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The functions of the prefrontal cortex (PFC) underlie higher-level
cognition. Varying proposals suggest that the PFC is organized
along a rostral-caudal gradient of abstraction with more abstract
representations/processes associated with more rostral areas.
However, the operational definition of abstraction is unclear. Here,
we contrasted 2 prominent theories of abstraction—temporal and
relational—using fMRI. We further examined whether integrating
abstract rules—a function common to each theory—recruited the
PFC independently of other abstraction effects. While robust
effects of relational abstraction were present in the PFC, temporal
abstraction effects were absent. Instead, we found activations
specific to the integration of relational rules in areas previously
shown to be associated with temporal abstraction. We suggest that
previous effects of temporal abstraction were due to confounds
with integration demands. We propose an integration framework to
understand the functions of the PFC that resolves discrepancies in
prior data.
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Introduction

Humans have the remarkable ability to rapidly adjust behav-
ior in accordance with contextual demands. This flexibility of
action is thought to depend upon the functions of the prefron-
tal cortex (PFC). The centrality of the PFC in flexible action is
evidenced by the disorganized, perseverative, and impulsive
behaviors demonstrated by patients with damage to the PFC
(Damasio and Anderson 1993). Hence, describing how the
PFC enables dynamic and flexible behavior is paramount
towards understanding intelligent cognition.

A challenge for understanding PFC function is how to
explain its involvement in a diverse range of tasks that bear
little surface resemblance to each other (Cabeza and Nyberg
2000; Duncan and Owen 2000). To meet this challenge,
numerous theories have proposed organizing principles to de-
scribe the functions of the PFC (Christoff and Gabrieli 2000;
Courtney 2004; Bunge and Zelazo 2006; Christoff and Kera-
matian 2007; Badre and D’Esposito 2009; Banich 2009;
O’Reilly 2010; Nee et al. 2013). While PFC theories differ in a
number of ways (for reviews, see Wood and Grafman 2003;
Badre 2008), an emerging theme is that different areas of the
PFC are responsible for processing and/or representing infor-
mation at different levels of abstraction. Abstraction refers to
the degree to which processing/representation is tied to or di-
vorced from particular instances (e.g., “buy a car” is an ab-
stract goal that can be realized through a number of concrete
means). However, theories diverge in how abstraction is op-
erationally defined. Here, we consider 2 potential forms of

abstraction that have received strong support from neuroima-
ging data: temporal abstraction and relational abstraction.

One prominent theory of PFC organization defines abstrac-
tion temporally (Koechlin et al. 2003; Koechlin and Summer-
field 2007). Temporal abstraction follows from the notion that
more abstract goals (e.g., “buy a car”) control responses for
longer periods of time than more concrete subgoals (e.g., “go
to dealership,” “test drive,” etc.). Under this view, responses
that can be performed solely on the basis of existing environ-
mental cues rely on caudal areas of frontal cortex, whereas
responses requiring integration from temporally remote
events recruit increasingly rostral areas of the PFC. To
examine this proposal, Koechlin et al. (2003) varied whether
responses could be determined on the basis of colored stimuli
(sensory control) or whether color-to-response mappings de-
pended on a temporally remote cue (episodic control).
Demands on sensory and episodic control were manipulated
by varying the information value of the stimuli and cues,
respectively, where information value was defined as the
degree to which stimuli/cues reduced the uncertainty of ap-
propriate action. The authors found that increased demands
on sensory control elicited activations in caudal frontal areas
(dorsal premotor cortex, area 6), while increased demands on
episodic control elicited activations in rostral lateral PFC (area
46; see also Kouneiher et al. (2009) for a replication). The
same effect of episodic control in rostral lateral PFC was ob-
served when stimuli denoted a task (case or vowel–consonant
judgments on letters) rather than mapping directly to a
response, suggesting that the effect of episodic control is in-
dependent of task complexity. Hence, the authors argued that
the rostral PFC is critically sensitive to maintaining a temporal
signal to guide performance rather than merely responding to
complexity (Koechlin and Summerfield 2007).

Another prominent account of PFC organization defines ab-
straction relationally (Christoff and Keramatian 2007). Under
this view, responses based on simple stimulus features (e.g.,
“is this car big?”) involve caudal areas of the PFC. However,
responses that require integrating relationships between fea-
tures (e.g., “is this car as big as that one?”) recruit more rostral
areas of the PFC. Early evidence for this account came from
studies that employed the Raven’s Progressive Matrices task
(Christoff et al. 2001; Kroger et al. 2002). In this task, subjects
were presented with a matrix of stimuli with 1 missing cell.
The stimuli formed a pattern with one or more dimensions
(e.g., shape, orientation, size) changing in an orderly manner
across rows and down columns of the matrix. Based on the
observed pattern, subjects were required to fill the missing
cell. By manipulating the number of dimensions that needed
to be integrated to solve the problems, these studies found
that the PFC was sensitive to increased relational integration
demands. This sensitivity to relational integration remained
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after factoring out contributions of difficulty (Kroger et al.
2002) and time (Christoff et al. 2001), especially in the rostral-
most areas of the PFC (frontopolar cortex, area 10). Similar
patterns of activation have been noted using simpler tasks
that have compared match/nonmatch decisions to nonrela-
tional stimulus-based responses while also controlling for the
duration over which such information was held in mind
(Bunge et al. 2003). Hence, these studies suggest that the PFC
is sensitive to demands to integrate relationships between
information rather than simply holding information in mind
over longer intervals.

It is important to note that temporal and relational abstrac-
tions are not necessarily mutually exclusive principles. Some
of the strongest evidence to date of abstraction gradients in
the PFC comes from a study that mixed both relational and
temporal abstraction across different tasks (Badre and D’Espo-
sito 2007). In that study, conditions requiring relational inte-
gration elicited more rostral activations in the PFC than
conditions that did not, supporting relational abstraction ac-
counts. However, even more rostral areas of the PFC (fronto-
polar cortex, area 10) were activated when episodic control
demands were manipulated thereby demonstrating an effect
of temporal abstraction. Therefore, it remains plausible that the
PFC is sensitive to both temporal and relational abstraction.

A common factor across both abstraction accounts is the
need for integration. In tasks that vary temporal abstraction, a
temporally remote signal must be integrated within the
context of the current sensory environment in order to deter-
mine the appropriate response. In tasks that vary relational
abstraction, multiple stimulus features or relationships must
be integrated in order to determine the appropriate response.
So, it is possible that the PFC is sensitive to integration regard-
less of the type of information that needs to be integrated.
Indeed, there is some evidence that the rostral-most areas of
the PFC (frontopolar cortex, area 10) are specifically sensitive
to integration demands (Ramnani and Owen 2004; Bunge et al.
2005; De Pisapia et al. 2007, 2012; Wendelken and Bunge
2010). However, to our knowledge, no study has separated
demands of temporal abstraction, relational abstraction, and
integration. As a result, the relative sensitivity of subregions of
the PFC to each factor is unknown. Resolving this issue would
enhance our understanding of the organization of the PFC.

The present study was designed to directly compare effects
of temporal abstraction, relational abstraction, and integration.
On each trial, subjects received 2 cues (see Fig. 1): one denot-
ing a concrete feature (feature cue; e.g., “green”) and another
denoting an abstract relationship (relation cue; e.g., “and”).
The order of cues was counterbalanced. Thereafter, subjects
were shown 2 objects (probe) and made a decision on the
basis of the feature and relationship (e.g., “are both objects
green?”). Critically, cues and responses were separated in time
so that the hemodynamic response for each event could be
independently estimated. In previous research, a similar 2-cue
design demonstrated dissociable rostral-caudal regions sensi-
tive to each cue, but did not disentangle different forms of
abstraction (Nee and Brown 2012a). By contrast, the present
design enabled the examination of whether areas of the PFC
are preferentially sensitive to temporal abstraction, relational
abstraction, and/or integration (see Fig. 1). Furthermore, the
information value of relational cues was manipulated (i.e., the
degree to which a cue predicted the forthcoming response)
since temporal abstraction is also described in terms of

information theory (Koechlin et al. 2003; Koechlin and Sum-
merfield 2007). Together, our design permitted the assess-
ment of several factors hypothesized to involve the PFC in
order to disentangle their relative contributions.

Materials and Methods

Participants
We report results from 22 (12 females) right-handed native English
speakers with normal or corrected-to-normal vision (mean age 24.3
years, range 20–31 years). Four additional participants performed a
behavioral practice session but were excluded from the fMRI session
for inability to follow task instructions. Informed consent was ob-
tained in accordance with the Institutional Review Board at Indiana
University. Subjects were compensated at a rate of $25/h for partici-
pation plus a performance based bonus (mean $4.46; range $2.89–
$5.40).

Procedure
The task was designed to contrast effects of temporal abstraction, rela-
tional abstraction, and integration (Fig. 1). We also included a
manipulation of information value to examine whether any effects
were driven or modulated by the information value of cues. Subjects

Figure 1. Depiction of the task. (A) On experimental trials, subjects were presented
with 2 colored shape stimuli ( probe) and made responses based upon the integration
of 2 cues. The cues were separated in time so that the first cue was more
temporally remote to the probe (i.e., occurred earlier) than the second, and therefore
was more temporally abstract (i.e., first cue: high temporal abstraction, second cue:
low temporal abstraction). One cue denoted a critical concrete feature (feature cue:
low relational abstraction) and the other cue denoted a relational rule to perform
(relation cue: high relational abstraction). In the depicted example, the cue “and”
along with the cue “green?” indicates that subjects should make a “yes” response if
both objects are green and a “no” response otherwise. (B) The 3 types of relation
cues are depicted along with appropriate responses to example stimuli. “And” cues
required a “yes” response if both objects contained the relevant feature and a “no”
response otherwise. “Any” cues required a “yes” response if either or both objects
contained the relevant feature and a “no” response otherwise. “Xor” cues required a
“yes” response if only one object contained the relevant feature and a “no” response
otherwise. “And” and “any” cues were informative since they indicated that a
particular forthcoming response was more likely (i.e., reduced entropy) while “xor”
cues were uninformative. The prior probability of a “yes” response varies
systematically depending on which cue is presented. (C) On control trials, subjects
responded to a single stimulus based upon a single feature cue. Compared with
experimental trials, cues in control trials had low temporal abstraction, low relational
abstraction, and required no integration.
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responded to colored shapes based on cues. On experimental trials,
subjects received 2 sequentially ordered cues. One cue denoted a par-
ticular feature (feature cue). A second cue denoted a relation (relation
cue). Following presentation of the 2 cues, 2 probe objects appeared
side-by-side and subjects made a yes/no decision regarding whether
the objects held the appropriate relation with respect to the cued
feature. Feature cues could indicate a target color (red or green) or
shape (square or circle). Three types of relations were probed: “and”
relations required that both probe objects contained the cued feature;
“any” relations required that any one or both of the probe objects
contained the cued feature; “xor” relations required that one and
only one of the probe objects contained the cued feature (i.e.,
exclusive-or). The separation of cues by time in experimental trials
provided a manipulation of “temporal abstraction” with the first cue
providing a more temporally abstracted episode relative to the second
cue. Concrete feature cues denoted a zero-order relation while ab-
stract relation cues denoted a first-order relation thereby providing a
manipulation of “relational abstraction.” The separation of cue events
afforded the examination of “integration” during the presentation of
the second cue when the meanings of the 2 cues were integrated.
Finally, relation cues provided a manipulation of “information” as
each relation cue had different probabilities of eliciting a “yes” or
“no” response in accordance with feature matching probabilities (yes/
no probability: “and”—0.25/0.75, “any”—0.75/0.25, “xor”—0.5/0.5).
We also included control trials to act as an additional potential base-
line. On control trials, subjects received only a feature cue. After a
delay, a single probe object appeared and subjects made a yes/no
decision regarding whether the object contained the cued feature.
Control trials therefore required reduced temporal abstraction, rela-
tional abstraction, and integration demands relative to experimental
trials.

All feature cues and all relation cues were presented with equal
frequencies and randomized throughout the experiment. On exper-
imental trials, the order of feature and relation cues was randomly
counterbalanced. Subjects responded with the index finger of either
hand with hand-to-response mapping counter-balanced between sub-
jects. All cues and probes were presented for 1 s. On experimental
trials, the first and second cues were separated by 9 s, and the probe
was separated from the second cue by a jittered 3–5 s interval. On
control trials, the cue and probe were separated by 9 s. All trials were
separated by a jittered 3–5 s interval. Long constant intervals were
used in order to assess both transient cue-related responses as well as
sustained responses during delay intervals. Owing to time constraints,
a shorter jittered interval between the second cue and the probe was
used in order to statistically separate hemodynamic responses to the
second cue and probe.

Control and experimental trials were separated into miniblocks of
4 trials each. Each mini-block began with an instruction (“Single Cue”
or “Double Cue”) to alert subjects of the forthcoming trial type. After
every third mini-block, subjects received the instruction “Fixate” fol-
lowed by a 9-s fixation interval. There were twice as many experimen-
tal miniblocks as control miniblocks. Subjects performed 5 runs of 36
trials each divided into 9 miniblocks per run. The entire experiment
consisted of 180 trials with 120 experimental trials and 60 control
trials. The feature cue was presented first on 60 experimental trials,
and the relation cue was presented first on the other 60 experimental
trials. There were 40 trials each of each type of relation cue.

Within a week prior to scanning, subjects performed a behavioral
practice session in order to familiarize themselves with the task. The
behavioral practice session was identical to the scanning session
except that subjects were seated at a computer instead of within the
scanner. The day of scanning, the subjects performed a single
warm-up run prior to scanning. The extensive practice was aimed to
ensure that the task was well learned prior to scanning and to mini-
mize learning effects during the scanning session.

Imaging Acquisition and Preprocessing
Images were acquired on a 3T Siemens Tim Trio equipped with a
32-channel head coil. Stimuli were presented to the subject via a pro-
jector at the rear of the scanner, reflected off a mirror mounted to the

head coil. Experimental tasks were presented using E-Prime software
version 1.2 (Psychology Software Tools, Inc., Pittsburgh, PA, USA).

Functional T2*-weighted images were acquired using an EPI se-
quence with 35 contiguous slices and 3.44 × 3.44 × 3.75 mm3 voxels
(TR = 2000 ms; echo time = 25 ms; flip angle = 70; field of view= 220).
Phase and magnitude images were collected to estimate the magnetic
inhomogeneity. High-resolution T1-weighted MPRAGE images were
collected for spatial normalization (384 × 384 × 256 matrix of
0.667 × 0.667 × 0.7 mm3 voxels; TR = 1800 ms; echo time = 2.82 ms;
flip angle = 9).

Functional data were spike-corrected to reduce the impact of arti-
facts using AFNI’s 3dDespike (http://afni.nimh.nih.gov/afni). Sub-
sequent processing and analyses were done using SPM5 (http://www.
fil.ion.ucl.ac.uk/spm/). Functional images were corrected for differ-
ences in slice timing using sinc-interpolation and head movement
using a least-squares approach and a 6-parameter rigid body spatial
transformation. Images were corrected for distortion and movement-
by-susceptibility artifacts using the FieldMap toolbox implemented in
SPM5 (Andersson et al. 2001). Structural data were coregistered to the
functional data and segmented into gray and white matter probability
maps (Ashburner and Friston 1997). These segmented images were
used to calculate spatial normalization parameters to the MNI tem-
plate, which were subsequently applied to the functional data. As part
of spatial normalization, the data were resampled to 2 × 2 × 2 mm3. An
8-mm full-width/half-maximum isotropic Gaussian smoothing was
applied to all functional images prior to analysis using SPM5. All ana-
lyses included a temporal high-pass filter (128 s), correction for tem-
poral autocorrelation using an autoregressive AR(1) model, and each
image was scaled to have a global mean intensity of 100.

Imaging Analysis

General Linear Model
fMRI data were analyzed using the general linear model implemented
in SPM5. The model included transient, impulse regressors for cue
and probe events. For the cue–cue interval in experimental trials and
cue–probe interval in control trials, epoch regressors were included to
capture delay period activation. These delay period regressors were
segregated by surrounding cue and probe events by 4 s to permit sep-
arate assessment of cue, probe, and delay events (Zarahn et al. 1997).
For experimental trials, separate cue regressors were included for
each combination of relational abstraction (feature cue, relation cue)
and time (first cue, second cue). Relation cues were further broken
down by type with separate regressors for “and,” “any,” and “xor”
cues. These combinations resulted in 8 cue regressors for experimen-
tal trials (feature first cue, “and” first cue, “any” first cue, “xor first
cue, feature second cue, “and” second cue, “any” second cue, “xor”
second cue). Four regressors modeled the delay intervals between
cues, one each for cue type (feature delay, “and” delay, “any” delay,
“xor” delay). Six regressors modeled the probe, one for each combi-
nation of “yes” and “no” responses and relations. For control trials,
the model included 1 regressor for the cue event (control cue), 1 for
the delay interval (control delay), and 2 for the probe, separately esti-
mating “yes” and “no” trials. Events from trials in which an error oc-
curred were modeled separately and excluded from further analysis.
One additional regressor was included to model the baseline fixation
epochs. Nuisance regressors were included to model the instructions
at the beginning of each miniblock, as well as block regressors to
capture global run effects. All regressors (excluding the run regres-
sors) were convolved with the canonical hemodynamic response
function included in SPM5. Parameters estimated from this first-level
model were then entered into second-level ANOVAs and t-tests for
random effects analysis as described below.

PFC Search Space
In all analyses, we restricted our investigations to task-sensitive
voxels. Task sensitivity was defined through a contrast of the average
of all task events (cues, delays, and probes) minus the fixation base-
line thresholded at P < 0.05 at the voxel level (uncorrected). This task-
sensitive mask is depicted in Supplementary Figure 1A. As we were
primarily interested in the lateral PFC, a PFC mask was created to
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hone in on critical regions of interest (ROIs). The mask was created
by generating a 10-mm sphere around lateral PFC peak activations
from previous studies that have investigated effects of abstraction
(Koechlin et al. 1999, 2003; Christoff et al. 2001, 2003, 2009; Bunge
et al. 2003, 2005; Koechlin and Jubault 2006; Badre and D’Esposito
2007; Nee and Brown 2012a; Reynolds et al. 2012). As reported acti-
vations were overwhelmingly left lateralized, we extracted only the
left hemisphere peaks and then reflected them around the x-axis to
make the mask symmetrically bilateral. The PFC mask is depicted in
Supplementary Figure 1B. In the analyses described below, we first
looked for activations within the a priori mask thresholded at P < 0.05
corrected for multiple comparisons using false discovery rate (Genov-
ese et al. 2002) with a 20-voxel extent criterion. Exploratory whole-
brain analyses were then performed to uncover any activation missed
by the masking procedure. These whole-brain analyses were thre-
sholded at P < 0.001 at the voxel level with a 50-voxel extent provid-
ing cluster corrected threshold of P < 0.05 according to simulations
using AlphaSim.

Temporal and Relational Abstraction and Integration
The primary analysis consisted of a 2 × 2 ANOVA on cue activations
with factors of temporal and relational abstraction. This analysis was
performed on cue events from experimental trials. For simplicity,
different relation types were collapsed together resulting in the fol-
lowing cue types: feature first cue, relation first cue, feature second
cue, relation second cue. Within the ANOVA framework, effects of
temporal abstraction were explored by contrasting the first cue with
the second cue, collapsing across relational abstraction (first cue >
second cue). A follow-up analysis contrasted the sum of both types of
first cues with the second cue (feature first cue + relation first cue >
second cue) to better match working memory demands. Effects of re-
lational abstraction were explored by contrasting relation cues with
feature cues, collapsing across temporal abstraction (relation cue >
feature cue). We also examined the interaction of temporal and rela-
tional abstraction factors. Next, we examined the effect of integrating
cue information. This contrast consisted of looking for an overadditive
effect (second cue > feature first cue + relation first cue). The logic of
this contrast was that a region specialized for integration should show
activation to the second cue that is greater than the sum of the indi-
vidual cues. Finally, to assess whether any region demonstrated
effects of both relational abstraction and integration, we performed
valid conjunction analysis (Nichols et al. 2005).

As the primary analysis failed to identify areas sensitive to temporal
abstraction, we conducted a second analysis to further examine poten-
tial effects of temporal abstraction. We contrasted feature cues drawn
from the first cue phase of experimental trials with control cues.
These cues were well matched visually, semantically, and in working
memory load, but cues from the experimental trials elicited greater
temporal abstraction relative to control cues. This analysis consisted
of a 1-sample t-test. As this analysis also failed to find significant acti-
vations related to temporal abstraction, we also performed a similar
analysis of the delay period activation comparing sustained activation
following feature cues in experimental trials with sustained activation
following control cues in control trials.

Independent ROIs
We created unbiased ROIs for visualization and to test sustained acti-
vations during the cue–cue interval. To do so, we examined the effect
of relational abstraction, as well as the effect of integration using a
leave-one-subject out procedure. For each contrast, a 1-sample t-test
was performed on 21 of the 22 subjects. Spherical ROIs (6 mm) were
then drawn around activation peaks for the respective contrast. Data
from the held-out subject were extracted from the resultant-
independent group-defined ROIs, and the procedure was rotated to
examine activations from each subject. ROIs from the relational ab-
straction contrast were drawn from the left insula (mean peak: −48.1
7.9 −0.5), left lateral premotor cortex (mean peak: −47.8 0.7 42.1),
left inferior frontal gyrus, pars orbitalis (mean peak: −37.3 27.9 −3),
left inferior frontal junction (mean peak: −46.0 0.1 33.8), and left
rostral lateral PFC (mean peak: −45.7 36.5 16.5). ROIs from the inte-
gration contrast were drawn from the left caudal superior frontal

sulcus (mean peak: −31.4 −10.1 46.2) and left frontopolar cortex
(mean peak: −35.6 51.8 16.1).

Time-Course Data
To examine the time course of activation in more detail, we re-
estimated the data using a hybrid finite impulse response (FIR)
model. In this model, 14 TR-by-TR delta regressors were included that
spanned cue and delay events. For simplicity, all relation cues (“and,”
“any,” “xor”) were collapsed together. This resulted in 2 main con-
ditions: feature- > relation and relation- > feature. Probe events were
modeled as in the main text with separate regressors for “yes” and
“no” trials convolved with a canonical hemodynamic response func-
tion. In this way, response-related information was regressed out of
the FIR time courses. Time-course data were examined in the inde-
pendent ROIs described above.

Temporal Abstraction ROIs
ROI analyses were performed to further explore effects of temporal
abstraction, relational abstraction, and integration. As the analyses de-
scribed above revealed effects of relational abstraction and inte-
gration, but not temporal abstraction, we examined ROIs drawn from
studies that have provided evidence for temporal abstraction (Koe-
chlin et al. 1999, 2003). Spherical ROIs (6 mm) were placed around
peaks reported in frontopolar cortex (area 10; −36 57 9 and 36 66 21;
Koechlin et al., 1999) and rostral lateral PFC (area 46; −40 32 20 and
32 32 20; Koechlin et al., 2003). Owing to signal dropout, activation
in the right frontopolar cortex region could not be measured in 4 sub-
jects, so analyses of the right frontopolar cortex were based on the
remaining 18 subjects.

Information Theoretic Analysis
According to Koechlin et al. (2003), greater episodic control is associ-
ated with cues that provide greater information for action selection.
Information is provided when the uncertainty (entropy) for selecting
an action is reduced. With no additional information, the probability
of a “yes” response is 0.5 and the probability of a “no” response is
0.5. Entropy can be computed as:

HðAÞ ¼ �
X

a[A

pðaÞ log2ð pðaÞÞ

where A is the set of actions, a denotes a particular action, P(a) is the
probability of selecting action a, and H(A) is the uncertainty (i.e.,
entropy) associated with selecting actions. In the present task, “yes”
and “no” responses were equally likely (P(A = “yes”) = P
(A = “no”) = 0.5). Hence, when no other information is known,
entropy is 1 (bit). When a given cue provides guidance about how to
respond, entropy is reduced to:

HðAjC ¼ cÞ ¼ �
X

a[A

pðajcÞ log2 pðajcÞ

where c denotes a particular cue. Then, the amount of information
given by the cue c is:

IðA;C ¼ cÞ ¼ HðAÞ �HðAjcÞ

In the present task, we are interested in the information provided by
the cue when it is presented. This differs somewhat from Koechlin
et al. (2003) where cues provided no information upon presentation,
but provided essential information during integration. Here, we are
interested in the information value of the cues themselves prior to
integration. With this in mind, we can calculate the information value
of the 3 types of relation cues:

IðA; andÞ ¼ 0:19

IðA; anyÞ ¼ 0:19

IðA; xorÞ ¼ 0

Thus, “and” and “any” cues are equally informative while “xor” cues
are uninformative. As a result, we investigated the effect of
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information value by contrasting the average of “and” and “any” cues
with “xor” cues ((“and” + “any”)/2 – “xor”). This contrast was per-
formed in the context of a 3 × 2 ANOVA with factors of relation type
and time. Analyses of information collapsed across the time factor.

Results

Behavioral Results
Subjects performed the task well overall (mean error
rate = 6.5%). Reaction time (RT) data were analyzed on correct
trials only. As expected, subjects were less error-prone and
faster on control trials (5.5%, 545.0 ms) than experimental
trials (7.6%, 579.5 ms; error rate: t(21) = 2.73, P < 0.05; RT:
t(21) = 5.07, P < 0.0001). Subjects also performed better on
“yes” trials (5.4%, 543.0 ms) than “no” trials (7.6%, 582.1 ms;
error rate: t(21) = 2.46, P < 0.05; RT: t(21) = 5.33, P < 0.0001).
The performance difference between “yes” and “no” trials did
not differ between control and experimental trials (error rate:
t(21) = 0.68, P > 0.5; RT: t(21) = 1.42, P > 0.15).

The following analyses were restricted to experimental
trials. The effect of cue order was not significant, indicating
that whichever cue was presented first (feature cue or relation
cue) had no effect on performance (error rate: t(21) = 0.22,
P > 0.8; RT: t(21) = 1.83, P > 0.05). Next, we examined the
effect of different relation cues. Relation cues differed in the
extent to which the forthcoming response could be antici-
pated. “And” and “any” cues were informative, while “xor”
cues were not (see Fig. 1; Materials and Methods section). A
1-way ANOVA on the 3 different types of relation cues re-
vealed a significant effect in error rate (F2,42 = 7.25, P < 0.005),
but not RT (F2,42 = 2.18, P > 0.1). Follow-up tests revealed that
the effect in error rate was driven by more error-prone per-
formance on “xor” trials relative to “and” trials (9.8% vs. 6.1%;
t(21) = 3.02, P < 0.01) and “any” trials (9.8% vs. 5.4%;
t(21) = 2.97, P < 0.01). However, error rates on “and” trials and
“any” trials did not differ (t(21) = 0.76, P > 0.45). Similar trends
were present in the RT data that did not reach significance
(“xor” RT > “and” RT: t(21) = 1.84, P = 0.08; “xor” RT > “any”
RT: t(21) = 1.86, P = 0.08). This pattern is consistent with infor-
mation theoretic analyses that indicate that “and” and “any”
cues provide equivalent advanced information about forth-
coming response probabilities (i.e., both reduce entropy)
while “xor” cues provide no information (see Materials and
Methods section for information theoretic calculations).

Imaging Results
We examined effects of temporal abstraction, relational ab-
straction, and integration as cues were presented to subjects
prior to responding. Cue-related activations were submitted to
a 2 × 2 ANOVA with factors of temporal abstraction and rela-
tional abstraction. Greater temporal abstraction was associated
with the first cue relative to the second cue while greater rela-
tional abstraction was associated with the relation cue relative
to the feature cue.

Temporal Abstraction
Within a priori-defined PFC mask (see Supplementary Fig. 1),
only a single region demonstrated effects of temporal abstrac-
tion. Close inspection revealed that this region was located in
the right putamen rather than the PFC (the a priori mask
covered part of the putamen so as to cover nearby insular

peaks). Exploratory whole-brain analyses revealed a more
substantial right putamen cluster as well as one in the left
hemisphere (Supplementary Table 1). However, no additional
clusters outside of the striatum were found.

One issue with the temporal abstraction contrast is that at the
presentation of the second cue, the first cue was actively main-
tained. Hence, comparing the first cue directly to the second
cue confounds working memory load, which is greater at the
time of the second cue. As working memory maintenance is
known to implicate the PFC (Curtis and D’Esposito 2003; Court-
ney 2004), the presence of a potential temporal abstraction
effect may have been masked by working memory load. To
overcome this issue, we “summed” parameter estimates from
the feature first cue and relation first cue and compared them
with the second cue, which was an “average” of the feature
second cue and relation second cue. Assuming linearity, this
contrast should control for working memory load, at the risk of
being slightly liberal since working memory-related PFC
responses are typically elevated during encoding events and
decay slightly during delay intervals (Curtis and D’Esposito
2003). However, even this potentially liberal contrast did not
reveal any voxels sensitive to temporal abstraction within the a
priori PFC mask. Exploratory whole-brain analysis revealed
clusters in the bilateral fusiform gyrus, bilateral parahippocam-
pal gyrus, bilateral occipital cortex, and right amygdala.

To explore the lack of PFC involvement in more detail, we
conducted a second analysis that contrasted the first feature cue
from experimental trials with cues drawn from control trials.
These cues were semantically and visually identical and
matched for working memory load with the lone difference
being that cues from experimental trials were held in mind over
longer periods of time and thus had a higher degree of temporal
abstraction. This analysis did not reveal any regions sensitive to
temporal abstraction within the a priori PFC mask or elsewhere.

Finally, as temporal abstraction effects may show sustained
rather than transient cue-related effects, we examined delay
period activation comparing sustained activation following
feature cues in experimental trials with sustained activation
following control cues in control trials. This analysis also did
not reveal any voxels sensitive to temporal abstraction in the
PFC. A whole-brain search revealed areas in medial occipito-
temporal cortex, left fusiform, and left postcentral gyrus de-
monstrating sustained effects of temporal abstraction.

Taken together, 4 analyses hypothesized to measure effects
of temporal abstraction failed to find PFC regions sensitive to
temporal abstraction. While some of these analyses revealed
more posterior structures sensitive to temporal abstraction,
these areas were not consistent between analyses. Given this
inconsistency and lack of theoretical framework in which to
interpret them, we will not discuss these areas further.

Relational Abstraction
In contrast to the lack of temporal abstraction effects, several
left-lateralized PFC regions within the a priori mask demon-
strated effects of relational abstraction (Fig. 2; Table 1). Start-
ing caudally, effects of relational abstraction were observed in
the lateral premotor cortex (area 6; −50 −4 42) and the
inferior frontal junction (areas 6 and 44; −44 0 30) and ex-
tended ventrally into the insula (area 13; −48 8 0) and the left
inferior frontal gyrus, pars orbitalis (area 47; −38 26 −2).
Insular effects were also present in the right hemisphere.
Effects of relational abstraction were observed in the rostral
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lateral PFC (area 46; −44 38 20), as well. Exploratory whole-
brain analyses revealed additional clusters in the presupple-
mentary motor area (pre-SMA), right cerebellum, right
fusiform gyrus, left temporoparietal junction, left thalamus,
right anterior cingulate cortex, and left posterior cingulate
cortex (Supplementary Table 1).

Activation profiles of different PFC subregions are depicted
in Figure 2A–D segregated by cue order (feature- > relation or
relation- > feature). Data are depicted from unbiased ROIs
(see Materials and Methods section). As can be seen in
Figure 2B, the lateral premotor cortex (area 6) demonstrated
increased activation to the initial presentation of the relation
first cue relative to the feature first cue. This activation differ-
ence was sustained through the delay interval, but reversed at
the time of the second cue at which time there was greater
activation for the relation second cue than feature second cue.
A similar reversal was observed in the rostral lateral PFC (area
46) as depicted in Figure 2A. However, in this area, differ-
ences were not sustained during the delay interval. Sustained
activity was also not observed in other areas of the PFC. To
investigate this pattern in more detail, we contrasted par-
ameter estimates of the cue–cue delay interval following
relation versus feature cues. An ANOVA on contrast estimates
(i.e., relation delay > feature delay) drawn from the lateral pre-
motor cortex, rostral lateral PFC, inferior frontal junction,
insula, and inferior frontal gyrus, pars orbitalis revealed a sig-
nificant effect of region (F4,84 = 4.03, P < 0.005). While the
lateral premotor cortex demonstrated increased sustained acti-
vation following relation cues relative to feature cues
(t(21) = 1.86, P < 0.05, 1-tailed), no other PFC region demon-
strated a similar effect (all t(21) < 1.36, P > 0.05, 1-tailed).
Whole-brain examination revealed additional activations in
bilateral occipital cortex demonstrating sustained maintenance
of relation cues relative to feature cues (left: −20 −90 −10,
peak z = 4.82, 123 voxels; right: −16 −92 −10, peak z = 4.36,
93 voxels).This indicates that the rostral lateral PFC and other
PFC subregions were involved in the initial representation/se-
lection of relationally abstract information, but that sustained
maintenance of this information was restricted to the lateral
premotor cortex and regions outside the PFC search space.

Abstraction Interaction
No region demonstrated an interaction between temporal and
relational abstraction either in the a priori PFC mask or
elsewhere.

Integration
In order to explore effects of integration, we examined acti-
vations to the second cue when both feature and relation cues
were integrated together. These second cue activations were
compared with the summed activation of feature and relation
cues from the first cue phase. The logic of this contrast was
that activations to the feature first cue and relation first cue
provided an assay of the cue-related activation independently
of integration. By summing these parameter estimates and
comparing them to the second cue (averaged across feature
and relation second cues), this analysis examined whether
any region was sensitive to integration over and above to the
activations to the individual cues themselves (Ramnani and
Owen 2004). This analysis revealed activations in the bilateral
caudal superior frontal sulcus/dorsal premotor cortex (area 6;
−28 −8 50; 36 −6 54), bilateral insula (area 13; −30 20 −6; 32

24 −8), and left rostral lateral PFC/frontopolar cortex (area 46,
10; −34 50 22). Interestingly, the areas sensitive to integration
straddled those sensitive to relational abstraction (Fig. 2;
Table 1) with integration effects present both caudal to and
rostral to relational abstraction effects. Exploratory whole-
brain analyses revealed additional clusters in the bilateral
thalamus, bilateral occipital cortex, dorsal anterior cingulate
cortex extending into the pre-SMA, and left rostral intraparie-
tal sulcus (Supplementary Table 1).

Figure 2C,D depicts activation profiles of the caudal
superior frontal sulcus (area 6) and frontopolar cortex (area
46, 10), respectively, drawn from unbiased ROIs (see
Materials and Methods section). In contrast to the regions sen-
sitive to relational abstraction, these areas did not demonstrate
a cross-over pattern. Instead, activation in these areas ramped
up starting from the offset of the first cue and peaking after
the presentation of the second cue when integration occurred.

Relational Abstraction and Integration
To assess whether any regions were jointly sensitive to the
effects of relational abstraction and integration, we performed
valid conjunction analysis (Nichols et al. 2005). Within the a
priori PFC mask, the left anterior insula/inferior frontal gyrus,
pars orbitalis (−30 24 0; area 13, 47) demonstrated sensitivity
to both relational abstraction and integration. This region
showed both a cross-over cue pattern emblematic of relational
abstraction-related regions and a ramp up and postsecond cue
peak seen in integration-related regions. An exploratory
whole-brain search revealed that the left thalamus was also
jointly sensitive to relational abstraction and integration.

Information
Effects of temporal abstraction are also described in terms of
information theory (Koechlin et al. 2003; Koechlin and Sum-
merfield 2007). By this account, the cognitive control pro-
vided by a temporally abstracted episodic signal is
proportional to the information value of the temporally
remote cue. In the present task, the information value of cues
varied: “and” and “any” cues provided information that
reduced uncertainty (entropy), while “xor” cues did not (see
Materials and Methods section for full details on information
theoretic calculations). Hence, the observed effects of rela-
tional abstraction may have been carried by the information
value of “and” and “any” cues. To investigate this possibility,
we contrasted the average effect of “and” and “any” cues with
“xor” cues. This contrast did not reveal any significant differ-
ences within the a priori PFC mask or elsewhere in the brain.
As a result, it is unlikely that the relational abstraction results
are reducible to the information value of cues.

Regions of Interest
When observed together, the regions sensitive to relational
abstraction and integration correspond quite closely to the
areas described by Koechlin et al. (2003) (see Supplementary
Fig. 2). Nevertheless, it may be possible that our analyses
missed regions involved in temporal abstraction. Hence, to
further investigate effects of temporal abstraction, relational
abstraction, and integration, we explored activation within
ROIs previously reported to demonstrate effects consistent
with temporal abstraction. ROIs were placed in the bilateral
frontopolar cortex (area 10) around peaks reported by Koe-
chlin et al. (1999), and in the bilateral rostral lateral PFC (area
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46) around peaks reported by Koechlin et al. (2003) (Fig. 3).
None of the 4 ROIs demonstrated effects of temporal abstrac-
tion with any of the 4 different analysis methods described
above (max t = 1.51, P > 0.1). By contrast, both the left and
the right frontopolar cortexes demonstrated effects of inte-
gration (left: t(21) = 2.20, P < 0.05; right: t(17) = 2.40, P < 0.05).
Additionally, the left rostral lateral PFC demonstrated an effect
of relational abstraction (t(21) = 2.60, P < 0.05). Finally, no
regions were sensitive to information value (all t < 1). Hence,
these analyses replicated the effects described above.

Discussion

The present study compared effects of temporal abstraction,
relational abstraction, and integration within the PFC. In

contrast to suggestions that the PFC is sensitive to temporal
abstraction, our analyses failed to find effects of temporal ab-
straction in the PFC. We also failed to find evidence to
support related suggestions that the PFC is sensitive to the
information value of episodic signals. On the other hand,
robust effects of relational abstraction were found in several
lateral PFC areas that closely resembled previous reports.
Finally, effects specific to the integration of contextual cues
were found both rostral and caudal to regions sensitive to re-
lational abstraction. We now reconsider putative models of
PFC organization in light of these data.

Temporal Abstraction Revisited
In an influential study, Koechlin et al. (2003) demonstrated a
cascade of rostral-caudal lateral frontal regions activated in

Figure 2. Neural correlates of relational abstraction and integration. Areas responsive to relational abstraction (red) were found along the lateral premotor cortex (A; Lat
Premotor, area 6), extending ventrally into the inferior frontal gyrus and insula. A separate activation cluster was found in the rostral lateral prefrontal cortex (B; RLPFC, area 46).
Areas responsive to integration (green) were found in the frontopolar cortex (C; FPC, area 10, 46) and caudal superior frontal sulcus (D; caudal SFS, area 6). Graphs (A–D) depict
activation time courses drawn from unbiased regions of interest (see Supplementary Experimental Procedures). The first cue was presented at time 0 s and the second cue was
presented at time 10 s. Probes, which were presented at time 14 to 16 s, were regressed out of the depicted graphs. Blue lines correspond to trials in which the feature cue
was presented first and the relation cue second. Orange lines correspond to trials in which the relation cue was presented first and the feature cue second. Colored bands
represent one standard error of the mean.
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response to different levels of cognitive control. While these
authors suggested that activations in caudal (area 6) and mid-
caudal (area 44) regions were related to cognitive control
demands manipulated by the sensory/contextual environ-
ment, more rostral activations (area 46) were hypothesized to
be driven by a temporally abstracted episodic signal. The idea
of a temporally driven cascade of control synergized well with
previous data from the same group that demonstrated that
information held in mind from a pending episode activated
the rostral-most areas of the PFC (area 10; Koechlin et al.
1999). Hence, by their account, caudal areas of the frontal
lobes processed current sensory and contextual signals, more
rostral areas processed episodic signals, and the rostral-most
areas processed pending episodic signals (Koechlin and Sum-
merfield 2007).

More recent data have demonstrated inconsistent effects of
temporal abstraction. In an elegant study, Badre and D’Espo-
sito (2007) manipulated 4 levels of abstraction within a single
experimental session. As in Koechlin et al. (2003), at the
lowest level of abstraction, responses were determined by
colored frames. At the second level, responses were based on
the presence or absence of a particular feature with the
feature of interest cued by the colored frame. At the third
level, responses were based on whether 2 stimuli had match-
ing features with the dimension of interest cued by the
colored frame. At the fourth level, color-to-dimension map-
pings were manipulated by a cue presented at the beginning
of a block. According to the framework of Koechlin and co-
workers, the fourth level should have produced activations in
the rostral lateral PFC (area 46) as the cue that determined
color-to-dimension mappings provided episodic control.
Instead, the fourth level produced activations in the frontopo-
lar cortex (BA 10) corresponding closely to activations puta-
tively involved in pending, but not current episodic signals
(Koechlin et al. 1999; Koechlin and Hyafil 2007). Even more
puzzling, rostral lateral PFC activations (area 46) were elicited
by the third level, which provided a manipulation of relational
abstraction, but not temporal abstraction. Hence, while the
activations found in Badre and D’Esposito (2007) approxi-
mated those of Koechlin and coworkers, the roles of each
region were inconsistent with respect to temporal abstraction.
Further complicating this matter is a recent study by Reynolds
et al. (2012) which compared effects of temporal abstraction
and rule complexity. These authors found that midlateral
(area 9/46) and caudal (area 6) regions of the frontal lobes
were sensitive to both temporal abstraction and rule complex-
ity. These data are in stark contrast with the present findings
that no area of the PFC was sensitive to temporal abstraction.
The inconsistency with how similar PFC regions respond to
temporal abstraction across studies suggests that the PFC is
sensitive to some factor that is only partly captured by the
concept of temporal abstraction.

One difference between the present study and previous
studies that have found effects of temporal abstraction is the
explicit separation of integration demands in the present
work. Koechlin et al. (2003) used a blocked design that did
not permit separate assessment of episodic control signals
from the integration of cue information with probe stimuli.
Effects of temporal abstraction reported in Badre and D’Espo-
sito (2007) and Reynolds et al. (2012) were uncovered
through similar block analyses that confounded temporal ab-
straction and integration. Hence, given the present data, it

Table 1
Frontal correlates of relational abstraction and integration

Region Area x y z Vox z-Score

Relational abstraction
Left insula 13 −48 8 0 1656 6.27
Left lat premotor 6 −50 −4 42 4.94
Left IFG, orb 47 −38 26 −2 4.04
Left IFJ 6, 44 −44 0 30 3.54
Left insula 13 −32 16 −6 3.37
Left rostral MFG 46 −44 38 20 86 3.6
Right insula 13 32 16 −8 125 3.47
Left pre-SMA 6 −12 8 58
Right insula 13 32 14 −10
Right insula 13 46 10 0 22 2.47

Integration
Left caudal SFS 6 −28 −8 50 788 6.27
Left pre-SMA 6 −14 6 64 4.22
Left pre-CG 6, 4 −36 −16 56 3.75
Left insula/IFG, orb 13, 47 −30 20 −6 283 4.99
Right insula/IFG, orb 13, 47 32 24 −8 309 4.87
Right dorsal premotor 6 36 −6 54 293 4.77
Right caudal SFS 6 32 0 50 3.77
Right pre-SMA 6 16 0 68 3.76
Right pre-CG 6 22 −18 68 3.07
Left rostral MFG/FPC 46, 10 −34 50 22 65 3.23

Note: FPC, frontopolar cortex; IFG, orb, inferior frontal gyrus, pars orbitalis; IFJ, inferior frontal
junction; lat, lateral; MFG, middle frontal gyrus; pre-CG, precentral gyrus; pre-SMA,
presupplementary motor area; SFS, superior frontal sulcus; vox, number of voxels.

Figure 3. Effects within regions of interest. Regions of interest were placed in the
bilateral rostral prefrontal cortex (RLPFC, BA 46) and bilateral frontopolar cortex (FPC,
area 10) centered around peaks reported in previous studies that have documented
effects of temporal abstraction. Bars represent contrasts described in the text. For
temporal abstraction, the graphs depict the contrast of the first cue with the control
cue, which tended to produce the strongest (nonsignificant) effects of temporal
abstraction. The bilateral FPC demonstrated significant effects of integration while the
left RLPFC demonstrated a significant effect of relational abstraction. No region
demonstrated effects of temporal abstraction or information. *P< 0.05.
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seems likely that effects of temporal abstraction in previous
studies were due to integration rather than temporal abstrac-
tion per se.

Relational Abstraction Revisited
Could effects of relational abstraction also be explained by
integration demands? In previous research, Bunge et al.
(2003) observed activations in the lateral PFC to cues denot-
ing a relational rule relative to cues denoting a nonrelational
rule. As these effects were separated from the probe, the acti-
vations could not be explained by feature integration itself.
Likewise, the present study also found lateral PFC activations
independent of both probe-related integration and cue inte-
gration. Hence, relational abstraction effects are distinct from
feature or cue integration.

These data are consistent with the hypothesis that the
lateral PFC is involved in the representation of rules (Wallis
et al. 2001; Bunge et al. 2003; Wallis and Miller 2003; Bunge
and Zelazo 2006) independent of the implementation of the
rules themselves. Interestingly, in the present data, effects of
relational abstraction were sustained in the lateral premotor
cortex (area 6), but transient in more rostral areas of the PFC.
Consistent with these data, single-unit recordings in monkeys
have demonstrated rule representation in both premotor
cortex and lateral PFC, but with greater sustained effects in
premotor cortex (Wallis and Miller 2003). Hence, the lateral
PFC may be important for the initial encoding and translation
of a cue into a rule, while the premotor cortex maintains rule
information in a more concrete form in preparation for future
responding (Nee and Brown 2012b). Notably, rules also
denote a kind of integration: they represent the integration of
a state and action. As a result, regions involved in relational
abstraction may also perform an integrative function by way
of linking states and actions into rules.

Cue Integration
We found effects of cue integration in the rostral-most and
caudal-most areas of our search space. The rostral area was
found in a region bordering the rostral-end of area 46 and the
caudal-end of area 10. To avoid confusion, we have referred
to this region as frontopolar cortex to distinguish it from the
rostral lateral PFC region sensitive to relational abstraction.
ROI analyses centered more definitively in frontopolar cortex
also showed effects of cue integration indicating that inte-
gration effects in frontopolar cortex are robust to differences
in the exact location examined. Activations similar to those
observed here were reported in a study that examined the
integration of a number held in working memory into
ongoing mathematical operations (De Pisapia et al. 2007).
Compared with a condition requiring holding a number in
mind for future recall, the need to integrate a number into
ongoing operations produced a ramp up of activation in fronto-
polar cortex beginning shortly after encoding the to-be-
integrated number and peaking at the time of integration. In
addition, a study using the same task demonstrated that stimu-
lating the frontopolar cortex affected the integration condition,
but not closely matched conditions that did not require inte-
gration, indicating a causal role of frontopolar cortex in inte-
gration (De Pisapia et al. 2012).

Under what conditions are the integrative operations of the
frontopolar cortex required? Ramnani and Owen (2004) have

suggested that the frontopolar cortex integrates the results of
2 or more separate cognitive operations when a single rule is
insufficient to guide behavior. A critical feature of their
account is that inputs into the frontopolar cortex are ab-
stracted representations arising from supramodal cortex in-
cluding the PFC and temporal pole. This assumption is
supported by anatomical connectivity patterns (Petrides and
Pandya 2007) and distinguishes the frontopolar cortex from
other PFC regions that are connected with more downstream
portions of cortex. Furthermore, the integrative role of the
frontopolar cortex is supported by its increased dendritic
spine density relative to other regions of cortex (Jacobs et al.
2001) providing a morphological basis to synthesize diverse
inputs. This framework accounts well for the various roles of
the frontopolar cortex during prospective memory (Burgess
et al. 2003), branching (Koechlin et al. 1999; Charron and
Koechlin 2010), subgoal processing (Braver and Bongiolatti
2002), representing the value of alternative courses of action
(Boorman et al. 2009), and exploring alternatives (Daw et al.
2006) in addition to relational abstraction (Bunge et al. 2005;
Wendelken et al. 2008; Wendelken and Bunge 2010). In all of
these cases, abstracted representations must be integrated into
ongoing cognition in order to guide performance. Such rep-
resentations differ from more concrete representations held in
mind in typical delayed-match-to-sample working memory
tasks that commensurately engage caudal frontal areas more
consistently than the frontopolar cortex (Curtis and D’Esposi-
to 2003; Courtney 2004). A notable feature of this account is
that the frontopolar cortex does not represent abstracted rep-
resentations themselves, but instead provides a means to co-
ordinate and link information represented elsewhere. This is
consistent with data demonstrating that intentions cannot be
decoded from the frontopolar cortex, but that the frontopolar
cortex shows increased coupling with intention-representing
regions during storage (Gilbert 2011). Furthermore, this
account provides a necessary endpoint for abstraction gradi-
ents. Without such an endpoint, it would be difficult to deter-
mine the apex of abstraction.

Activations in the caudal superior frontal sulcus also de-
monstrated sensitivity to integration. We suggest that this
pattern reflects attention for integrated feature combinations.
The caudal superior frontal sulcus has a well-established role
in visuospatial attention (Kastner and Ungerleider 2000; Rey-
nolds and Chelazzi 2004; Moore 2006) thought to reflect
top-down representation of attentional priority (Serences
et al. 2005). In the present study, the combination of cues de-
termined the set of stimuli associated with a “yes” response
(e.g., 2 green stimuli). Hence, after presentation of the second
cue, subjects knew what stimuli to look for in order to
produce a “yes” response. Given its role in top-down atten-
tional priority, it is likely that the caudal superior frontal
sulcus represented this search set. Further, we suggest that
the ramp up of activation in the caudal superior frontal sulcus
just prior to the onset of the second cue reflects the prep-
aration to encode the second cue. Thus, activations in the
caudal superior frontal sulcus likely reflect attentional prep-
aration. Note, unlike the frontopolar cortex, we do not
suggest that the caudal superior frontal sulcus is necessarily
involved in integration. Instead, we propose that integration
enabled the concrete representation of the search set, the at-
tention to which elicited activations in the caudal superior
frontal sulcus.
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An Integrative Framework
While we have argued that the PFC is involved in integration
generally, it is clear that there are regional differences in inte-
gration sensitivity. What accounts for these differences?
Recent theories propose that progressively rostral areas of the
PFC represent increasingly abstracted content (Badre 2008;
Badre and D’Esposito 2009; O’Reilly 2010). In the parlance of
integration, more rostral areas integrate more concrete in-
stances—represented caudally—into an abstracted represen-
tation. In other words, representations in more rostral areas
form generalizations over caudal areas. We believe that such
frameworks provide a useful means to understand the present
data (see Supplementary Fig. 3). Starting caudally, we have
suggested that the caudal superior frontal sulcus represents
attention for specific visual instances, which are composed of
the integration of particular features (e.g., 2 green items).
That is, the caudal superior frontal sulcus maintains attention
for a particular environmental state. Rostral to the caudal
superior frontal sulcus, the lateral premotor cortex represents
rules, which correspond to state-response associations. Given
that the lateral premotor cortex was sensitive to relational ab-
straction even when particular features were unspecified, it
seems likely that rules are encoded more abstractly than the
representations of the caudal superior frontal sulcus. For
example, the lateral premotor cortex may associate [2
features->“yes”] for an “and” cue. By contrast, the rostral
lateral PFC may represent the relations more abstractly. This
area may be important in encoding the abstract cues and
translating them into rules that can be encoded by the lateral
premotor cortex (e.g., [“and”->[2 features->“yes”]]. Finally, the
frontopolar cortex may coordinate the integration of abstract
representations enabling the ability to perform complex, mul-
tistep rules. Thus, different rostral-caudal areas of the PFC can
be distinguished by the abstractness of the representations
that they integrate.

Further Considerations
While we have concluded that the PFC is not sensitive to tem-
poral abstraction over-and-above integration demands,
additional experimentation is needed to fully address this
possibility. In the present study, control trials required the
maintenance of cue information across a 9-s delay interval.
Although experimental trials theoretically should have elicited
greater degrees of temporal abstraction than control trials,
these differences may not have been substantial enough to
detect effects of temporal abstraction with fMRI. Systematic
manipulation of the cue-to-probe interval may reveal acti-
vations elicited purely by temporal abstraction. However,
such manipulations must be careful to disentangle temporal
abstraction and integration, which are confounded if
probe-related activation cannot be statistically distinguished
from cue-related activation. The relevant intervals that mini-
mize temporal abstraction demands may prove infeasible with
fMRI and may require insights from more temporally resolved
methodologies.

Conclusion
We have suggested that integration is a useful framework to
describe the organization of the PFC. In this framework, more
rostral areas of the frontal lobes integrate representations sub-
served by more caudal areas. We propose that viewing the

PFC in this way resolves a growing corpus of data that attri-
bute various forms of abstraction to the PFC. We have demon-
strated that in the absence of integration, temporal abstraction
effects are abolished. By contrast, areas of the PFC are sensi-
tive to relational abstraction since relations describe the inte-
gration of a state and action (i.e., rule). Frontopolar areas
previously associated with temporal abstraction effects de-
monstrate activation only with respect to integration oper-
ations. These data highlight the importance of disentangling
the numerous complex cognitive events that give rise to
frontal activations in order to precisely identify the operations
of the frontal lobes.
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