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Functional Interactions between Prefrontal
and Visual Association Cortex Contribute
to Top-Down Modulation of Visual
Processing

Attention-dependent modulation of neural activity in visual associa-
tion cortex (VAC) is thought to depend on top-down modulatory
control signals emanating from the prefrontal cortex (PFC). In a
previous functional magnetic resonance imaging study utilizing
a working memory task, we demonstrated that activity levels in
scene-selective VAC (ssVAC) regions can be enhanced above or
suppressed below a passive viewing baseline level depending on
whether scene stimuli were attended or ignored (Gazzaley, Cooney,
McEvoy, et al. 2005). Here, we use functional connectivity analysis to
identify possible sources of these modulatory influences by examin-
ing how network interactions with VAC are influenced by attentional
goals at the time of encoding. Our findings reveal a network of regions
that exhibit strong positive correlations with a ssVAC seed during all
task conditions, including foci in the left middle frontal gyrus (MFG).
This PFC region is more correlated with the VAC seed when scenes
were remembered and less correlated when scenes were ignored,
relative to passive viewing. Moreover, the strength of MFG-VAC
coupling correlates with the magnitude of attentional enhancement
and suppression of VAC activity. Although our correlation analyses
do not permit assessment of directionality, these findings suggest
that PFC biases activity levels in VAC by adjusting the strength of
functional coupling in accordance with stimulus relevance.

Keywords: attention, beta series correlation analysis, functional
connectivity, functional magnetic resonance imaging, neural networks,
working memory

Introduction

Working memory (WM) is the cognitive operation that under-
lies our ability to temporarily maintain and manipulate in-
formation that is no longer accessible in the environment in
order to guide behavior (Baddeley 1986). The prefrontal cortex
(PFC) has been frequently attributed a key role in the neural
basis of WM, with research largely focused on its critical
involvement after a stimulus is no longer present while repre-
sentations are actively maintained in mind. This is supported by
single-unit recording studies in nonhuman primates demon-
strating persistent activity in PFC neurons during the “delay”
period of WM tasks (Fuster and Alexander 1971; Kubota and
Niki 1971; Funahashi et al. 1989; Wilson et al. 1993; Chafee
and Goldman-Rakic 1998), as well as by functional magnetic
resonance imaging (fMRI) studies in human subjects (Courtney
etal. 1997; D’Esposito et al. 2000; Jha and McCarthy 2000; Postle
et al. 2003). However, the PFC has also been implicated in
neural processing that occurs when a stimulus is present in the
environment, such as during selective attention tasks when
relevant and irrelevant information compete for cognitive
resources (Everling et al. 2002; Iba and Sawaguchi 2003; Pessoa
et al. 2003). Thus, the PFC may serve a common role as a control
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region in both selective attention and WM operations, when
stimuli are either present or absent (Curtis and D’Esposito 2003;
Miller and D’Esposito 2005; Gazzaley and D’Esposito 2007).

Another aspect shared by selective attention and WM
operations is modulation of neural activity in posterior sensory
cortices. Electrophysiology and neuroimaging studies have
revealed activity modulation of visual association cortex
(VAC) during visual selective attention tasks when stimuli are
present (Corbetta et al. 1990; Luck et al. 1997; Treue and
Martinez Trujillo 1999), as well as during the delay period of
visual WM tasks when stimuli are absent (Fuster 1990; Miller
et al. 1993; Druzgal and D’Esposito 2001). Neural activity is
enhanced in the VAC regions that encode behaviorally relevant
visual stimuli (Fuster 1990; Duncan et al. 1997; Hopfinger et al.
2000; Kanwisher and Wojciulik 2000), and reciprocal suppres-
sion of activity occurs in visual regions that represent non-
relevant stimuli (Duncan et al. 1997; Kastner et al. 1998; Kastner
and Ungerleider 2001; Gazzaley, Cooney, McEvoy, et al. 2005).
Modulation of sensory cortical activity has also been described
for the auditory (Hillyard et al. 1973), olfactory (Zelano et al.
2005), and somatosensory (Seminowicz et al. 2004) systems.

It is believed that such goal-directed sensory cortical activity
modulation is not an intrinsic property of sensory cortex, but
rather is achieved via neural connections that subserve dynamic
interactions between brain regions, or neural networks. There
is accumulating evidence that suggests it is the PFC that modu-
lates the magnitude of neural activity in distant sensory brain
regions via long-range projections, a mechanism of control
known as “top-down modulation.” Axonal tract-tracing studies
in monkeys reveal an intricate network of reciprocal cortico-
cortical connections between regions in the PFC and VAC
(Ungerleider et al. 1989; Webster et al. 1994; Barbas 2000;
Petrides and Pandya 2002), including projections from the
middle frontal gyrus (MFG; Petrides and Pandya 1999; Rempel-
Clower and Barbas 2000; Blatt et al. 2003). Several of these
pathways have also been described in humans with postmortem
dissection (Heimer 1983) and more recently in vivo with
diffusion tensor magnetic resonance imaging (Makris et al
2004). These anatomically defined networks establish the
structural framework by which the PFC may exert modulatory
control over VAC activity. The role of the PFC as the “top” in
top-down modulation of sensory cortical activity may be the
common link accounting for functional involvement of these
distant regions during selective attention and WM tasks. This
long-range, modulatory control process may be essential for
both establishing high fidelity representations of task-relevant
stimuli when they are perceived, as well as facilitating their
internal maintenance when they are no longer accessible in the
environment (Gazzaley and D’Esposito 2007).



It is important to note that the majority of studies supporting
a role of PFC-VAC networks in these operations offer indirect
evidence of functional interactions between these regions. This
is because activity in these anatomically disparate brain regions
are usually recorded and/or analyzed independently (Moran and
Desimone 1985; Miller et al. 1993; Corbetta 1998; D’Esposito
et al. 1998; Ungerleider et al. 1998). Direct evidence is rather
limited, although there are 2 invasive studies in monkeys that
support the PFC as a source of activity modulation on the VAC
(Fuster et al. 1985; Tomita et al. 1999). Similarly, microstimu-
lation studies of neurons in the frontal eye fields (FEF) have
provided casual evidence of top-down influences on activity in
VAC neurons (Moore and Armstrong 2003; Moore and Fallah
2004; Armstrong et al. 2006). Additionally in humans, electro-
encephalography studies on patients with PFC lesions have
provided evidence of PFC-dependent top-down modulatory
influences of VAC occurring in the first few hundred milli-
seconds of visual processing (Barcelo et al. 2000).

A noninvasive approach to evaluate interactions between
brain regions with preserved structure and function is multi-
variate analysis of functional brain imaging data, a statistical
method to generate maps of functional connectivity between
regions and associate them with the cognitive processes being
performed (Friston et al. 1993, 2000; McIntosh 1998; Buchel
and Friston 2000; Lin et al. 2003; Penny et al. 2004; Sun et al.
2004). We have recently developed a new multivariate method
to characterize functional connectivity in event-related fMRI
data sets during the component stages of a multistage task, such
as a delayed-recognition WM task (Rissman et al. 2004). The
method, beta series correlation analysis, employs a standard
general linear model (GLM) approach, as do most univariate
analyses for estimating stage-specific activity (Friston et al
1995), but adapts the model so that distinct parameter estimates
(beta values) are computed for each trial and used as the
dependent data in a correlation analysis. Whereas standard
univariate analyses inherently treat trial-to-trial variability as
noise, beta series correlation analysis explicitly measures and
capitalizes on this variability. If 2 areas of the brain are
functionally interacting with each other during a particular
stage of WM (e.g., cue encoding), then fluctuations in the
amount of activity that the 2 areas exhibit during that stage
should be correlated across trials. The method can be imple-
mented by selecting a region of interest, or “seed,” and
determining the network of regions that correlate with it and
how these correlations change across task conditions. Several
studies have now successfully employed the beta series corre-
lation analysis method to yield novel insights into the in-
terregional interactions occurring during WM tasks (Gazzaley
et al. 2004; Buchsbaum et al. 2005; Ranganath et al. 2005;
Fiebach et al. 2006; Yoon et al. 2006). It is important to
emphasize that this functional connectivity analysis method,
although capable of revealing regions involved in functional
networks and determining how the magnitude of connectivity
varies with conditions, does not allow us to establish the
directionality of interregional communication. Thus, interpre-
tations of directionality can only be based on conclusions from
other studies in the literature that have documented direct
evidence of top-down influences in similar cognitive operations.

We recently characterized the brain regions that significantly
correlated with a VAC seed during the maintenance period of
a WM task (Gazzaley et al. 2004). This maintenance network
included the dorsolateral and ventrolateral PFC, supporting the
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notion that coordinated functional interactions between the
VAC and PFC, as well as other cortical and subcortical regions,
are associated with the active maintenance of perceptual
representations in WM. In the present study, we performed
a comparable functional connectivity analysis using a recently
published fMRI data set (Gazzaley, Cooney, McEvoy, et al. 2005)
to focus on PFC-VAC networks associated with selective
attention at the initial encoding stage of a WM task, when
stimuli are still present. It has long been acknowledged that
selective attention and WM are similar conceptually, but they
have traditionally been categorized separately and studied
independently. It is only recently that characterization of the
mechanistic overlap between these operations has become
a prominent research focus (Desimone 1996; LaBar et al. 1999;
Awh and Jonides 2001; de Fockert et al. 2001). It is clear that the
ability to accurately maintain information in mind depends on
the quality of neural representations established when stimuli
are first perceived. Given that such representations are suscep-
tible to interference by distracting information (Miller et al.
19906), selective attention is necessary for successful WM
performance by restricting the contents of capacity-limited
memory to task-relevant representations (Rainer et al. 1998;
Ploner et al. 2001; Vogel, McCollough Machizawa 2005).
Therefore, top-down modulation mediated by PFC-VAC net-
works may serve an integral role at the intersection of these 2
overlapping cognitive operations.

We recently modified the classic delayed-recognition WM
task to study the selective attention processes of both top-down
enhancement and suppression of visual representations during
the WM encoding period (Gazzaley, Cooney, McEvoy, et al.
2005). During each trial, subjects observed a sequence of 2 faces
and 2 natural scenes presented in a randomized order (Fig. 1).
Instructions presented at the beginning of each run informed
them which stimuli were relevant and which should be ignored:
1) “Remember Faces and Ignore Scenes,” 2) “Remember Scenes
and Ignore Faces,” or 3) “Passively View” faces and scenes
without attempting to remember them. Across the 3 task
conditions, the period during which the 4 stimuli were
presented was balanced for bottom-up visual information, thus
allowing us to examine the influence of goal-directed behavior
on neural activity (top-down modulation). In the 2 memory
conditions, the encoding of the task-relevant stimuli required
selective attention, which permitted the dissociation of phys-
iological measures of enhancement and suppression relative to
the passive viewing baseline. In the fMRI component of this
experiment, we used an independent functional localizer task
to identify scene-selective VAC (ssVAC) regions in the para-
hippocampal/lingual gyrus (Gazzaley, Cooney, McEvoy, et al.
2005), an area often referred to as the parahippocampal place
area (Epstein and Kanwisher 1998). We determined that blood
oxygen level-dependent (BOLD) signal in ssVAC during the cue
period was significantly higher in Remember Scenes trials and
lower in Remember Faces trials (i.e., ignore scenes) when
compared with the Passive View trials (Gazzaley, Cooney,
McEvoy, et al. 2005). This finding suggested the presence of
both enhancement and suppression of neural activity in the
VAC relative to passive baseline.

In the current study, the application of the beta series
correlation method to analyze this data set enables us to
evaluate the network of regions that interact with ssVAC during
WM encoding and assess how PFC-VAC connectivity is modu-
lated as a function of the attentional goals of the task. Moreover,
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Figure 1. Experimental design. The 3 task conditions differ only in the instructions given at the beginning of each run, instructing the participant which, if any, stimuli they should
attempt to remember over a 9-s delay, and in the response requirements. On each trial, 2 face and 2 scene stimuli were presented for 800 ms each (with a 200-ms interstimulus
interval (ISI)), in a randomized sequence. In the response period of the Remember/Ignore task conditions, a face or scene stimulus was presented (corresponding to the relevant
stimulus class), and subjects were required to report with a button press whether the stimulus matched one of the previously presented stimuli. In the response period of the
Passive View condition, an arrow was presented, and participants were required to make a button press indicating the direction of the arrow.

we will evaluate how individual differences in the relative
strength of PFC-VAC connectivity relate to the degree of
activity modulation observed in VAC.

Methods

A complete description of the experimental design and scanning
protocol can be found in Gazzaley, Cooney, McEvoy, et al. (2005); the
critical details are summarized below.

Subjects

Eighteen healthy subjects (8 females and 10 males; ages 19-30) took
part in the study after providing informed consent. Subjects were
prescreened, and none used any medication with psychoactive, cardio-
vascular, or homeostatic effects. All subjects had normal or corrected-to-
normal vision and were right handed. Two subjects were excluded from
the analysis: 1 due to the presence of data artifacts and 1 because
sufficient behavioral data were not collected.

Task Design
Subjects were scanned while performing a visual delayed-recognition
task under 4 different instructional conditions. Before each scanning
run began, subjects were either instructed to 1) Remember Faces and
Ignore Scenes, 2) Remember Scenes and Ignore Faces, or 3) Passively
View both Faces and Scenes—with no attempt to remember or evaluate
them. A fourth condition, in which subjects were instructed to
remember all stimuli, was included in the experiment, but was not
evaluated in the current analysis. These instructions were to be applied
to all 10 trials occurring during that 4.5-min run. At the beginning of
each trial, subjects viewed 4 sequentially presented novel grayscale
images (2 faces and 2 scenes in a randomized order). Each image was
presented for 800 ms, with a 200-ms blank-screen interstimulus interval.
Presentation of stimuli was followed by a 9-s delay period, after which
a fifth stimulus was presented for 1s. In the Remember/Ignore task
conditions, a face or scene probe stimulus was presented (depending
upon the condition), and subjects were required to report with a button
press whether the stimulus matched one of the previously presented
stimuli. In the Passive View condition, an arrow was presented, and
subjects were required to make a button press indicating the direction
of the arrow. Presentation of the probe stimulus was followed by a 10-s
intertrial interval. Data were acquired during 12 runs (3 runs of each of
the 4 task conditions), yielding a total of 30 trials per condition.

To allow us to independently localize stimulus-selective regions in
each subject’s VAC, subjects performed a brief functional localizer task
before beginning the main experiment. Subjects were presented with

alternating 16-s blocks of face stimuli, scene stimuli, and rest periods
(7 blocks of each type) and were instructed to attend to the stimuli and
to indicate with a button press whenever they noticed an immediate
(1-back) repeat of a stimulus.

JMRI Acquisition and Processing

Magnetic resonance data were acquired with a Varian INOVA 47T
scanner (Palo Alto, CA) equipped with a transverse electromagnetic
send-and-receive radio frequency head coil. Functional data were
obtained using a 2-shot 7,*-weighted echo-planar imaging (EPI)
sequence sensitive to BOLD contrast (time repetition [TR] = 2000 ms,
time echo [TE] = 28 ms, field of view [FOV] = 22.4 cm?, matrix size = 64 x
64, in-plane resolution = 3.5 x 3.5 mm). Each functional volume
consisted of eighteen 5-mm axial slices separated by a 0.5-mm interslice
gap and provided nearly whole-brain coverage. Anatomical images
coplanar with the EPI data were collected using a gradient-echo
multislice sequence (TR = 200 ms, TE = 5 ms, FOV = 224 cm?, matrix
size = 256 x 256). High-resolution anatomical data were acquired with
an MP-FLASH 3-dimensional sequence (TR =9 ms, TE =5 ms, FOV =224 x
224 x 19.8 cm, matrix size = 256 x 256 x 128). Data were corrected
for between-slice timing differences using a sin c-interpolation method
and were interpolated to a 1-s TR by combining each shot of half 2 space
with the bilinear interpolation of the 2 flanking shots. Subsequent
processing was performed using SPM2 software (http://www filion.ucl.
ac.uk) run under Matlab 6.5 (http://www.mathworks.com). Functional
data were realigned to the first volume acquired and were spatially
smoothed with a 8-mm full-width half-Maximum (FWHM) Gaussian kernel.

JMRI Univariate Activity Analysis

Task-dependent changes in BOLD signal were modeled with indepen-
dent regressors for each component stage (cue, delay, and probe) of
cach task condition. Because the cue period of each trial lasted 4 s, the
regressor for this period consisted of a 4-s boxcar function. The delay
period was modeled with a 2-s boxcar function whose onset was placed
4 s into the delay period to ensure that this regressor was minimally
contaminated by residual hemodynamic activity from the preceding
encoding period (Zarahn et al. 1997). The probe period was modeled
with a 1-s boxcar function time-locked to the onset of the probe
stimulus. The regressors were convolved with the canonical hemody-
namic response function provided by SPM2 and entered into the
modified GLM (Worsley and Friston 1995) instantiated in SPM2. Only
trials with correct behavioral responses were incorporated in the
analysis; trials with incorrect responses were modeled separately and
excluded. The global mean signal level over all brain voxels was
calculated for each time point. Within each session, a line was fit to
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this global mean time series. All volumes were then scaled (divided) by
the piecewise linear fit, thereby normalizing the session means and
removing within-session linear trends and a high-pass filter (cutoff
period = 128 s) was applied to remove low-frequency artifacts from
the data.

Maps of parameter estimates ( values) were computed from the GLM
to assess the magnitude of activation during each task stage and
condition. Individual subject activation maps were then spatially
normalized into standard Montreal Neurological Institute (MNI) atlas
space with SPM2, and group-level random-effects analyses were
conducted. Voxels were deemed significant if they surpassed a voxel-
level threshold of ¢ > 3.29, P < 0.005 (2-tailed), and an extent threshold
of 15 contiguous voxels.

JMRI Functional Connectivity Analysis

Functional connectivity analyses were conducted using the beta series
correlation analysis method (Rissman et al. 2004). A new GLM design
matrix was constructed in which the temporal arrangement of the
covariates was identical to that used in the univariate analysis outlined
above. The principal difference in this GLM was that the cue, delay, and
probe stages of each individual trial were coded with a unique covariate.
This resulted in a total of 360 covariates of interest being entered into
the GLM (3 task stages per trial x 30 trials per condition x 4 task
conditions), including the unused “Remember Both Faces and Scenes”
condition. The least squares solution of the GLM yielded a unique set of
360 beta values for each voxel in the brain. For each voxel, these beta
values were sorted by the task stage and condition from which they
were derived to form 12 distinct beta series for that voxel. Each beta
series thus reflects the voxel’s estimated activity during a particular task
stage of each experimental trial of a given task condition. Only beta
values from trials for which the participant produced the correct
response were included in the beta series. The extent to which 2 brain
regions interact during a particular task stage and condition is quantified
by the degree to which their respective beta series from that stage/
condition are correlated. For the purposes of the present study, we
exclusively focus on the correlation maps generated from the cue
period beta series, the stage when the 4 stimuli were present and task-
dependent top-down modulatory signals presumably begin to exert
their influence on VAC activity.

The 7 contiguous voxels in each participant’s left parahippocampal/
lingual gyrus that exhibited the strongest response preference to scenes
versus faces in the functional localizer task, as assessed by a t-test, were
defined as that participant’s ssVAC seed. Subjects’ seed regions were
identical to the regions of interest interrogated in our previous
univariate analyses of this data set (Gazzaley, Cooney, McEvoy, et al.
2005, Gazzaley, Cooney, Rissman, et al. 2005). Although face-selective
regions and right ssVAC regions were identified, the current study
focused exclusively on the left ssVAC, which yielded the most robust
measures of top-down modulation in our previous analyses. Seed
correlation maps were generated by calculating the correlation of the
seed’s beta series (averaged across the 7 seed voxels) with that of all
brain voxels. Separate beta series, and hence separate correlation maps,
were derived for each of the 4 task conditions in addition to being
subdivided by task stage. Correlation magnitudes were converted into z-
scores using the Fisher’s 7-to-z transformation. The resulting individual
subject zxmaps were spatially normalized into standard MNI atlas space,
using routines from SPM2. For illustrative purposes, group-level statis-
tical maps were generated for the individual conditions using a fixed-
effects analysis, in which the zzmaps were averaged across subjects and
liberally thresholded at z > 1.65, P < 0.05 (1-tailed). Task-dependent
changes in functional connectivity were assessed using random-effects
contrasts, which were thresholded at ¢ > 3.29, P < 0.005 (2-tailed),
combined with an extent threshold of 15 contiguous voxels.

Results

Univariate Data

Univariate analyses were performed in the original evaluation of
this data set (Gazzaley, Cooney, McEvoy, et al. 2005); however,
the focus of our initial investigation was restricted to activity
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modulation in VAC. In the present study, to identify regions that
may be involved in top-down control, we performed a whole-
brain contrast of univariate activity obtained from the 4-s cue-
encoding period for both the Remember Scenes/Ignore Faces
and the Remember Faces/Ignore Scenes trials versus the Passive
View trials (to balance this contrast, the Passive View condition
was weighted twice as strongly as each of the Remember/
Ignore conditions). This analysis identified a number of regions
throughout the brain with greater BOLD signal during the
Remember/Ignore condition than the Passive View condition
(Table 1). Of particular note, this included an area of activity
with a peak within the left MFG extending posteriorly into
inferior frontal gyrus (MNI coordinates of peak: - 38, 32, 30;
Brodmann area [BA] 45/46; Fig. 2A4), a region that has been
implicated in high-level executive control processes (Duncan
and Owen 2000; Cabeza et al. 2002).

Functional Connectivity Data

To evaluate interregional network interactions, beta series
correlation analysis was performed on the cue period data of
each participant using the left ssVAC region as a seed. Qualita-
tive evaluation of the group connectivity maps for each of the 3
task conditions (Remember Scenes, Remember Faces, and
Passive View) revealed that in addition to the anticipated high
connectivity across visuospatial processing areas (occipital and
parietal cortices) there was also a focus of high connectivity in
the left MFG (Fig. 2B). This left MFG connectivity cluster was
most extensive in the Remember Scenes condition, where it
overlapped with the left MFG area of high univariate activity
noted in the previous section.

To directly compare networks associated with enhancement
and suppression of relevant and irrelevant information, re-
spectively, we contrasted the group ssVAC connectivity maps
from the Remember Scenes/Ignore Faces (enhancement) and
Remember Faces/Ignore Scenes (suppression) task conditions
with the connectivity map from the Passive View task. These
mapwise contrasts revealed that there were positive correla-
tions in all 3 conditions, which varied in strength with
instruction. Of note, there was greater left ssVAC-left MFG
connectivity when subjects were attempting to remember
scenes and less when they were attempting to ignore scenes
relative to when they were passively viewing scenes (Fig. 3).
Although these clusters are not overlapping at this threshold,

Table 1
Univariate activity contrast

Brain region BA X 1% z Peak
t-value

Remember Scenes and Remember Faces > Passive View

L precentral gyrus 6 -29 -2 59 9581
L intraparietal sulcus 40/7 -32 43 51 7.536
L inferior occipitotemporal cortex 37 —46  —60 -1 6.073
L parahippocampal cortex/fusiform gyrus 30 -22 =30 —23 5597
Medial supplementary motor area (SMA) 6/8/32 -2 13 54 5439
L MFG/inferior frontal gyrus 45/46 —38 32 31 5282
L insula 48 -30 20 14 5.058
L superior temporal gyrus/temporal pole 38 —58 10 -6  4.449
Medial precuneus 5 2 =51 67  4.286
R intraparietal sulcus 40/7 22 —66 61 7.431
R precentral gyrus 6 29 -5 52 5.859
R parahippocampal cortex 30 -20 -32 -23 5.319
R caudate — 14 22 8 4131
R superior frontal gyrus 6 32 2 66  3.605

Note: L, left; R, right.
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Figure 2. Group-level statistical maps of the univariate activation and left sSVAC seed correlation data. (4) A random-effects contrast reveals regions exhibiting greater univariate
activity during the 2 Remember/Ignore conditions than the Passive View condition. An activation cluster in the left MFG is encircled for emphasis. Regions exhibiting negative
activation in this contrast (i.e., greater activity during the Passive View condition) are not displayed. Activations from selected slices are shown overlaid on an MNI template brain
and displayed in neurological convention (left = left). The MNI z-coordinate of each slice is shown in yellow in the upper left-hand corner. The color scale indicates the magnitude of
the t-values. (B) Group-averaged correlation z-maps reveal the network of regions exhibiting functional connectivity with the left ssVAC seed during each of the 3 task conditions.
The approximate location of the ssVAC seed is indicated with a star. The MFG correlates with the ssVAC seed in all conditions (red circles), but its correlation is most extensive in

the Remember Scenes condition. The color scale indicates the magnitude of the z values.

they are located near each other within the left MFG (peak
Remember Scenes > Passive View MNI coordinates: 44, 38, 32;
peak Passive View > Remember Faces MNI coordinates: -30, 48,
20; Euclidean distance between peaks: 21 mm). Table 2 lists
other brain regions exhibiting significant connectivity differ-
ences in these contrasts.

The pattern of left ssVAC-left MFG correlations across the 3
task conditions mimics the pattern we recently reported for the
univariate activity in left ssVAC (Gazzaley, Cooney, McEvoy,
et al. 2005), such that the magnitudes of the correlations
increased or decreased relative to Passive View depending on
the task instructions. This raised the possibility that connectiv-
ity between these regions may be directly related to VAC
modulation, a finding that would offer stronger evidence of
a role of the left MFG as a source of the top-down modulatory
signal. To evaluate this, we investigated if the magnitude of the
functional connectivity between these 2 regions correlated
with the univariate activity level in the VAC region across
subjects. Across-participant correlation analysis revealed that
the left MFG voxel exhibiting the greatest Remember Scenes
versus Passive View connectivity with the left ssVAC seed
showed a significant positive correlation with the left ssVAC
seed enhancement index (Remember Scenes minus Passive
View; 7= 0.556, P= 0.012 1-tailed), but no correlation with the
suppression index (7= - 0.111, P > 0.1). Comparably, the left
MFG voxel exhibiting the greatest Passive View versus Re-
member Faces connectivity with the left ssVAC seed showed
a significant positive correlation with the left ssVAC seed

suppression index (Passive View minus Remember Faces; r =
0.441, P=0.044 1-tailed), but no correlation with the enhance-
ment index (7=0.199, P > 0.1). Thus, the degree of connectivity
between the left MFG and the stimulus-selective VAC correlates
with the level of activity modulation in the VAC.

To determine whether there was a relationship between MFG
univariate activity and VAC modulation, we performed an
across-subject correlation analysis using individual subject
univariate activity measures from the left MFG. For this analysis,
we used the left MFG voxel exhibiting the strongest univariate
activity difference in the contrast between the 2 conditions
requiring selective attention (Remember Scenes and Remember
Faces) versus the Passive View condition (viewable at the group
level in Fig. 24). Activity in this voxel failed to show a significant
correlation with the left ssVAC enhancement index (7= 0.284,
P > 0.1) or suppression index (7= 0.055, P > 0.1). Therefore,
only functional connectivity between the MFG and VAC cor-
relates with VAC activity modulation and not the magnitude of
MFG activity in isolation.

Discussion

The view that the PFC is a brain region critical for multiple
cognitive control processes has been entrenched in the
scientific literature since the mid twentieth century when
studies were performed using sophisticated neuropsycholog-
ical tests on patients with PFC lesions (Milner 1963; Luria 1966;
Benton 1968). These findings from human studies paralleled the
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Figure 3. Random-effects functional connectivity contrasts. The top panel depicts
regions exhibiting significantly greater functional connectivity with the ssVAC seed in
the Remember Scenes condition relative to the Passive View baseline condition. A
significant cluster in the left MFG is encircled. The bottom panel depicts a contrast
between the Passive View condition and the Ignore Scenes (Remember Faces)
condition. A left MFG cluster exhibiting significantly greater connectivity with the
ssVAC seed in the Passive View condition than in the Ignore Scenes condition is
encircled. Maps are displayed on a surface-rendered MNI template brain.

landmark contributions of Jacobsen (1935) 30 years earlier,
which demonstrated that monkeys with bilateral PFC lesions
were impaired on WM delayed-response tasks. More recent
efforts by cognitive neuroscientists have attempted to explore
the mechanistic role of the PFC in control processes; this has
largely employed single-unit recordings of PFC neurons in
experimental animals and functional neuroimaging studies in
healthy human subjects utilizing univariate statistical data
analyses.

One of the most influential theories of cognitive/executive
control is Baddeley’s model of WM (Baddeley 1986). Based on
behavioral studies of healthy adults, Baddeley proposed that
WM involves a central executive system that actively controls
the distribution of limited attentional resources and coordinates
the processing of information within verbal and spatial memory
buffers. It has been proposed that the PFC is the core of such
a central executive system, and processing information in
distant brain regions based on task goals is mediated via long-
range connections between the PFC and other regions (top-
down modulation). There are many researchers who have
attributed such an operational role to the PFC: Contingent
Encoding (Mesulam 2002), Dynamic Filtering (Shimamura
1997), Adaptive Encoding (Duncan 2001), Gazzaley and
D’Esposito (2007), Petrides (1994), Knight et al. (1999), and
Miyashita (2004), as well as those who advocate a hybrid of
an operational model and a contribution by the PFC to the
representation of information (Goldman-Rakic 1998; Miller
and Cohen 2001).

Traditionally, most functional neuroimaging studies have
utilized univariate analyses, permitting only the assessment of
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Table 2
Functional connectivity contrasts

Brain region BA X y z Peak
t-value

Remember Scenes > Passive View

L middle occipital cortex 19 —34 =77 12 5.44
L fusiform/parahippocampal cortex 37 —35 -39 -10 5.01
L inferior temporal cortex 20 —45 38 32 3.99
L MFG 45/46 —44 38 32 3.99
L anterior hippocampus/amygdala 20 —22 —12 —10 3.61
Medial midbrain — 1 —12 —16 454
R inferior orbitofrontal cortex 38/47 50 22 —6 5.44
R middle temporal cortex 21 66 —38 -8 474
R caudate — 1 2 12 419
R thalamus — 6 —13 9 3.89
R insula 48 49 -9 2 3.64
Passive View > Remember Scenes
R anterior cingulate cortex 32 3 50 12 448
Ignore scenes (Remember Faces) > Passive view
R inferior frontal gyrus 45 56 38 26 4.62
L superior temporal gyrus 21/48 —46 -8 -8 4.02
L parahippocampal cortex/hippocampus 20/36 —26 14 —23 3.98
Passive View > Ignore scenes (Remember Faces)
L pre-SMA 32/6 —13 16 49 5.67
L postcentral sulcus 3/40 —24 —40 53 4.13
L insula 48 —26 26 12 3.92
L MFG 46 -30 48 20 3.85
Medial cuneus 19 4 —85 36 5.03
R inferior frontal suclus 48 28 25 26 5.96
R superior parietal cortex 7 31 —78 53 517
R pre-SMA 6 8 16 50 4.68
R middle cingulate/SMA 6 14 -5 46 4.19
R inferior frontal sulcus 48 36 32 25 4.07
R middle/superior occipital cortex 19 38 —86 31 3.81
R rolandic operculum/insula 48 42 -8 19 3.64
R MFG/superior frontal sulcus 8/9 30 17 50 3.49

Note: L, left; R, right.

activity within a given brain region in isolation. However, there
has been an increasingly frequent application of multivariate
analyses to neuroimaging data. Several groups, including our
own, have begun to study functional interactions between the
PFC and other cortical regions during cognitive control
operations, such as attention to action (Rowe et al. 2002), visual
WM (McIntosh et al. 1996; Cooney et al. 2005), and visual
imagery (Mechelli et al. 2004). In the current study, we have
extended this approach to study PFC-VAC functional connec-
tivity during a visual WM task requiring selective object-based
attention to sequentially presented relevant and irrelevant
visual stimuli.

Univariate Data

Univariate analysis of the data set was performed first and
replicated a common finding in the literature. A region of the
lateral PFC, specifically the left MFG, was more active (i.e.,
showed greater BOLD signal) in the WM-encoding period when
the task required stimuli to be remembered/ignored than
passively viewed. This finding constitutes further evidence of
a PFC role in cognitive control operations. However, the
interpretation of this result is under the same limitations as
those of most previous studies; univariate analysis does not
permit us to evaluate the relationship between PFC and VAC
activity and thus does not inform us of the PFC role in top-down
modulation. Furthermore, due to limitations in the temporal
resolution of fMRI, we are unable to generate independent
BOLD signal maps while subjects attempt to either remember
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or ignore stimuli because the 4 individual cue stimuli were only
spaced 200 ms apart from one another. Thus, with univariate
analysis it is not possible to differentially assess PFC involvement
in top-down enhancement and suppression of relevant and
irrelevant information. To address both of these limitations, we
utilized functional connectivity analysis with a ssVAC seed to
explore how the task relevancy of the scene stimuli altered the
way PFC regions were functionally connected with posterior
scene-processing regions.

Conmnectivity Data

Beta series correlation analysis (Rissman et al. 2004 ) was used to
characterize functional connectivity in this data set. We chose
this analysis technique over other multivariate approaches
because it is specifically designed to dissociate functional
networks corresponding to distinct stages of a cognitive task.
Thus, interregional interactions associated with selective atten-
tion processes at the time of encoding (the focus of this study)
could be dissociated from those occurring during the delay
period (Gazzaley et al. 2004). This functional connectivity
technique also had the advantage over other effective connec-
tivity methods, such as structural equation modeling (McIntosh
1999) and dynamic causal modeling (Mechelli et al. 2003), in
that a structural model did not have to be prespecified, but
rather the data could be explored in a hypothesis-driven, but
unconstrained manner. The limitation, however, is that di-
rectionality cannot be determined by these data alone.

The following discussion focuses on interpretations of the
data that may be reached when the connectivity analysis are
assumed to reflect the influence of the PFC on VAC activity. This
interpretation is based on extrapolating from the evidence in
the literature that PFC neurons influence activity in the VAC in
a top-down manner (Fuster et al. 1985; Tomita et al. 1999;
Barcelo et al. 2000). Alternatively, it is possible that the observed
correlation between the VAC and the PFC is reflective of
bottom-up processing, and these results reveal connectivity
involved in the transfer of information to the PFC for effective
memory storage during the delay period. This possibility aside,
the beta series correlation data suggest 3 aspects of the PFC-
VAC network and top-down modulatory control.

1. Similar PFC-VAC networks are present for all task condi-
tions, with similar areas of the left MFG exhibiting high
connectivity with the left ssVAC in all 3 tasks: remembering,
ignoring, and passively viewing scenes. Furthermore, left
MFG-left ssVAC correlations were positive for all tasks.
These 2 pieces of data together suggest that enhancement
and suppression of VAC activity reflects varying levels of
excitatory modulatory influences from the PFC, rather than
excitatory and inhibitory modulatory influences.

2. The degree of connectivity is associated with different
instructions (Remember > Passive and Passive > Ignore).
Although all MFG-ssVAC correlations were positive, there
were differences in the degree of connectivity, such that
MFG-ssVAC connectivity was greater when scenes were
being remembered and lower when scenes were being
ignored, both relative to passively viewing scenes. This
finding suggests the possibility that a mechanism of VAC
activity enhancement and suppression may involve regula-
tion of the degree of coupling between a source of control
(left MFG) and a site of modulation (left ssVAC).

3. PFC-VAC connectivity predicts the magnitude of VAC
activity modulation. The degree that MFG-ssVAC connec-
tivity was greater or less than Passive View connectivity
when subjects were remembering or ignoring scenes
correlates with the magnitude of activity modulation in
the ssVAC. This offers further evidence that an interaction
between the PFC-VAC is involved in top-down modulation.
It is important to note that a similar analysis with univariate
activity from the left MFG did not yield a significant
correlation with ssVAC modulation indices, supporting the
case for the use of functional connectivity analysis to gain
new insights into neural processes.

The connectivity data presented in the current study suggest
that the left MFG is involved in the top-down control of left VAC
activity modulation. This lateral PFC region also revealed greater
univariate activity in the Remember/Ignore tasks than the Passive
View task. The MFG has been shown to be robustly active in
functional neuroimaging data sets utilizing numerous cognitive
tasks, including episodic memory encoding and retrieval, WM
encoding, maintenance and retrieval, and selective attention
(Duncan and Owen 2000; Frith 2000; Cabeza et al. 2002;
Ranganath et al. 2003). We propose that the role of this region
in top-modulatory control of sensory cortical activity may be the
basis for its association with such a diverse collection of cognitive
operations. Supporting this assertion, the left MFG was also
a node of the WM maintenance network that we identified using
beta series correlation analysis and VAC seeds (Gazzaley et al.
2004). This suggests that similar source regions of top-down
modulation in the PFC are involved in both stimulus-present and
stimulus-absent modulation. Although the current analysis iden-
tified the left MFG as a putative source of top-down control
signals, we do not wish to make strong claims about the
hemispheric specificity of PFC involvement because this analysis
focused exclusively on correlations with the left scene-selective
region, the most robustly modulated VAC region.

These data further suggest that the MFG influences activity
magnitude in the VAC for both relevant and irrelevant in-
formation by varying the level of top-down excitatory control, as
reflected by attention-dependent changes in the degree of
positive functional connectivity between the regions. The data
lead us to this interpretation over the alternative possibility that
excitatory influences mediate enhancement and inhibitory
influences mediate suppression. If a PFC region was influencing
VAC activity via inhibitory influences, we would expect to
observe negative correlations between these regions when the
task required suppression of the visual stimuli (i.e., the more
PFC activity on a given Remember Faces/Ignore Scenes trial, the
less ssVAC activity on that trial). This was not the case; the
correlations were positive, and thus suggest the presence of an
excitatory influence even when stimuli were ignored.

However, we do not wish to rule out a potential role for top-
down inhibitory signaling to sensory cortical regions represent-
ing task-irrelevant information. The fact that these correlation
maps do not reveal regions exhibiting negative correlations
with seed regions may be because our method is not optimized
to detect negative coupling between regions. This may be the
result of a global noise component that biases all brain voxels
toward weak positive correlations. Task-dependent positive and
negative correlations may ride on top of this weak global effect,
and negative correlations may not be strong enough to over-
come the positive bias. Our finding that PFC control is mediated
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by levels of excitation is at odds with some evidence of an
inhibitory pathway from PFC that regulates the flow of sensory
information via thalamic relay nuclei. It was observed that
cooling the PFC in cats resulted in increased amplitudes of
evoked electrophysiological responses recorded from the
primary cortex for all sensory modalities (Skinner and Yingling
1977). Conversely, stimulation of specific regions of the
thalamus that surround the sensory relay thalamic nuclei (ie.,
nucleus reticularis thalami) resulted in modality-specific sup-
pression of activity in primary sensory cortex (Yingling and
Skinner 1977). There is further evidence in humans that the PFC
exhibits inhibitory control over distant cortical regions. For
example, event-related potential (ERP) studies revealed that
auditory-evoked (Knight et al. 1989) and somatosensory-evoked
(Yamaguchi and Knight 1990) responses are increased in
patients with focal PFC damage, suggesting an inhibitory
influence of the PFC on sensory activity in these regions.
Further research will be necessary to place the findings of the
current study in the context of evidence of PFC inhibitory
control.

If the PFC does control distant sensory activity by varying
levels of excitatory influences based on task goals, this does not
necessarily imply that the process of top-down suppression is
passive and merely a consequence of limited attentional
resources being allocated elsewhere. On the contrary, the
process of suppression may be active and require cognitive
resources in order to withdraw excitatory influences and thus
suppress irrelevant information. We have recently obtained data
to this effect by manipulating the cognitive demands of this task
and evaluating its effect on VAC modulation measures (Rissman
et al. 20006). Specifically, subjects performed a verbal WM task
concurrently with the visual selective attention WM task
described in the current study. At the beginning of each trial,
subjects were presented auditorily with 6 digits to memorize.
On half of the trials, the digit sequence was random (high load),
and on the other half, the digit sequence was “1,2,34,5,6” (low
load). After hearing the digits, the subjects then performed the
same face/scene WM task reported in the present study.
Preliminary results revealed that high digit load results in
increased ssVAC activity relative to low digit load when subjects
were ignoring scenes. Thus, increasing cognitive load with an
overlapping task disrupts the ability of subjects to suppress
irrelevant information, suggesting that suppression is an actively
mediated control process.

On a related note, if enhancement and suppression reflect
different levels of excitatory modulatory influences, it does not
imply that these top-down control processes are dependent on
the same mechanisms. In a recent study, using this WM
paradigm to study top-down modulation in normal aging, we
demonstrated that enhancement and suppression processes are
dissociable. We compared left ssVAC modulation indices
between young subject data used in the current study and
data from a population of healthy older individuals (60-77 years
of age) and revealed an age-related decrease in top-down
modulation attributable to a selective decline in suppression
with no significant difference in enhancement (Gazzaley,
Cooney, Rissman, et al. 2005). Thus, enhancement and suppres-
sion, although potentially the result of varying levels of positive
influence from the same PFC subregion, may still be mechanis-
tically dissociable.

As already mentioned, an assumption present throughout our
discussion is that the direction of modulatory influence is top-
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down, from PFC to VAC. However, the data we present here,
although revealing task-specific relationships between these
regions, are correlational and thus cannot inform interpreta-
tions of causality. The optimal experimental design to directly
assess the direction of information flow involves disruption of
PFC and physiological recordings of distant brain regions while
subjects are engaged in a control task. There have been several
studies that have implemented a lesion/physiology design in
experimental animals. These studies support the conclusion
that top-down modulation, utilizing both enhancement and
suppression, is a mechanism of PFC control over neural activity
in sensory cortices. In addition to the research of Skinner and
Yingling already discussed, studies in monkeys revealed PFC
mediated top-down modulation during a WM task by coupling
single-cell recordings and cortical cooling (Fuster et al. 1985).
This experiment showed that PFC cooling results in both
augmentation and diminution of spontaneous and task-specific
activity in inferotemporal neurons during the encoding
(stimulus-present modulation) and delay period (stimulus-
absent modulation) of a visual delayed-response task, suggesting
the presence of both enhancing and suppressive PFC influences.
Furthermore, cooling was accompanied by WM performance
deficits, thus establishing a link between PFC mediated top-
down modulation and cognition. These findings are comple-
mented by the elegant callosal lesion/physiology study of
Tomita et al. (1999), which revealed that top-down enhance-
ment signals from the PFC to inferior temporal cortex during
visual memory recall are by corticocortical projections and that
this modulatory influence was necessary for successful memory
recall (Miyashita 2004). Recent lesion/physiology studies in
rodents have also revealed the presence of modulatory PFC
influences on the activity of hippocampal place cells (Kyd and
Bilkey 2003) and perirhinal neurons during a spatial delayed-
response task (Zironi et al. 2001). Similarly, microstimulation
studies of neurons in the FEF revealed direct influences on
activity in VAC neurons (Moore and Armstrong 2003; Moore and
Fallah 2004; Armstrong et al. 2000).

The present results extend our knowledge of the role of the
PFC in cognitive control operations by more firmly establishing
its involvement in top-down modulation of VAC activity based
on task goals. Moreover, given the nature of the experimental
paradigm, it offers additional evidence of a PFC role at the
crossroads of selective attention and WM. Further empirical
research is needed to advance our understanding of the precise
mechanisms of top-down enhancement and suppression, as
well as place these modulatory control mechanisms within the
framework of PFC functional architecture and associated neural
networks. One exciting new development is the use of trans-
cranial magnetic stimulation to induce transient cortical dis-
ruptions in the PFC, whereas activity in distant brain regions is
recorded using Position emission tomography (PET) (Mottaghy
et al. 2000; Paus et al. 2001), fMRI (Ruff et al. 2006), or ERP
(Evers et al. 2001) during task performance. By coupling
multivariate analytical approaches, as presented in the current
study, with lesion/physiology methodology in both experimen-
tal animals and human research subjects, future research will
continue to elucidate the precise nature of the PFC role in top-
down modulation of sensory cortex activity.
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