject. The order of trials within each block was

pseudorandomized.

Behavioral data analysis

All behavioral data were collected while subjects were scanned.

Only trials in which the subject made correct responses during the

distractor target detection task were included in the behavioral and

fMRI analysis. The logic in this is that we were only interested in

analyzing trials in which we had behavioral verification of the

engagement of the subject’s attention to the distractor task. For

similar reasons, we also discarded trials in which no responses

were registered for the distractor target detection or probe response

tasks. Finally, we excluded trials in which the RT for the probe

response was more than two standard deviations from the mean for

each condition. This resulted in only one or two trials per condition

being excluded in each subject.

MRI data acquisition and processing

Functional images were acquired from a Varian INOVA 4 T

scanner using a 2-shot gradient echo, echoplanar sequence (TR =

2200 ms, effective TR = 1100 ms, TE = 28 ms, flip angle 30-,
64 � 64 matrix, FOV = 22.4 cm) sensitive to BOLD contrast.

Each volume consisted of 20 5 mm thick axial slices with a 0.5

mm gap between each slice. In plane resolution was 3.5 � 3.5

mm. Each fMRI run was preceded by 10 scans of dummy gradient

RF pulses to achieve a steady state tissue magnetization and to

minimize head movements often associated with a startle response

elicited by the initiation of an EPI pulse sequence. Two high-

resolution structural T1-weighted scans were also acquired; 20 axial

slices in the same plane as the echoplanar images (TR = 200 ms,

TE = 5 ms, matrix size = 256 � 256, FOV = 22.4 cm) and a 3D

MPFLASH scan (TR = 9 ms, TE = 4.8 ms, TI = 300 ms).

fMRI data processing and general linear models (GLM) were

completed with VoxBo (http://www.voxbo.org). Initial data pro-

cessing included motion-correction using a six-parameter, rigid-

body, least-squares alignment procedure (Friston et al., 1995). We

imposed a maximal movement threshold of 4 mm in any one
direction for inclusion in this study. Consequently, one subject’s

fMRI data were excluded from the group level analysis. Data were

spatial smoothed with an 8 mm full-width half-maximum Gaussian

kernel.

MRI data analysis

Time series plots were generated by, first averaging within each

subject, the BOLD signal across all voxels within an ROI, for all

correct trials within a condition, and then averaging across all

subjects. In each subject, percent signal change was calculated by

normalizing each value in the time series by the mean fMRI signal

across the entire WM scanning session. The percent change at time

zero was then subtracted from every point in the time series.

Our method for analyzing within-trial patterns of activity has

been described in detail elsewhere (Postle et al., 2000; Zarahn et

al., 1997) and is summarized below. We modeled each task phase

of each condition with unique covariates, giving us a total of 10

covariates of interest for correct trials. We also included a separate

set of covariates for incorrect trials. The 5 task phases were

modeled in the following manner: encoding—a mini-block

spanning cue presentation (0–3.3 s); delay 1—a single covariate

in the middle of first delay period (7.7 s); distraction—a single

covariate during distractor presentation (13.2 s); delay 2—a single

covariate in the middle of the second delay period (18.7 s); and

response—a single covariate during probe presentation (24.2).

Trial periods were modeled for each subject by convolving the

covariates with an individually-derived hemodynamic response

function (HRF) (Zarahn et al., 1997). Subject-specific HRFs were

used in order to account for inter-subject variability of the HRF that

could significantly affect subsequent BOLD analysis (Aguirre et

al., 1998; Handwerker et al., 2004). The convolution matrix

included filters to remove frequencies above 0.45 and below 0.025

Hz and nuisance covariates to model an intercept and trials

excluded due to absence of responses and extreme RTs. Parameter

estimates (i.e. beta values, an index of the magnitude of the BOLD

response in which the magnitude of the beta value is proportional

to the signal change at that stage of the trial and is estimated by

fitting a HRF-convolved covariate placed into the design matrix at

the various stages of the trial) yielded by the GLM for the trial

phase of interest was extracted and averaged within each func-

tionally-defined ROI (see below). These beta values served as the

dependent measures for across-subject analyses. Because we were

primarily interested in maintenance activity before and after

distraction, group analyses was mainly focused on the covariates

modeling these two task periods, delay 1 and delay 2. Additionally,

to more sensitively measure the effect of distraction on delay

period activity, we derived an index of delay period activity

surviving distraction for each subject: Index = (Delay 2 Beta /

Delay 1 Beta). All statistical analyses were conducted on SPSS

(SPSS Inc., Chicago, IL).

Regions of interest (ROI)

We conducted all imaging data analysis in native space to

maximize sensitivity to detect spatially variable activations in the

prefrontal cortex (PFC). The generation of individual subject-

specific functionally defined regions of interest (ROI) followed a

two-step procedure: (1) manual drawing of anatomically defined

masks; (2) identification of functionally defined ROIs by applying

the anatomic mask onto whole brain activation maps. Delay period

 http:\\www.elib.cs.berkeley.edu\photos\landscape 
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activity was assessed in two areas: the lateral PFC and the visual

association cortex (VAC).

Anatomic masks

We used the middle frontal gyrus (MFG) to define the lateral

PFC ROI because this area, in addition to the inferior frontal gyrus

(IFG), is consistently active during the delay period in face

working memory tasks in human neuroimaging studies (Courtney

et al., 1997, 1998; Jha and McCarthy, 2000; Sala et al., 2003).

Additionally, electrophysiological studies in monkeys have shown

activity near the principal sulcus, a region homologous to the

MFG, during passive viewing and WM of faces (Scalaidhe et al.,

1999). We were unable to identify functional ROIs in the IFG in a

sufficient number of subjects, and we could not conduct an

analysis of maintenance of this region in the PFC. The VAC mask

was constructed from the fusiform gyrus of each subject. The

creation of these individualized anatomic masks was facilitated by

surface rendered high-resolution 3D MPFLASH and coplanar axial

GEMS images, which revealed gyral and sulcal landmarks.

Functionally defined ROIs for univariate analysis

Within anatomically defined masks, linear contrasts between

delay 1 covariate vs. baseline (i.e. the inter-trial interval) identified

delay period active voxels. We used a functional ROI based on

delay 1 activity, and not an anatomic ROI or a functional ROI

based on cue activity, in order to maximize our ability to identify

voxels specifically engaged in maintenance and our sensitivity to

detect changes in delay period activity. Thus, for each individual,

we created subject-specific ROIs in the lateral PFC and VAC. For

the lateral PFC ROIs, statistical threshold corresponding to P value

of <0.05, corrected for multiple comparisons, yielded active

voxels. In one instance, a threshold of t = 3.0 was used, because

higher thresholds did not reveal any active voxels. For the VAC

ROIs, we lowered the threshold until active voxels were revealed

(one subject t = 1.25, all other subjects minimum t > 2.0). The

lower threshold requirement for the VAC is consistent with

electrophysiological results showing significantly lower percentage

of neurons exhibiting delay period activity in this region compared

to the PFC (Miller et al., 1996). The inclusion of subjects with

relatively lower thresholds increases type II, but not type I error,

rate. Furthermore, in a section below, we describe an additional set

of analysis we conducted to address inferential issues raised by the

use of variable thresholds.

Bivariate correlation analysis

Recently, we have developed a method that is capable of

quantifying functional connectivity between regions during distinct

trial periods (Rissman et al., 2004). This method, known as ‘‘beta

series correlation analysis’’, is implemented by using separate

HRF-convolved covariates to model activity evoked during the

component stages of each individual trial in the context of the

GLM. The resulting trial beta values are sorted according to the

stage from which they were derived to form a unique beta series for

each stage. For example, each beta value in an encoding stage beta

series reflects the amount of BOLD signal attributable to the

encoding stage of a single WM trial. A voxel’s beta series thus

reflects its trial-to-trial variability in stage-specific activity. Regions

whose beta series are correlated during a given stage are inferred to

be functionally interacting during that stage. Correlation compu-

tations are performed separately on data from each individual
subject. All correlation analysis was conducted with Matlab 6.5

(MathWorks, Natick, MA) with scripts specifically developed for

this analysis. For a more detailed description of the beta series

correlation analysis method, see Rissman et al. (2004).

ROIs for bivariate analysis

We focused on right hemisphere correlations between the VAC

and PFC because it has been shown that face processing and

recognition engage the right VAC greater than the left (Bentin et

al., 1996; Grill-Spector et al., 2004; Kanwisher et al., 1997;

Rossion et al., 2003). Moreover, a recent study from of our lab has

demonstrated high correlation in activity between the right VAC

and PFC during the delay period of a face working memory tasks

(Rissman et al., 2004). For most subjects, right-sided PFC ROIs

were obtained from the ROIs representing areas of activation

during the delay 1 period described above for univariate analysis.

For subjects lacking right-sided ROIs, we progressively lowered

the threshold until right-sided ROIs were revealed. These thresh-

olds ranged between t = 3.0 and t = 1.75. Within each subject, the

beta series of all voxels within each ROI was averaged, and the

correlation between the VAC and PFC beta series was computed

separately for each component stage of the task. Correlation

coefficients were converted to z-scores by applying the r-to-z

transformation (Fisher, 1921).

To confirm the robustness of our main fMRI results and to

facilitate direct comparisons of fMRI data across regions and

between univariate and bivariate analysis, we have conducted a

secondary analysis. In this analysis, we applied uniform criteria

for selection of functional ROIs across individuals and regions.

We used these ROIs to generate BOLD data and conducted the

same univariate and bivariate analysis outlined above. For each

individual activation map, we imposed a threshold of t = 2.0 on a

linear contrast between delay 1 covariate vs. baseline. We used

right-sided PFC and VAC anatomic masks as described above to

identify lateral PFC and VAC ROIs. In one subject, no active

voxel in the VAC was identified and we did not include this

subject’s data for the VAC univariate and PFC-VAC bivariate

analysis. The remainder of the procedures for producing the

univariate and bivariate data are identical as above. In the

relevant sections, we provide data yielded by both ROI selection

methods.
Results

Behavioral data

Mean accuracy and RTs for the face WM task are shown in Fig.

2. Selective interference, e.g. worse performance in the cue/

distractor congruent condition, was observed for faces. Face

distraction led to greater decrement in accuracy (73.7%) compared

to scene distraction (82.4%) (t = 2.64, df = 11, P < 0.05). There

was no significant difference in RTs, face/scene = 1242 ms, face/

face = 1253 ms (t = 0.54, df = 11, P = 0.60). In the scene WM

trials, no congruency effect was observed. Subjects performed at

equivalent levels during scene/scene (81.4% accuracy and 1236 ms

RT) and scene/face (77.7% accuracy and 1232 ms RT) (for all

comparisons, t < 0.9, df = 11, P > 0.3). Subjects performed very

well on both face and scene distractor target detection task with

96% and 95% accuracy, respectively (t = 0.49, df = 11, P = 0.64).

There was also no significant difference between RTs in the



Fig. 2. Behavioral data. (A) Accuracy and reaction time (RT) for the delayed response task. (B) Accuracy and RT for the distractor target detection task.
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distractor task, with 1063 ms for faces and 1100 ms for scenes (t =

1.49, df = 11, P = 0.17) (Fig. 2).

Imaging data

ROIs and BOLD time series

Representative examples of functional ROIs for the lateral PFC

and VAC from one subject are displayed in Fig. 3A. There was

significant inter-subject variability in the location of the PFC ROIs,

which is consistent with other studies of face working memory

(Druzgal and D’Esposito, 2003). Fig. 3B shows trial averaged

BOLD time series plots from the PFC and VAC. The VAC displays

equivalent levels of activity between conditions for all trial periods,

including delay 2. This is not the case in the PFC, where delay 2
Fig. 3. Univariate BOLD time series. (A) Functional ROIs from a single subject

BOLD time series from the PFC and VAC. Percentage BOLD signal changes were

the grey scale spectrum above the plots gives the approximate location of the exp

delay 1; Di = distractor; D2 = delay 2; P = probe.
activity appears suppressed following face distraction compared to

scene distraction. During other trial periods, no substantial differ-

ences between conditions are evident.

Univariate analysis

As our main hypothesis involves the measurement of main-

tenance activity, we have applied the following analysis to the

parameter estimates for delay 1 and delay 2 in the lateral PFC and

VAC (Fig. 4). A repeated measures ANOVA performed on PFC

betas (parameter estimates) with factors of condition (congruent and

incongruent) and trial epoch (delay 1 and delay 2) revealed a main

effect of epoch [F(1,10) = 77.55, P < 0.01], but not of condition

[F(1,10) = 1.32, P = 0.28], and no interaction [F(1,10) = 1.54, P =

0.24]. In the VAC, there was a main effect of epoch [F(1,10) =
demonstrating activations during delay 1 in the lateral PFC and VAC. (B)

averaged across trials, within ROI, and across all subjects. The intensity of

ected peaks in activity associated with stimuli presentations; C = cue; D1 =



Fig. 4. Univariate BOLD data. (A) Delay period activity in the PFC and VAC before (delay 1) and after (delay 2) distraction. (B) Change in delay period

activity expressed as an index of delay period activity surviving distraction (delay 2 beta/delay 1 beta).

Fig. 5. Bivariate BOLD data. Trial to trial correlations of parameter

estimates between the PFC and VAC. Face distraction results in the

abolishment of PFC-VAC correlated activity. This effect persists throughout

the remainder of the trial. Scene distraction does not significantly effect

PFC-VAC correlations during distraction or subsequent stages. *t test

between face/scene vs. face/face at Di; .repeated measures ANOVA over

the periods Di, D2, and P, P value indicates level of significance for main

effect of category of distractor. C = cue; D1 = delay 1; Di = distractor; D2 =

delay 2; P = probe.
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26.12, P < 0.01], but no main effect of condition [F(1,10) = 0.31,

P = 0.59] and no interaction [F(1,10) = 2.16, P = 0.17]. For all

conditions, both PFC and VAC delay 2 activity remained

significantly above baseline as revealed by a t test of beta values

compared to baseline: PFC face/scene (t = 4.12, df = 10, P < 0.01),

face/face (t = 4.13, df = 10, P < 0.01); VAC face/scene (t = 2.4, df =

10, P < 0.05), face/face (t = 4.06, df = 10, P < 0.01). In the PFC,

there was a trend towards a significant congruency effect on delay

period activity; face distraction resulted in less delay 2 activity

compared to scene distraction (t = 1.98, df = 10, P = 0.07). In the

VAC, there was no evidence of a congruency effect; the magnitude

of delay 2 activity was not significantly different between face/

scene and face/face conditions (t = 0.74, df = 10, P = 0.45). The

index of delay period activity surviving distraction (delay 2 beta

divided by delay 1 beta), a more sensitive measure of change in

delay period activity (Fig. 4B), shows a significant difference

between face/scene and face/face conditions in the PFC (t = 2.94,

df = 10, P < 0.05), but not in the VAC (t = 0.37, df = 10, P = 0.73).

The magnitude of activity during distraction did not differ between

scene and face distraction in the PFC (t = 0.89, df = 10, P = 0.40) or

VAC (t = 0.40, df = 10, P = 0.82).

Here, we present the results of univariate analysis on data

obtained by applying uniform ROIs selection criteria across

regions and subjects. These results are intended to confirm the

robustness of the results from our primary analysis and to facilitate

direct statistical comparisons across regions. In a repeated

measures ANOVA on beta values, with within subject factors of

condition, ROI, and trial epoch, there was no main effect of ROI

[F(1,9) = 0.001, P = 0.98], condition [F(1,9) = 1.66, P = 0.23], or

epoch [F(1,9) = 2.37, P = 0.16], and no interactions (for ROI �
epoch [F(1,9) = 2.63, P = 0.14]; for all other interactions [F(1,9) <

1.35, P > 0.28]). When an ANOVA was applied to the index of

delay period activity surviving distraction, there were no signifi-

cant main effects of ROI [F(1,9) = 1.06, P = 0.33] or condition

[F(1,9) = 2.17, P = 0.18]. The interaction between ROI and

congruency was also non-significant [F(1,9) = 2.79, P = 0.13].

t tests on the index of delay period activity surviving distraction

revealed a significant difference between conditions in the PFC,
with greater activity in the face/scene condition (t = 3.29, df = 10,

P < 0.01). In the VAC, no significant difference was detected (t =

0.32, df = 9, P > 0.98). In summary, these patterns of results are

consistent with those results obtained from the first set of ROIs.

Bivariate analysis

The results of beta series correlation analysis (the correlation of

trial-to-trial variability in stage-specific BOLD signal) between the

lateral PFC and VAC are summarized in Fig. 5. As expected,

during cue and delay 1, there was no significant difference in PFC-

VAC correlation between face/scene and face/face trials (for all

comparisons, t < 0.90, df = 10, P > 0.20). In addition, all

correlations during these periods were above baseline (for all

comparisons, t > 3.0, df = 10, P < 0.01). The pattern of correlation
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diverged over the subsequent epochs. For the face/scene condition,

correlation remained significantly above baseline during distrac-

tion, delay 2, and probe (for all comparisons, t > 2.8, df = 10, P <

0.01). However, in the face/face condition, PFC-VAC correlation

was abolished at distraction, no longer remaining above baseline

(t = 0.03, df = 10, P > 0.20) and significantly diminished compared

to the face/scene condition (t = 2.43, df = 10, P < 0.05). The

correlation in the face/face condition remained suppressed in

subsequent trial epochs compared to the face/scene condition, as

confirmed by a repeated measures ANOVA restricted to the period

over which the effects of congruency of distraction would have

relevance (distraction, delay 2, and probe). This revealed a main

effect of condition [F(1,10) = 6.32; P < 0.05], but no main effect

of epoch [F(2,20) = 1.49, P = 0.25] or significant interaction

between condition and epoch [F(2,20) = 0.19, P = 0.83]. t tests of

correlations at other trial epochs were non-significant (cue, t =

0.97, P > 0.36; delay 1, t = 0.02, P > 0.98; delay 2, t = 1.73, P =

0.11; probe, t = 1.40, P = 0.19; for all comparisons df = 10).

Our reanalysis using uniform threshold revealed the same basic

pattern of correlations. Repeated measures ANOVAwith factors of

condition and trial epoch on bivariate correlation data revealed a

trend towards a main effect of condition [F(1,9) = 7.05, P = 0.09],

with mean z-transformed correlations of 1.32 and 0.63 over these

epochs for face/scene and face/face conditions, respectively. t tests

between conditions at each epoch revealed that the only significant

difference occurred during distraction, face/scene 1.45 compared to

face/face 0.41 (t = 2.48, df = 9, P < 0.05).
Discussion

Behaviorally, we observed selective interference between faces.

This was manifest as a significant decline in accuracy with face

distractors compared to scene distractors during the retention of

faces on a delayed response task. While we found sustained

activity in the VAC and lateral PFC after distraction, selective

interference in the BOLD maintenance signal, greater degradation

of activity in the face distraction condition, was evident only in the

lateral PFC and not in the VAC. Correlation analysis demonstrated

disruption of functional connectivity between the PFC and VAC in

the face congruent distraction condition. Our experimental design

and results show consistency between behavioral and fMRI

findings, and allow us to make inferences on the relative

contributions of the PFC and VAC to maintenance and the

mechanism underlying this sub-process of WM.

We interpret our findings to support a model of WM in which the

on-line maintenance of the memoranda is an emergent function of

cooperative activity between the lateral PFC and posterior unimodal

cortex. In interpreting our results, we will adopt the terminology

used by others (Miller and Cohen, 2001; Sakai et al., 2002) to

differentiate the type of maintenance that occurs in the PFC from

posterior sensory cortices. Active maintenance is an executive

control process that provides top down modulation of information

stored (simple maintenance) in lower cortical areas. Our work

extends the conceptualization of active maintenance by providing

evidence for the type of code being represented in the PFC. Based

on prior theoretical and empirical work (Freedman et al., 2003;

O’Reilly et al., 2002) and our own results showing differential

effects of distraction on PFC and VAC activity, we infer that the

PFC codes for higher order representations of the memoranda,

possibly as a means of carrying out active maintenance.
The persistence of delay period signal surviving distraction in

the VAC is consistent with our contention that this area supports

maintenance. Prior animal and human studies have provided

varying degrees of evidence for maintenance activity in the

VAC. Lesions of the anterior portion of IT have been shown to

disrupt performance on an object delayed response task in a delay

dependent manner (Petrides, 2000). Although most single unit

studies showing stimulus-specific delay period activity (Miyashita

and Chang, 1988; Nakamura and Kubota, 1995; Sakai and

Miyashita, 1991) can be criticized for not having demonstrated

resistance to task irrelevant distraction (Desimone, 1996; Miller et

al., 1996), there is at least one study that has demonstrated this in

the ventromedial surface of the temporal lobe (Suzuki et al., 1997).

Human imaging studies have been inconsistent in demonstrating

the presence of delay period activity in the VAC. However, this

inconsistency may be due to varying methodologies, and possibly,

diminished sensitivity to detect this signal. Druzgal et al. failed to

find above-baseline activity in the VAC across three memory loads

of faces, although they did find evidence of a load effect in this

area (Druzgal and D’Esposito, 2003). They used a contrast

between face and scene blocks from a separate localizer experi-

ment to identify the FFA as their VAC ROI. The FFA is

presumably specialized for the processing of faces present in the

environment. We conducted the delay 1 vs. baseline contrast to

identify VAC neurons more specifically engaged in maintenance.

A study by Postle employed a delayed recognition paradigm in

which the number of distracting faces intervening between cue and

probe varied between 0 and 2 (Postle et al., 2003). This study

identified ROIs in the PFC and the VAC using the same strategy as

our study and they found significant, above baseline activity

surviving distraction in the VAC. Using a similar strategy, another

recent study has also demonstrated a significant delay period

activity in the VAC for faces and other objects (Sala et al., 2003).

There is a large body of studies supporting the lateral PFC’s

critical involvement in visual WM maintenance, including monkey

lesion (Funahashi et al., 1993; Jacobsen, 1936; Mishkin, 1957),

human lesion (Bechara et al., 1998), single unit (Funahashi et al.,

1989; Fuster, 1973; Miller et al., 1993, 1996), and neuroimaging

studies (Courtney et al., 1997, 1998; Druzgal and D’Esposito,

2003; Jha and McCarthy, 2000; Sala et al., 2003). These fMRI

studies consistently found lateral PFC maintenance activity during

face WM. For example, the Druzgal study found delay period

activity in the PFC during the maintenance of faces which was

sensitive to load manipulation. Prior fMRI studies employing a

distraction paradigm can be interpreted as demonstrating main-

tenance in the PFC. In a WM study examining selective

interference in the verbal domain (Gruber, 2001), worse behavioral

performance resulting from verbal distraction was associated with

diminished activity in regions supporting the phonological loop

and increased activity in the lateral PFC. The author interpreted

these findings as indicating the disruption of usual storage

functions of the phonological loop by verbal distraction, and the

transference of this function to lateral PFC buffers. Another fMRI

study also supports the role of the PFC during temporary

maintenance during distraction (Sakai et al., 2002). In a spatial

delayed response task, the lateral PFC was active when cue

congruent distractors were present. Moreover, there was signifi-

cantly less PFC activity before and after distraction on error trials

as compared to correct trials. The authors argued that PFC activity

reflects executive processes that transform the maintained infor-

mation into distraction-resistant representations. Miller and col-
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leagues have conducted a series of studies that have clarified the

unique contribution of the lateral PFC to maintenance of visual

objects. Miller compared delay period activity in the IT and PFC,

and found stimulus-specific delay period activity resistant to

distraction only in the PFC. IT neurons appeared to be ‘‘reset’’

with a task irrelevant distractor. These empirical findings support

the notion that VAC activity represents the most recent visual input

regardless of its relevance, whereas PFC activity represents task

relevant, distractor-resistant information. Similar results were also

found in the parietal cortex during a spatial working memory task

(Constantinidis and Steinmetz, 1996).

The question of what kind of task relevant information is being

represented in the PFC remains controversial, however. Monkey

studies showing stimulus-specific PFC activity led researchers to

hypothesize that the PFC stores task relevant sensory information

during WM (Funahashi et al., 1989; Fuster, 1973). Further, a

functional topography of the PFC in which object and spatial

information is represented in the ventrolateral and dorsolateral

regions, respectively, has been specified based on electrophysio-

logical (Scalaidhe et al., 1999), selective lesion (Levy and

Goldman-Rakic, 1999; Mishkin and Manning, 1978; Passingham,

1975; Petrides, 1995), and human imaging studies (Courtney et al.,

1997, 1998; Sala et al., 2003), showing segregation of function in

lateral PFC according to the type of information being maintained.

Yet, others have postulated a PFC topography based on process, in

which the ventrolateral areas (BA 45/47) store sensory information

(D’Esposito et al., 1999; Owen et al., 1996; Petrides, 1995, 2000),

while more dorsal areas (BA 46/9) subserve executive control

processes, such as monitoring or selective attention (Petrides,

2000; Rowe and Passingham, 2001).

The association in our study between worse performance and

greater degradation of the lateral PFC signal during face/face trials

compared to face/scene trials could be explained by greater

perturbation in a critical executive control process. While this is

a plausible alternative explanation for our findings, the fact that the

only difference between the two conditions was the category of the

stimulus (and, therefore, congruency with the cue) argues against

this. First, the number of items to be monitored during the scene

and face distraction tasks was identical. Thus, it would seem

unlikely that face distraction would lead to greater perturbation of

monitoring. Second, behavioral performance on face and scene

distraction tasks was nearly identical. Thus, similar demands on

attention should have been imposed by these tasks. A recent study

that also found significant degradation of WM performance with

object congruent distraction lends further support to our claim of

code specificity of the distraction effect (Jha et al., 2004).

However, we cannot exclude the possibility that both storage and

executive control functions are represented concurrently in the PFC

signal we have identified.

The different effects of cue/distractor congruency on PFC and

VAC maintenance activity indicate that these areas represent

different kinds of information. Greater decrement in PFC activity

during congruent trials, compared to incongruent trials, suggests

that face distraction activated representations that interfered with

the maintenance of facial images in this region. Since unique faces

were displayed during encoding and distraction, the representations

coded by the PFC are likely more abstract than the particular faces

being presented. The lack of a congruence effect in the VAC is

consistent with the idea that VAC neurons code face identity

information; therefore, unique faces during distraction would not

disrupt the maintenance of cue faces. The Postle face WM study
cited above, demonstrated a similar pattern of findings in the PFC

and VAC (Postle et al., 2003). VAC delay period activity persisted

after face stimuli distraction, whereas PFC delay period activity

diminished. On the surface, it may seem that the empirical finding

in our study, as well as the Postle study, of persistent VAC activity

during intervening stimuli is inconsistent with the monkey

physiology data reported by Miller et al. (1996). However, it is

important to underscore the obvious methodological difference

between human and animal physiology studies. In Miller’s work,

data are obtained from a single neuron that has been identified as

being highly selective to a particular stimulus (i.e. butterfly). In

contrast, fMRI measures neuronal population activity that will not

code one particular stimulus. Thus, these studies provide comple-

mentary information and two interpretations of our VAC results,

showing persistence of delay period activity after distraction and

absence of selective interference can be made. We cannot differ-

entiate neuronal activity emanating from neurons that are specific

to different stimuli (i.e. cue vs. distractor). Consequently, delay

period activity in the VAC before and after distraction may

represent activity from the most recently viewed stimulus, the cue

and distractor, respectively. The alternative interpretation would be

that VAC delay period activity is resistant to distraction, as

indicated by single unit studies in the entorhinal cortex (Suzuki et

al., 1997). However, these neurons have thus far been only

identified in the entorhinal cortex, a region of the medial temporal

lobe. In either case, the absence of selective interference in the

VAC is consistent with a model in which these neurons represent

face identity information. Our interpretation of the divergent effects

of stimulus congruency on PFC and VAC activity is also supported

by the results of a recent study, which demonstrated that IT activity

tends to reflect specific identity relevant visual features, while PFC

activity tends to convey categorical information (Freedman et al.,

2003).

Taken together, our results support the idea that the PFC and

VAC maintain different types of representation that are necessary

for guiding behavior, with the PFC and VAC representing

higher-level and item-specific information, respectively. Our

model of visual object WM is consistent with a model recently

postulated by O’Reilly et al. (2002). These authors propose that

the PFC represents task relevant information during maintenance,

and that PFC representations are organized along a specific-

abstract axis, with more ventral areas representing specific visual

features and more dorsal (or anterior) areas coding higher-level

features. It is important to emphasize, however, that postulating

that the PFC represents sensory information does not exclude the

possibility of this area also supporting executive control

processes, e.g. pointer function. It is plausible that the PFC

could efficiently support executive control processes by incor-

porating sensory relevant information in abstracted form

(O’Reilly et al., 2002).

Theoretical (Bar, 2003; Goldman-Rakic, 1988; Miller and

Cohen, 2001) and empirical works (Fuster et al., 1985; Rissman

et al., 2004; Tomita et al., 1999) have suggested that the dynamic

interaction of the PFC and posterior sensory association areas may

be a critical feature of WM. In a remarkable series of studies

involving the reversible deactivation of the dorsolateral PFC and IT

by cooling, Fuster et al. (1985) demonstrated that lesions in one of

these regions resulted in significant changes in delay period

activity in the other, and that lesions of either region resulted in

degradation of visual WM performance. Chao and Knight (1998)

have proposed that PFC lesions lead to aberrant sensory processing
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in sensory cortex through the perturbation of top down modulation

of its activity. The distributed nature of WM maintenance is also

suggested by other studies that have applied fMRI correlation

analysis and have revealed prominent functional connectivity

during maintenance between the PFC and posterior areas (Gaz-

zaley et al., 2004; Rissman et al., 2004; Sakai et al., 2002). Our

correlation data support this supposition by demonstrating the

perturbation of functional connectivity between the PFC and VAC

in the most difficult experimental condition (face/face). Two

aspects of our data are particularly noteworthy. First, the disruption

of correlated activity started at the time of face congruent

distraction. Second, this disruption persisted through the remainder

of the trial. These factors suggest a plausible mechanism for active

maintenance—the coupling of abstracted, higher order information

in the PFC and stimuli-specific sensory information in the VAC

through reverberant activity between these areas. Our present work

only hints at this mechanism and points to new lines of research to

elucidate this proposed mechanism.

We were unable to pursue comparisons between correct and

incorrect trials, a line of analysis that could have provided

important confirmatory data regarding our results. Two factors

prohibited us from effectively analyzing error trials. Firstly, the

number of error trials per condition was too few to allow us to

make useful inferences. Secondly, incorrect responses could be due

to a failure in a number of processes. For example, it would be

difficult to draw conclusions about delay period activity on trials

where there was a failure of encoding the memoranda.

Our findings implicate a hierarchical organization of neural

systems supporting maintenance, with different kinds of information

represented by frontal and posterior sensory areas. The presence of

selective interference in the PFC delay period signal by faces and the

absence of this in the VAC suggest that the PFC maintains abstract,

categorical information, while the VAC retains more stimuli-specific

features. Our correlation data suggest that active maintenance may

be an emergent function of coordinated, persistent activity repre-

senting reciprocal top down and bottom up interactions.
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