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Cognitive control and working memory rely upon a common fronto-parietal network that includes the inferior
frontal junction (IFJ), dorsolateral prefrontal cortex (dlPFC), pre-supplementary motor area/dorsal anterior cin-
gulate cortex (pSMA/dACC), and intraparietal sulcus (IPS). This network is able to flexibly adapt its function in
response to changing behavioral goals, mediating a wide range of cognitive demands. Here we apply dynamic
causal modeling to functional magnetic resonance imaging data to characterize task-related alterations in the
strength of network interactions across distinct cognitive processes. Evidence in favor of task-related connectivity
dynamics was accrued across a very large space of possible network structures. Cognitive control and working
memory demands were manipulated using a factorial combination of the multi-source interference task and a
verbal 2-back workingmemory task, respectively. Both were found to alter the sensitivity of the IFJ to perceptual
information, and to increase IFJ-to-pSMA/dACC connectivity. In contrast, increased connectivity from the pSMA/
dACC to the IPS, as well as from the dlPFC to the IFJ, was uniquely driven by cognitive control demands; a task-
induced negative influence of the dlPFC on the pSMA/dACCwas specific to working memory demands. These re-
sults reflect a system of both shared and unique context-dependent dynamics within the fronto-parietal net-
work. Mechanisms supporting cognitive engagement, response selection, and action evaluation may be shared
across cognitive domains, while dynamic updating of task and context representations within this network are
potentially specific to changing demands on cognitive control.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Cognitive control (CC) and working memory (WM) rely on neural
processing within a common set of brain regions encompassing
dorsomedial prefrontal, lateral prefrontal, and superior parietal regions
of the human cortex (Fedorenko et al., 2013; Harding et al., in press;
Niendam et al., 2012). This so-called “frontoparietal network” (FPN)
represents a flexible, superordinate system supporting adaptive behav-
ioral control across a broad range of cognitive demands (Cocchi et al.,
2013; Cole et al., 2013; Dosenbach et al., 2008). The inherent flexibility
of this system has been linked to rapid adjustments in neuronal re-
sponse profiles as a function of changing behavioral goals or contextual
cues (Kadohisa et al., 2013; Stokes et al., 2013). However, the neural
mechanisms underlying such dynamic representation of unique behav-
ioral goals and encoding of diverse contextual information remain
unclear.
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g).
Functional neuroimaging research has established that activity in
the regions forming the FPN demonstrate temporal coherence
(i.e., functional connectivity) in human subjects at rest (Cole and
Schneider, 2007; Power et al., 2011). The magnitude of these intrinsic
inter-regional interactions has additionally been shown to selectively
change in response to behavioral demands, as demonstratedmost clear-
ly in studies exploring the dynamic interplay between the dorsomedial
and dorsolateral prefrontal cortices during cognitive control tasks
(Carter and van Veen, 2007; Prado et al., 2011; Stephan et al., 2003).

More recently, research has moved beyond the study of FPN
connectivity usingpair-wise correlations in brain signals, employing tech-
niques that are sensitive to network-wide and directional interdepen-
dencies (i.e., effective connectivity; Friston, 2011). Dynamic causal
modeling (DCM) provides one means to infer neural interactions and
their task-dependent changes within a brain network (Friston et al.,
2003). In contrast to alternative effective connectivity modeling ap-
proaches (e.g., Structural Equation Modeling), DCM models dynamics at
the level of neuronal populations, as opposed to the measured hemody-
namics, providing greater construct validity to derivedmodels of network
function (Daunizeau et al., 2011).Moreover, DCMdoes not depend on the
temporal precedence of one regional time series relative to another (as in

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2014.11.039&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2014.11.039
mailto:ian.harding@monash.edu
Unlabelled image
http://dx.doi.org/10.1016/j.neuroimage.2014.11.039
Unlabelled image
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg
https://www.researchgate.net/publication/5661841_Anterior_cingulate_and_conflict_detection_An_update_of_theory_and_data?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/5588977_A_dual-network_architecture_of_top-down_control?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/256610204_Dynamic_Construction_of_a_Coherent_Attentional_State_in_a_Prefrontal_Cell_Population?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/256985528_Broad_domain_generality_in_focal_regions_of_frontal_and_parietal_cortex?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/6282523_The_cognitive_control_network_Integrated_cortical_regions_with_dissociable_functions?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/6282523_The_cognitive_control_network_Integrated_cortical_regions_with_dissociable_functions?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/235984748_Dynamic_coding_for_cognitive_control_in_prefrontal_cortex?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/221876577_Functional_and_Effective_Connectivity_A_Review?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/40448935_Dynamic_causal_modelling_A_critical_review_of_the_biophysical_and_statistical_foundations?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/221781806_Meta-analytic_evidence_for_a_superordinate_cognitive_control_network_subserving_diverse_executive_functions_Cogn_Affect_Behav_Neurosci?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/45799018_Variations_of_response_time_in_a_selective_attention_task_are_linked_to_variations_of_functional_connectivity_in_the_attentional_network?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/256456511_Dynamic_cooperation_and_competition_between_brain_systems_during_cognitive_control?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/256456511_Dynamic_cooperation_and_competition_between_brain_systems_during_cognitive_control?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/51813744_Functional_Network_Organization_of_the_Human_Brain?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==
https://www.researchgate.net/publication/10654278_Lateralized_Cognitive_Processes_and_Lateralized_Task_Control_in_the_Human_Brain?el=1_x_8&enrichId=rgreq-3f0b0762-7d83-42be-a590-793bfcb01a2e&enrichSource=Y292ZXJQYWdlOzI2OTE3MDU2MztBUzoxODg1MTMwNjg3ODk3NjFAMTQyMTk1NjQyNjQ5OA==


145I.H. Harding et al. / NeuroImage 106 (2015) 144–153
multivariate autoregressive models); reliance on temporal lag may be
problematic to inference using fMRI data (Friston et al., 2013).

Studies employing DCM to explore the FPN have identified sparse
task-related connectivity dynamics on top of a foundation ofwidespread
task-invariant “baseline” interactions, largely mirroring correlation-
based work (Cieslik et al., 2011; Fan et al., 2008; Schlosser et al., 2008;
Wang et al., 2010). In particular, Schlosser et al. (2010) report modula-
tions of medial–lateral prefrontal interactions during performance of a
Stroop task, while WM load has been associated with the transient gat-
ing of, primarily, fronto-parietal connectivity (Deserno et al., 2012; Dima
et al., 2014;Ma et al., 2012; Schmidt et al., 2014). Thesefindings point to
a well-integrated network whose interactions are selectively weighted
in response to current behavioral demands, reflecting a potential mech-
anism of adaptive codingwithin the FPN (Duncan, 2001). However, dis-
similar experimental protocols and definitions of the FPN across
available investigations preclude amore unified account of the response
of this network across different cognitive domains.

Here we utilize DCM to investigate task-related changes in the FPN
as CC and WM demands are systematically co-varied within a single
fMRI task. Task-related dynamics of the interactions between the visual
system and the FPN arefirst explored to assess the shared versus unique
mechanisms underlying the selective engagement of higher-order cog-
nitive processes. Context-dependent plasticity between the major re-
gions of the FPN as a function of CC or WM demands is then assessed
to distinguish their relative contributions to underlying connectivity
dynamics.

Materials & methods

Participants

Twenty-five right-handed healthy adults (14 males; mean age ±
s.d. = 25.5 ± 4.4 years) with no history of psychiatric or neurologic ill-
ness were recruited from the general community through advertise-
ments in local electronic media. Exclusion criteria included a history
of psychiatric or neurologic illness, substance dependence, significant
head injury, current use of psychotropic medications, or MRI incompat-
ibility (e.g., cardiac pace-maker), as assessed using the Structured
Clinical Interview for DSM-IV Axis-I Disorders (First et al., 2002) and
self-report. Participants had completed an average of 14.8 ± 2.2 years
of education and had a mean estimated full-scale IQ of 110 ± 10
(Wechsler Abbreviated Scale of Intelligence; Wechsler, 1999). This par-
ticipant sample is the same as that reported in Harding et al. (in press).
The local research and ethics committee approved study conduct and all
participants provided written informed consent.

Behavioral paradigm

CC and WM demands were respectively manipulated using the
multi-source interference task (MSIT; Bush and Shin, 2006) and a verbal
n-back working memory task (n = 0, 1, or 2; Baddeley, 2003), com-
bined in a 2 × 3 factorial design. This design allowed for orthogonal ma-
nipulation of CC and WM demands within a common task context. As
illustrated in Fig. 1, and described in full detail elsewhere (Harding
et al., in press), participants were presented with sets of three numbers
ranging in value from ‘0’ to ‘3’, with one number distinct to the other
two (e.g., ‘2 1 1’), and instructed to identify the distinct number by but-
ton press (‘1’ = index; ‘2’ = middle; ‘3’ = ring fingers). CC demands
were manipulated by altering the composition of the number-sets:
“congruent” trials featured the distinct number paired with zeros,
which do not represent a response alternative, and spatially aligned
with the corresponding response finger; conversely, “incongruent” tri-
als featured both ‘Flanker’ interference introduced by distracter num-
bers (Eriksen and Eriksen, 1974) and ‘Simon’ conflict based on spatial
incongruence between the target digit and the corresponding response
finger (Simon and Berbaum, 1990). Working memory demands were
introduced by requiring participants to withhold a response if the cur-
rent ‘distinct’ numberwas the same as that presented ‘n’ trials previous-
ly (where n represents the working memory load: 1 or 2). Two trials in
which this condition was met were included in each working memory
block.

The six conditionswere presented in alternating blocks containing 8,
9, or 10 stimuli for 0-Back, 1-Back, and 2-Back blocks, respectively. The
first stimulus in 1-Back blocks, and first two in 2-Back blocks were
discarded during analysis to account for ‘ramping-up’ of WM load.
Each stimulus was presented for 2 s and separated by variable inter-
stimulus intervals of between 3.6 s and 7.2 s. Four blocks of each condi-
tion were presented across the experiment, each preceded by an
instruction screen indicating the n of the subsequent block.

fMRI data acquisition

Images were obtained on a 3-Tesla Siemens Trio scanner equipped
with a 32-channel head coil. Each functional run consisted of 354
whole-brain gradient-echo echo-planar (GRE-EPI) images composed
of 36 interleaved, contiguous axial slices (TR = 2400 ms; TE = 32 ms;
flip angle = 90°; slice thickness = 3 mm; in-plane resolution
(matrix) = 3.3 × 3.3 mm (64 × 64); FOV = 210 × 210 mm). A high-
resolution T1-weighted MPRAGE structural image was also acquired
(176 sagittal slices; 0.9 mm isotropic voxels; TR = 1900 ms; TE =
2.24 ms; FOV = 230 × 230 mm; matrix = 256 × 256).

fMRI data analysis

Analysis was performed using SPM8 software (Functional Imaging
Laboratory, UCL, UK). Structural (T1-weighted) images from each indi-
vidual were first coregistered to the functional data and normalized to
standard space (DARTEL; Ashburner, 2007). The estimated nonlinear
transformation parameters were subsequently applied to the (rigid-
body) motion-corrected functional data. The normalized data were in-
terpolated to 2 mm isotropic voxels and spatially smoothed using a
Gaussian kernel of 8 mm FWHM.

For each individual, the six task conditions were coded as individual
predictors in a general linear model, alongside nuisance regressors ac-
counting for error trials, instruction periods, and working memory
ramping effects (i.e., first trial in 1-back blocks and first two trials in 2-
back blocks). Each stimulus event was coded as a delta (i.e., stick) func-
tion and convolved with a canonical hemodynamic response function.
Data were high-pass filtered (1/128 s), and temporal autocorrelations
were estimated using a first-order autoregression model [AR(1)]. Pa-
rameters corresponding to each predictor were estimated using a re-
stricted maximum likelihood approach. Contrast images were created
among the six conditions of interest to infer the main positive effects
of CC andWM (voxel-level family-wise error corrected p b0.05) within
a repeated-measures ANOVA framework.

Dynamic causal modeling

Deterministic, bilinear dynamic causal models (Friston et al., 2003)
were used to assess large-scale neural interdependencies within the
FPN using differential state equations comprised of three sets/matrices
of parameters: A, context-invariant intrinsic influences between
regions; B, context-dependent modulations of the intrinsic connections
as a function of CC and WM demands; and C, exogenous visual inputs.
Models of neuronal dynamics were combined with a hemodynamic
model that describes the relationship between the (hidden) neuronal
activity of the system and the measured fMRI signal (Friston et al.,
2000). The parameters of the integrated model were estimated using
a Bayesian inversion algorithm (Friston et al., 2003), as implemented
in the DCM10 toolbox (Functional Imaging Laboratory, UCL, UK).

We tested a broad variety of models (see below). Estimates of the
posterior evidence of these models were derived during Bayesian
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Fig. 1. Experimental design. A, 2 × 3 factorial structure of the cognitive paradigmwith examples of visual stimuli corresponding to low-demand (congruent) and high-demand (incongru-
ent) cognitive control presented at the top. Given a sequential presentation, the appropriate response option to each stimulus is indicated for the three levels ofworkingmemory demand.
B, Example timecourse of experimental presentation, including rest periods (gray fixation) followedby an instruction screen and stimulus presentationwith jittered interstimulus interval.
Figure replicated from Harding et al. (in press).
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inversion (Friston et al., 2007). Utilizing these estimates, group-level
random-effects Bayesian Model Selection (rfx-BMS) was employed to
infer the relative likelihood that a model, or family of models sharing a
common characteristic, best represented the neural system at the pop-
ulation level (Penny et al., 2010; Stephan et al., 2009).
Network analysis overview

The overarching objective of this study was to disentangle the rela-
tive impact of WM and CC on interactions between a closely associated
set of cortical brain regions that are collectively responsive to a broad
range of higher-order cognitive manipulations (Cole and Schneider,
2007; Fedorenko et al., 2013; Niendamet al., 2012). These brain regions,
representing the FPN, include the: (i) inferior frontal junction (IFJ),
within the posterolateral prefrontal cortex; (ii) mid-dorsolateral pre-
frontal cortex (dlPFC); (iii) dorsomedial prefrontal cortex bridging the
pre-supplementary motor area and dorsal anterior cingulate cortex
(pSMA/dACC); and (iv) intraparietal sulcus (IPS) within the superior
parietal cortex.

The number of ROIs included in network analyses was constrained
by computational feasibility imposed by the extensive connectivity
modeling approach employed (see below). Analyses were therefore re-
stricted to a left-lateralized network, based on the relative weighting of
task effects and greater consistency of individual-level activationswith-
in this hemisphere. In fact, individual-level activations in the right dlPFC
and IFJ could not be reliably discriminated in all participants. Addition-
ally, available evidence supports a left-lateralization of brain connectiv-
ity dynamics underlying language-based (versus spatial) cognitive tasks
(Stephan et al., 2003).

Inference on network dynamics proceeded in a hierarchical fashion:
First, the four regions forming the FPN (IFJ, dlPFC, pSMA/dACC, and IPS),
as well as visual-perceptual areas, were identified in each individual.
Second, inference was undertaken on task-dependent changes in
bottom-up connectivity between the visual perceptual system and the
cognitive FPN (i.e., perception–cognition interactions). Finally, task-
dependent changes within the FPN were assessed. For computational
feasibility, this step was initially undertaken on connections linking
the IFJ, pSMA/dACC, and IPS; dlPFC interactions were then inferred.

This inference procedure corresponds to a greedy search of model
space, similar to that applied in other DCM protocols, e.g., (Schlosser
et al., 2010; Vossel et al., 2012). A greedy heuristic serves to approxi-
mate a global optimum solution by iteratively identifying local optima
to subsets of the problem; each iteration builds on the previous step
in a hierarchical fashion (Black, 2005). The greedy search employed
here provides an approximation of optimal model structure while
affording computational feasibility.
Region-of-interest (ROI) selection

The four ROIs forming the FPN (IFJ, dlPFC, pSMA/dACC, and IPS)
were identified on the basis of the intersection (i.e., null conjunction)
of the positive main effects of CC and WM (voxel-level FWE-corrected
p b 0.05). In addition, a one-way ANOVA across all task conditions
was used to localize peak activations related to perceptual processing
in the visual cortex (V). Group activation foci served as a starting
point to uniquely identify ROIs in each individual. For each individual,
the global conjunction of the main CC and main WM effects was first
calculated, and the peak-voxel nearest to the group-maximum of each
ROIwas identified. Thefirst eigenvariate of the fMRI time-serieswas ex-
tracted from all voxels exceeding the uncorrected significance thresh-
old of p b 0.05 within a 4 mm radius of the peak-voxel within each
region. The timeseries were mean-centered and known variance of
non-interest removed (e.g., task instruction periods; error trials).
Perception–cognition interactions: model specification and bayesian
model selection

In this experiment, the FPN was differentially responsive to the
presentation of the same visual stimulus as a function of changing CC
and WM demands. It stands to reason that the influence of perceptual
processes on at least one region of the FPNmust therefore change in re-
sponse to shifting cognitive demands, providing a mechanism for selec-
tive and flexible engagement of higher-order cognitive processes. In
other words, the bottom-up connectivity between the visual system
and the FPNmust be sensitive to cognitive demand. However, cognitive
engagement has been localized to each of the four regions of the FPN
considered herein in previous works (c.f., Banich, 2009; Brass et al.,
2005a; Carter and van Veen, 2007; Kravitz et al., 2011). We disambigu-
ate this issue through the use of a model comparison approach.

First, we specified a model architecture in which stimulus presenta-
tion (i.e., the driving input, ‘C’) elicited activity in the visual cortex. The
driving input was not mean-centered in this study. Perceptual informa-
tion subsequently propagated to each node of the FPN (i.e., through the
unidirectional A matrix connectivity). Reciprocal interactions were in-
cluded between the four regions of the FPN (i.e., a fully connected sub-
graph of the Amatrix between these nodes; c.f. Fig. 3). This architecture
was thenmodulated to variouslymodel the influence of CC andWMde-
mands on the magnitude of the bottom-up interactions between the
perceptual system and the nodes of the FPN (i.e., the Bmatrix). Modula-
tory inputs were modeled as orthogonal main effects of CC or WM
(i.e., Incongruent N Congruent; 2-Back N 0-Back). Specification of all pos-
sible combinations of CC and/or WM acting to modulate any or all of
these connections resulted in 256 model architectures, which were
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Fig. 2. Task-related regions-of-interest. The group-level null conjunction of the main posi-
tive cognitive control and working memory fMRI effects (FWE-corrected p b 0.05) high-
lights spatially coincident neural activations. Regions representing the frontoparietal
control network are indicated.
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subsequently estimated for each participant. As significantWM×CC in-
teraction effects were not evident in FPN fMRI activations (Harding
et al., in press), interaction-related connectivity dynamics were not
considered.

Family rfx-BMS analysis was performed to infer the most likely
model structure at each of the four bottom-up connections (Penny
et al., 2010). Each of the 256 models was assigned to one of four ‘fami-
lies’ based on the task effects at, for example, the V → IFJ interaction:
i) no modulation, ii) CC only, iii) WM only, or iv) both CC and WM.
Each family contained 64 models. As each family collectively differed
only in the task-sensitivity of this one connection, pooled evidence in
favor of the different modulatory configurations could be robustly esti-
mated while integrating over the effect of all other parameters in the
models (Penny et al., 2010). The optimal model structure was inferred
based on estimated exceedance probabilities (xp), which represent the
likelihood that each family had superior evidence to all others
(Stephan et al., 2009). This process was replicated across each of the
four bottom-up connections.

FPN connectivity: model specification and Bayesian model selection

The FPN is thought to adaptively encode representations of both CC
andWM(Duncan, 2001;Harding et al., in press). However, in order for a
common neuronal substrate to flexibly encapsulate diverse informa-
tion, the system must be differentially tuned across changing contexts
or goals. Differential interactions within this network may provide one
mechanism underlying such context-specific encoding. To comprehen-
sively test this idea, context-sensitive changes within the FPN were in-
ferred in a comparable manner to perception–cognition interactions
(above).

Due to computational demands, connectivity between the four net-
work nodes (necessitating estimation of 412 [N16 million] models)
could not be considered in one step. On the basis of current theory,
which highlights the importance of medial–lateral PFC dynamics to CC
(e.g., Schlosser et al., 2010), and fronto-parietal dynamics to WM
(e.g., Deserno et al., 2012), interactions between one node of the lateral
PFC, the pSMA/dACC, and the IPS were first assessed. As the principle
site of FPN engagement (see below), inclusion of the IFJ (as opposed
to the dlPFC) was investigated in the first instance.

All possible combinations of CC andWM acting at each of the six re-
ciprocal interactions between the IFJ, pSMA/dACC, and IPSwere first de-
fined, resulting in 4096 model architectures, and estimated for each
individual. For each of the six connections, the 4096modelswere evenly
partitioned into the same four families as above (no modulation, CC
only,WMonly, both CC andWM) and rfx-BMS inferencewas undertak-
en. This procedure was then repeated for the six reciprocal interactions
between the dlPFC and the other three nodes, requiring specification
and estimation of a further 4096 models per subject.

The estimation of a large, comprehensive model space eschews spe-
cific assumptions regardingmodel structure, and eliminates reliance on
a single architecture for inference of neural dynamics, providing for
more robust assessment of network characteristics (Penny et al.,
2010). This procedure is particularly useful in the present setting
where prior evidence provides little definitive guidance to specifying
particular models due to a lack of clear consensus opinion,
e.g., (Banich, 2009; Carter and van Veen, 2007).

FPN connectivity: Bayesian Model Averaging

Following specification of a likely modulatory structure at each of
the 12 connections within the FPN, quantification and inference on
the parameter magnitudes was undertaken. Using a random-effects
Bayesian Model Averaging approach, the posterior distributions of the
parameter magnitudes at each connection across all participants and
all models within the most likely model-family were estimated, with
the contribution of eachmodel weighted by its relative model evidence
(Penny et al., 2010). The probability that the parameter magnitude dif-
fered from zero was assessed based on the proportion of the posterior
distribution that lay above (or below) zero. A 95% posterior probability
threshold was employed for reporting significance. This approach is
roughly analogous to a one-tailed frequentist threshold of p b0.05, in
which the reported p-value is based on the proportion of the normal
distribution that is more extreme than the estimated parameter. In
both cases, probability is based on the size of the ‘tail’ of the distribution
(e.g., Fig. 7B and 9B in Stephan et al., 2008). Using a Bayesian approach,
inference is conditional on the estimated distribution of the actual data
(which is approximately normally distributed), as opposed to a pro-
posed ‘null’ distribution centered around zero. While the theoretical
conceptualizations underlying the two approaches are distinct, they
will yield roughly the same outcome in this instance, with distinctions
primarily driven by deviations from exact normality in the data.

Results

Task-related fMRI activations and behavior

The null conjunction of the group-level main CC and main WM ef-
fects identified robust (FWE-corrected, voxel-level p b0.05), spatially-
coincident activations in each of the four ROIs selected to represent
the left FPN (Fig. 2): IFJ (group MNI coordinates: x, y, z = −42, 4, 28);
dlPFC (−38, 30, 18); pSMA/dACC (0, 16, 46); and IPS (−30, −54,
48); seeHarding et al. (in press) for full, whole-brain results. No interac-
tion effects between the two cognitive contexts were in evidence. The
one-way ANOVA across all conditions additionally identified wide-
spread activity in the visual cortex, centered (in the left-hemisphere)
at MNI coordinates x, y, z = −26,−90, −2.

Similarly, a repeated-measures ANOVA of reaction times revealed
significant main effects of both CC (F1,24 = 194.5, p b 0.001) andWM
(F2,48 = 120.9, p b 0.001), but failed to support the presence of an in-
teraction between the two (F(2,48) = 1.51, p = 0.23). Comparable re-
sults were apparent with respect to error rates: both CC (Z=−2.24,
p = 0.03) and WM (Z = −3.93, p b 0.001) elicited significant main
effects, but no significant interaction was evident (Z = −0.75, p =
0.45). See Harding et al. (in press) for full behavioral results.

Perception–cognition interactions

The investigation of interactions between the visual cortex and FPN
using family rfx-BMS indicated that both CC and WM likely modulated
the influence of perceptual activity on the IFJ (xp = 0.72). The effective
connections from the visual cortex to the other three nodes of the FPN
remained context-insensitive (xp N 0.93; Fig. 3).

It is important to note that, as a random-effects analysis, this result
represents a weighted effect across models and participants. As such,
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Fig. 3. Perception–cognition interactions. The most probable network structure governing
the influence of the visual cortex on the frontoparietal network (FPN) is depicted (top)
based on family BayesianModel Selection (bottom; xp= exceedance probability). All pos-
sible configurations of cognitive control (CC) and working memory (WM) acting on bot-
tom-up influences (blue/green arrows) were compared. At this stage, interactions
within the FPN (gray arrows) are held constant. V = visual cortex; dlPFC = dorsolateral
prefrontal cortex; IFJ = inferior frontal cortex; pSMA/dACC= pre-supplementary motor
area/dorsal anterior cingulate cortex; IPS = intraparietal sulcus.

Table 1
Top 10 (of 256) perception–cognition interaction models.

Rank Modulation of visual cortex to: xp

SMA IFJ dlPFC IPS

1 CC, WM 0.079
2 WM 0.054
3 WM CC 0.031
4 CC, WM 0.019
5 CC, WM 0.016
6 CC 0.015
7 0.015
8 WM CC, WM 0.010
9 CC WM 0.009
10 CC CC, WM 0.007

CC= cognitive control; WM = working memory; xp = exceedance probability.

Table 2
Driving inputs into the frontoparietal network.

Rank Driving inputs xp

SMA IFJ dlPFC IPS

1 X 0.494
2 X 0.302
3 X 0.096
4 X 0.035
5 X X 0.028
6 X X 0.012
7 X X 0.011
8 X X 0.005
9 X X 0.004
10 X X 0.004
11 X X X 0.004
12 X X X 0.002
13 X X X 0.002
14 X X X 0.001
15 X X X X 0.001

‘X’ indicates the inclusion of a driving input into the indicated region; xp = exceedance
probability.
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more subtle effects specific to individual models or participants may be
integrated out of consideration. This result was therefore further inves-
tigated by contrasting evidence in favor of each of the 256 individual
models; that is, instead of pooling evidence across a number of models
that share a common feature, all models were individually compared
against all others. The single model in which CC andWM acted to mod-
ulate the interaction between the visual cortex and the IFJ was also
found to have the greatest likelihood (Table 1). However, several
other models also had appreciable relative model evidence. Therefore,
while there is robust and reliable evidence in favor of the IFJ as a candi-
date site of FPN engagement, this analysis cannot rule out the additional,
more circumscribed involvement of other network nodes in mediating
perception–cognition interactions.

To simplify models used to study contextual effects within the FPN
and to reduce computational burden, the visual cortex was removed
in subsequent steps and the exogenous driving input mapped directly
onto the IFJ (c.f., Stephan et al., 2010). For validation, the 15 possible
driving input configurations by which a single input vector could act
at any of the four FPN regions (i.e., all combinations, with the exception
of no input) were specified and estimated for each participant. BMS
provided corroborating evidence that the IFJ was indeed themost likely
site of initial network engagement (xp = 0.49; Table 2).
FPN connectivity: model selection

Estimated exceedance probabilities at each of the 12 interactions
within the FPN provided clear evidence in favor of one likely model
structure at all connections, with the exception of the influence of the
pSMA/dACC on the IPS (Fig. 4). A further analysis was therefore per-
formed to disambiguate the result at this connection, as follows: As op-
posed to dividing the model space into four equal families (see above),
which allows for simultaneous inference on CC and WM, the influence
of the two contexts were instead tested independently by dividing the
full model space of 4096 structures into two families: i) modulation
by CC at this connection, ii) no modulation by CC. This process was
then repeated for WM. Evidence from all models in which CC acted to
modulate this connection was found to be superior to those where it
did not (xp = 0.76), while the opposite was true of WM (xp = 0.07).
As such, themarginallywinning family in the 4-partition analysis (mod-
ulated by CC only) was corroborated.

In summary, as depicted in Fig. 4, both CC and WM were found to
likely modulate the influence of the IFJ and the IPS on the pSMA/dACC.
Changes in effective connectivity were more extensive for CC than for
WM. CC-unique modulations included outgoing connectivity from the
pSMA/dACC to the IFJ and the IPS, as well as the inputs into the IFJ
from the IPS and dlPFC. Modulations specific to WM were limited to
the influence of the dlPFC on the pSMA/dACC. Interestingly, while
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Fig. 4. Bayesianmodel selection: frontoparietal dynamics. Themost probable network structure governing task-relatedmodulation of interactionswithin the frontoparietal network (right),
based on family BayesianModel Selection (left; xp= exceedance probability). All possible configurations of cognitive control (CC) andworkingmemory (WM) acting on each connection
were compared. Model selection was performed independently at each connection to derive a composite model. dlPFC = dorsolateral prefrontal cortex; IFJ = inferior frontal cortex;
pSMA/dACC= pre-supplementary motor area/dorsal anterior cingulate cortex; IPS = intraparietal sulcus.
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both contexts altered the sensitivity of the pSMA/dACC to nearly all in-
puts in this region, CC alone elicited the same effect at the IFJ. With the
exception of the influence of the pSMA/dACC on the IPS, the strength of
all inputs into the dlPFC and IPS were task-independent.

The process of interrogating the network through independent infer-
ence at each connection was supplemented by comparing model evi-
dence across the 4096 individual model structures (at both the 1st and
2nd steps of the heuristic). The estimated exceedance probabilities
assigned to any individual model were negligible in most cases, with
even the top-ranked models reaching a probability of less than 0.003 of
optimally representing the data, as compared to all other models. This
finding is expected, given the diffusion of model-probability across the
very large model space (i.e., chance probability = 1/4096 = 0.00024)
and is one of the major factors motivating the use of family-level infer-
ence (Penny et al., 2010; Stephan et al., 2010). However, there are still
a small number of models for which the evidence in their favor is appre-
ciably larger than the vast majority of other structures. Although these
models cannot be reliably discriminated based on their estimated ex-
ceedance probabilities alone, the composite models inferred based on
family-level model comparison were found to conform to individual
models found in the top 5 (of 4096) when evidence-ranked in their
own right.

While the family-level inference approach allowed for robust com-
parison of CC andWMeffects at each connection, this approach is insen-
sitive to potential interactions between modulations across the
network. As such, while the composite model (Fig. 4) represents valid
outcomes for each connection independently, it may not fully encapsu-
late the nature of the network as an integrated system. Conversely, al-
though model-level comparison considers the properties of the full
network, definitive inference is not possible due to the dispersion of in-
dividual model evidences across the model space, as described above.
We therefore also undertook an intermediate approach whereby the
input/output structure of each region was assessed, and inference was
performed separately for each of CC and WM (Supplementary Informa-
tion). These analyses largely corroborated the structure of the composite
network, suggesting that the impact of context on each connection
largely outweighs the influence of any interactions among the modula-
tory parameters (Figure S1). However, inconsistencies between family-
level and region-level analyses on IFJ-IPS modulation by CC do point to
important interdependencies that may be evident along this axis. Dis-
ambiguation may require network description below the scale of
family-level inference.
FPN connectivity: parameter inference

BMA across the models within the family having the highest like-
lihood at each connection revealed that the magnitude of the task-
independent (i.e., “baseline”; A matrix) efferents from the IFJ and
pSMA/dACC were significantly positive in all cases (Fig. 5; Table 3).
The influence of the dlPFC on the IFJ was also positive, while a nega-
tive influence of the dlPFC was found to act on the IPS, although this
latter finding was the weakest in magnitude by an appreciable mar-
gin. Notably, all efferents from the IPS failed to reach significance
threshold, suggesting a largely anterior-to-posterior flow of infor-
mation, while bi-directional interactions between frontal regions
were nearly ubiquitous.

With respect to task-dependent dynamics (i.e., Bmatrix), both CC and
WMdemandswere found to further increase the facilitatory influence of
the IFJ on the pSMA/dACC and to introduce a negative influence of the IPS
on the pSMA/dACC (Fig. 5; Table 3). CC alone also induced enhancements
of the positive connectivity between the pSMA/dACC and the IPS, and the
dlPFC to the IFJ; a trend-level (p= 92%) reduction in the influence of the
pSMA/dACC on the IFJ as also observed.WM acted uniquely to introduce
a negative modulation of the influence of the dlPFC on the pSMA/dACC.

All modulatory effects identified during model-space inference
(above) were found to have significantly non-zero magnitudes, with
the exception of the impact of CC on IPS-to-IFJ connectivity and the
trend-level result reported immediately previous. The influence of CC
on IPS-IFJ interactions was also inconclusive in region-based analysis
of network function (Supplementary Information). Interestingly, the ab-
sence of the IPS-to-IFJ modulation yields the individual model structure
having the highest evidence based onmodel-level BMS. This result sug-
gests that while themodulation of IPS-to-IFJ connectivity ismore repre-
sentative of the data when integrating out all other network properties,
its absence is more likely when considering the unique dependencies of
an individual network structure. Taken together, the application of a
combined model-space and parameter-space family-level inference
procedure, in addition to model-level and region-level inference, pro-
vide confidence in the inferred model structure.
Discussion

This study provides novel insights into the shared and unique prop-
erties of functional integration underlying CC and WM within a
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Fig. 5. Frontoparietal effective connectivity. Significant (N95% posterior probability) task-independent intrinsic interactions (left), cognitive control relatedmodulations (center), andwork-
ing memory related modulations (right), based on Bayesian Model Averaging. Color gradients represent parameter magnitudes and are scaled independently for each set of results; see
Table 3 for empirical values.
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common network of higher-order cortical regions. While many proper-
ties of the FPNwere shared across CC andWMcontexts, unique dynam-
ics in effective connectivity were also found to discriminate these
processes. First, of the brain regions representing the FPN, inputs into
the IFJ were found to be themost responsive to changes in cognitive de-
mand, regardless of context, possibly serving to adaptively engage
higher-order processes. Second, task-invariant (baseline) effective
Table 3
Connectivity parameters.

Source Target Estimate SD p

Intrinsic connectivity
IFJ SMA 0.46 0.056 1.00
SMA IFJ 0.78 0.052 1.00
IFJ IPS 0.40 0.051 1.00
IPS IFJ −0.032 0.065 0.69
SMA IPS 0.56 0.051 1.00
IPS SMA −0.059 0.065 0.82
dlPFC SMA −0.038 0.059 0.74
SMA dlPFC 0.50 0.046 1.00
dlPFC IFJ 0.31 0.056 1.00
IFJ dlPFC 0.29 0.059 1.00
dlPFC IPS −0.10 0.056 0.96
IPS dlPFC −0.025 0.058 0.67

Cognitive control modulations
IFJ SMA 1.08 0.11 1.00
SMA IFJ −0.26 0.18 0.92
IPS IFJ 0.030 0.17 0.58
SMA IPS 0.46 0.21 0.99
IPS SMA −0.91 0.21 1.00
dlPFC IFJ 0.34 0.16 0.99

Working memory modulations
dlPFC SMA −1.32 0.14 1.00
IFJ SMA 1.88 0.16 1.00
IPS SMA −0.95 0.15 1.00

Estimate = maximum a posteriori value of the posterior distribution (parameter magni-
tude estimate); SD = standard deviation; p = posterior probability; bold entries are sig-
nificant at a threshold of p N 95%.
influences between prefrontal regions of the FPN were general bi-
directional, while frontal-to-parietal interactions were hierarchical in
nature. Finally, connectivity dynamics common to both contexts were
evident at inputs into the pSMA/dACC, while CC additionally influenced
rostral-to-caudal interactions within the lateral PFC and between the
pSMA/dACC and IPS; WM-unique modulations were restricted to the
influence of the dlPFC on the pSMA/dACC. Critically, network dynamics
occur almost ubiquitously at interactions involving the pSMA/dACC,
reflecting the core relevance of medial prefrontal interactions to the
function and flexibility of the FPN during cognitive performance.

In line with current inference suggesting a primary role for the IFJ in
engaging cognition, this region has been previously implicated in the
encoding and updating of task-sets (e.g., targets of attention) relevant
to current behavioral demands. Furthermore, this region sits at a nexus
of bottom-up pathways governing stimulus-driven attention and top-
down pathways supporting perceptual and behavioral control (Badre,
2008; Brass and von Cramon, 2004; Brass et al., 2005a; Corbetta and
Shulman, 2002; Derrfuss et al., 2004; Derrfuss et al., 2005). Contextual
ambiguity and response uncertainty inherent to our CC andWMmanip-
ulationsmay therefore trigger, or augment, task representations encoded
in the IFJ.

It is relevant to note that the FPN does not receive direct afferents
from the visual system. The bottom-up engagement of control resources
in the IFJ instead likely occurs indirectly via the ventral attention/salience
network,which includes regions of the temporo-parietal junction and the
anterior insula (Corbetta and Shulman, 2002; Palaniyappan et al., 2013;
Seeley et al., 2007; Vossel et al., 2012). Therefore, while visual perception
occurs via a posterior-to-anterior processing stream (Kravitz et al., 2011),
cognitive engagement instead relies on an indirect mechanism of pre-
frontal engagement which, in turn, feeds-back to posterior structures,
consistent with classical “top-down” control models (Gazzaley and
Nobre, 2012). This interpretation is also consistentwith electrophysiolog-
ical evidence suggesting an earlier engagement of frontal as compared to
parietal activity related to cognitive control processes (Brass et al., 2005b;
Gobbele et al., 2008; Grent-'t-Jong andWoldorff, 2007; Liotti et al., 2000);
but see also (Green and McDonald, 2008).
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Bi-directional, positive interactions between the three prefrontal re-
gions of the FPN (IFJ, dlPFC, pSMA/dACC) were almost universally evi-
dent, irrespective of task context, suggesting a highly interactive
“baseline” exchange of information between these regions. This finding
is consistent with resting-state connectivity studies supporting tight
functional integration between these regions (Raichle, 2011), and
electrophysiological signals evidencing signal propagation in both
directions along the medial–lateral axis of the prefrontal cortex,
e.g., (Hanslmayr et al., 2008; Markela-Lerenc et al., 2004; Silton et al.,
2010). On top of this foundation, variations in the strength of these in-
teractions as a function of task demands were sparse, yet almost exclu-
sively confined to interactions involving the pSMA/dACC. The robust
upregulation of the influence of the IFJ on the pSMA/dACC by both CC
and WM points to a common mechanism that may underlie initiation
of action-selection, response preparation, outcome monitoring, and
error prediction — processes localized to the pSMA/dACC (Alexander
and Brown, 2011; Isoda and Hikosaka, 2007; Nachev et al., 2008;
Rushworth et al., 2007) - in accordance with the context-relevant
task-set represented in the IFJ (Brass et al., 2005a). Taken together, the
engagement of the FPN via the lateral prefrontal cortex and the ob-
served medial–lateral task-related dynamics within the network are
broadly consistent with the ‘cascade-of-control’ model of behavioral
control. This account posits that the postero-lateral PFC (i.e., IFJ) is re-
sponsible for creating and maintaining a task-relevant attentional set
while downstream medial areas serve to gate/select between compet-
ing task responses and evaluate response outcomes (Banich, 2009;
Silton et al., 2010). Ourwork hence lends weight to this model as a gen-
eralizable framework governing higher-order brain function.

Cognitive control demands were additionally associated with an up-
regulation of anterior-to-posterior connectivity within the lateral PFC,
consistent with hierarchical models of control-related function along
the rostro-causal axis of the PFC (Badre and D'Esposito, 2009;
Koechlin and Summerfield, 2007). The dlPFC – the putative seat of
sustained behavioral control and temporally-extended goal mainte-
nance (Badre, 2008) – has been previously shown to dynamically bias
more concrete and immediate task-sets in posterior areas, including
the IFJ, as a function of control demands (Koechlin and Summerfield,
2007; Koechlin et al., 2003; Kouneiher et al., 2009). This effect may be
specific to disambiguating competing stimulus–response tendencies
or conflicting attentional sets, requirements specific to CC as compared
to WM processes.

In contrast to the reciprocal interactions defining connectivity with-
in the PFC, fronto-parietal interactions were hierarchical in nature and
selectively gated by CC demands.While these interactions do not repre-
sent ‘top-down’ relationships per se, as all areas of the FPN lie within as-
sociation cortices, this finding does suggest that the representation of
behavioral goals and outcome contingencies in prefrontal regions may
serve to bias context representations and stimulus–response associa-
tions encoded in the IPS (Bunge et al., 2002; Corbetta and Shulman,
2002; Rushworth et al., 2001); as before,WMprocessesmay not require
such arbitration. Notably, however, fronto-parietal connectivity dynam-
ics related to WM processes have been reported in previous studies
(Edin et al., 2009; Honey et al., 2002; Sauseng et al., 2005), including
several recent DCM investigations (Deserno et al., 2012; Dima et al.,
2014; Ma et al., 2012; Schmidt et al., 2014). However, consensus has
not yet emerged regarding the direction (frontal-to-parietal, or vice
versa), laterality, or specific source/target regions that underlie ob-
servedWM-related modulations. Differences among studies may be at-
tributable to distinct model structures (e.g., inputs into parietal vs.
frontal regions), heuristics employed to facilitate inference, or the inclu-
sion of different sets of cortical regions in network models. While the
current study does not provide evidence in favor of changes to
prefrontal-superior parietal connectivity as a function of WM demands,
this line of inquiry clearly requires further attention.

Finally, evidence of transient, task-related negative feedback from
parietal and lateral prefrontal regions to the pSMA/dACC provides a
putativemechanism for balancing the engagement of effortful cognitive
resources, c.f., (Botvinick et al., 2001; MacDonald et al., 2000). As ab-
stract task representations or sustained WM-related activity become
established in the dlPFC, and context/intention maps in the IPS are aug-
mented or updated in response to current demands, superordinate eval-
uative processes in the pSMA/dACC may, in turn, be damped. Taken
alongside the observation that all but one of the identified task-related
modulations of FPN connectivity involved the pSMA/dACC, these results
support a central role for the medial prefrontal cortex in directing CC
and WM processes in the brain.

Overall, this study builds substantially upon current knowledge re-
garding functional integration in the FPN through the use of a compre-
hensive modeling approach. By accruing evidence and undertaking
inference across a large number of putative model structures, we es-
chew specific assumptions regarding network characteristics. The
present results are therefore robust to the idiosyncrasies that may char-
acterize individual models, providing for greater confidence when gen-
eralizing these results. Moreover, this work moves beyond pair-wise
interactions along the medial–lateral and rostro–caudal axes of the
PFC, as well as anterior–posterior interactions across the cortex, that
have predominated neurobiological models of CC and WM to date. We
have also employed an experimental task design that allows for direct
comparison of unique cognitive demands on a common neural
framework.

A number of limitations of the present study provide targets for fu-
ture work. First, the network we characterized was limited to a few
key regions. Future investigation of right-lateralized and inter-
hemispheric interactions, aswell as incorporation of other brain regions
central to cognitive functioning, such as the anterior insula (Fan et al.,
2014; Menon and Uddin, 2010), basal ganglia (Aron et al., 2007), and
cerebellum (Georgiou-Karistianis et al., 2012) into modeling analyses
may help further refine descriptions of relevant neural dynamics. The
top-down influence of cognitive systems on perceptual, motor, limbic,
and mnemonic functions also remains of great interest to the field of
cognitive neuroscience (e.g., Feredoes et al., 2011; Zanto et al., 2011).
Furthermore, while we have used well-established exemplars of CC
and WM tasks, generalization of the current results to other behavioral
demands and task contexts (e.g., response inhibition; spatial stimuli)
will be essential for determining the task-general versus task-specific
characteristics of dynamic FPN function. Finally, while family-level rfx-
BMS provides for reliable and generalizable inference across models
and individuals, more subtle properties of network function may be in-
tegrated out of consideration. We have mitigated this issue by
performing inference across different network scales (i.e., individual
connections; individual nodes; individual models). However, future
work will be necessary to disambiguate the influence of more
circumscribed network characteristics over and above the robust foun-
dation established herein.

In sum, thiswork highlights shared and unique dynamics of the large-
scale interconnectivity defining the FPN across distinct cognitive de-
mands. Common connectivity dynamics may underlie the engagement
of action selection and performance evaluation processes. Conversely,
the need to augment task and context representations may be specific
to reallocating cognitive resources (i.e., cognitive control), as compared
to actively maintaining and manipulating information in mind
(i.e., working memory). Such flexible functional integration may provide
a mechanistic foundation that describes the adaptability of neural repre-
sentations within this common system, underlining the extraordinary
flexibility inherent to human cognition.
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