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Decoding the Content of Delayed Intentions

Sam J. Gilbert

Institute of Cognitive Neuroscience and Division of Psychology and Language Sciences, University College London, London WCIN 3AR, United Kingdom

Rostrolateral prefrontal cortex (RLPFC) plays a key role in our ability to postpone the execution of intended behaviors until after another activity
hasbeen performed. However, it is poorly understood in computational terms. One crucial question is whether RLPFC represents the content of
delayed intentions or plays a nonspecific role. In this human functional magnetic resonance imaging study (n = 32), RLPFC was active while
participants stored delayed intentions during a distracting ongoing task. Multivariate analysis showed that the intended cue for future action and
the intended behavior could be decoded from distinct posterior brain regions. However, the content of intentions could not be decoded from
RLPEC itself. Functional connectivity analysis showed that RLPFC increased its coupling with content-representing regions during intention
storage. Furthermore, trials with relatively high RLPFC activity were associated with enhanced decoding. Thus, RLPFC may enable realization of
delayed intentions via interactions with posterior brain regions, which represent their content.

Introduction

Rostrolateral prefrontal cortex (RLPFC), corresponding to the
lateral aspects of Brodmann area (BA) 10, is widely considered to
occupy the top of a hierarchy of lateral prefrontal regions sup-
porting behavioral regulation (Badre and D’Esposito, 2009;
Christoff et al., 2009; Koechlin et al., 2003). Neuroimaging and
neuropsychological evidence implicates RLPFC in our ability to
hold an overarching goal in mind while engaged in subordinate
tasks: “cognitive branching” (Koechlin et al.,, 1999) or “goal—
subgoal integration” (Braver and Bongiolatti, 2002). This allows
us to pursue complex, hierarchically organized goals, for example
when we need to hold in mind a delayed intention, to be realized
at a later time. This is sometimes termed “prospective memory”
(PM) (Brandimonte et al., 1996; McDaniel and Einstein, 2000;
Kliegel et al., 2008; West, 2008). Accordingly, patients with
RLPFC damage can exhibit a selective impairment in PM (Bur-
gess et al., 2000; Uretzky and Gilboa, 2010).

Despite clear evidence denoting a class of situations that re-
cruit RLPFC, the precise role of RLPFC is poorly understood in
information processing terms. One crucial question is whether
RLPEC itself represents the content of delayed intentions, or al-
ternatively plays a non-content-specific role that supports PM
without representing specific intentions. According to the first of
these hypotheses, RLPFC can be thought of as implementing a
“goal stack,” representing the content of goals to be achieved.
Alternatively, RLPFC might be thought to support a state pro-
moting the ability of environmental events to act as retrieval cues
for intended behaviors, analogous to “retrieval mode” (Tulving,
1983). According to this latter model, RLPFC might play a non-
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content-specific role via its interactions with distinct brain re-
gions that themselves represent the content of intentions (Sakai
and Passingham, 2003; Rowe et al., 2007).

To investigate this question, the present study used multivoxel
pattern analysis (MVPA) to decode participants’ intentions from
patterns of brain activity. Insofar as a delayed intention may be
decoded from a particular brain region, this indicates a represen-
tation of that intention in the relevant brain area. Furthermore,
this study examined whether different aspects of participants’
intentions could be decoded from distinct brain regions. Accord-
ing to some authors (Gollwitzer, 1999), intentions can often be
conceptualized as mental links between an anticipated future cue
(e.g., seeing a particular person at some future time) and a spe-
cific behavior (e.g., passing on a particular message). Such inten-
tions require participants to represent (1) the future cue to detect
and (2) the appropriate response that should then be produced.
These two aspects were examined separately, to investigate the
overlap (or lack of it) between brain regions involved in their
representation.

An additional unresolved issue concerns the processing stage
at which RLPFC is involved in PM: (1) encoding intentions into
memory, (2) maintaining those intentions during ongoing-task
performance, or (3) retrieving those intentions at the appropriate
time. Although previous studies suggest that simply maintaining
intentions is sufficient to yield RLPFC activation (Burgess et al.,
2001; Reynolds et al., 2009), the extent to which RLPFC also plays
arole in encoding and retrieving intentions is unclear.

Materials and Methods

Participants

Thirty-two right-handed participants took part in the study (18 males;
mean age, 25; range, 19-38). The experiment was approved by the local
ethics committee, and all participants provided written informed con-
sent before taking part.

Behavioral task

A paradigm was developed in which participants repeatedly (1) formed,
(2) maintained, and then (3) realized delayed intentions, while engaged
in an unrelated ongoing task. By pseudorandomly manipulating the du-
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Schematic illustration of the task. Participants performed a two-back task (responding with button 1 to two-back nonmatches and button 2 to two-back matches). Encode—store—

retrieve cycles were embedded within this task. Stimuli were surrounded by colored borders on encode trials, with the assignment of colors to conditions counterbalanced between participants [e.g.,
red: PM1 encode (press button 3 when you encounter the stimulus again); green: PM2 encode (press button 4 when you encounter the stimulus again); blue and yellow: baseline 1 and 2 (no
additional task requirements)]. PM and baseline cycles alternated. Version 1 of the task included PM1 and baseline1 conditions only. In version 2 of the task, the selection of PM1 versus PM2 for a
particular PM cycle, and baselineT versus baseline2 for a particular baseline cycle, was pseudorandomized. In half of the blocks, stimuli consisted of words, as illustrated; in the other half of blocks,

picture stimuli were used.

ration of the maintenance period, it was possible to disambiguate these
three phases (cf. Rowe et al., 2000) (Fig. 1). Participants performed a
two-back task throughout the experiment, indicating on each trial
whether the stimulus matched the item presented two trials previously
(interstimulus interval, 2.7 s). A PM task was embedded within this
two-back task (Reynolds et al., 2009). The stimuli consisted of pictures in
half of the blocks, and words in the other half. On “PM encode trials,” the
stimulus was surrounded by a colored border (red or blue, counterbal-
anced across participants). On such trials, participants performed the
two-back task as usual. However, they were asked to remember the stim-
ulus, and to press a third button, rather than one of the buttons used for
the two-back task, should they notice the same stimulus on a subsequent
trial. Between two and six trials after each PM encode trial, the relevant
stimulus was repeated (“PM retrieve trials”), after which it was not
shown again. Thus, on PM retrieve trials, participants were required to
interrupt their ongoing performance of the two-back task and instead
press a different button to indicate that they had noticed the stimulus that
they had encoded on the previous PM encoding trial. Crucially, the stim-
uli presented on PM retrieve trials were no different in appearance to
those presented on other trials, and a two-back response to such stimuli
would be possible if they were not detected as targets. Correct responses
on PM retrieve trials therefore had to be self-initiated on the occurrence
of the appropriate item, rather than being strongly cued by the stimulus
characteristics. This is one of the defining features of laboratory para-
digms assessing PM, as opposed to other forms of dual-task paradigm
(Burgess et al., 2003). The trials between PM encoding and PM retrieval
trials were denoted “PM store trials.” During these trials, participants had
to maintain a representation of the stimulus presented on the PM encode
trial so that they could interrupt their performance of the two-back task
when it was presented again on a PM retrieve trial.

On “baseline encode trials,” the stimulus was also surrounded by a
different colored border (blue/red counterbalanced across participants),
but participants were instructed to treat these trials identically to any
other without a border. These baseline encode trials were followed by
“baseline store trials” and “baseline retrieve trials” in an identical manner
to the PM trials, but there were no task requirements associated with
these trials apart from the two-back task. Thus, baseline trials were
matched perceptually with PM trials, but they did not require encoding,
storage, or retrieval of delayed intentions.

Two different versions of the tasks were performed by two groups of 16
participants. The first version of the task was as above. In the second
version of the task, there were four possible colored borders (red, green,
blue, yellow) and two PM response buttons instead of one. In this version

of the task, two colors instructed participants to press one of two PM
response buttons on the subsequent PM retrieval trial; the other two
colors served as baselines. Thus, in this version, participants’ delayed
intentions varied both in the nature of the cue to detect (word or picture)
and the response to make (third or fourth finger). The first, simplified,
version of the task was administered so as to keep the number of cue to
response mappings to a minimum for multivariate decoding. However,
decoding accuracy did not differ significantly between the two versions of
the task. Results from the two task versions were therefore collapsed.

Behavioral procedure

Participants performed the task for six sessions, three featuring word
stimuli and the other three featuring picture stimuli. Material type
(words or pictures) alternated with each session and was counterbal-
anced across participants for the first session. In each session, partici-
pants viewed a series of 123 stimuli at the center of a screen, viewable via
amirror. Pictures were randomly selected images from the photographic
collection “20,000 Photos” (Focus Multimedia Limited) including ani-
mals, cityscapes, landscapes, buildings, and vehicles, at a size of ~5° tall
and wide. Words were randomly selected from the MRC Psycholinguistic
database with the constraint that they were three to five letters long, associ-
ated with a familiarity rating of 400—600 and an imagability rating of 400—
700. Words were presented in capital letters, Arial typeface, ~1° tall. On each
trial, the stimulus was presented for 1.35 s, followed by a blank screen for
1.35 s. Participants could respond at any point in the trial.

To select stimuli for each session, random items were first assigned to
each of the 123 trials. After this, on a randomly selected 50% of trials, the
item was replaced with the stimulus that was presented two trials previ-
ously (i.e., these trials were made into two-back hits). The PM and base-
line encoding and retrieval trials were then inserted. The first encoding
event occurred on the second trial of each session, with the nature of the
trial (PM or baseline) randomly chosen. On these trials, the stimulus was
surrounded by a colored border (red or blue in version 1 of the task; red,
blue, green, or yellow in version 2 of the task; the assignment of colors to
conditions was counterbalanced across participants). After this encoding
event, there were between one and five store trials, selected from a uni-
form distribution. The same stimulus that was presented in the encoding
trial was then presented, followed by one filler trial and then the next
encoding trial. Successive encoding trials always alternated between PM
and baseline conditions. In version 2 of the task, the two categories of PM
and baseline conditions were randomly selected, with the constraint that
they occurred in equal number within every session and no more than
three in a row were of the same category (e.g., PM1, baseline2, PM1,
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baselinel, PM1, baseline2 would necessarily be followed by a PM2 event).
A total of 20 encode—store-retrieve cycles were presented in each session,
preceded by one filler trial (the first trial of the session) and followed by
two filler trials (the last two trials of the session) to yield a total of 123
trials in each session: three filler trials plus 20 cycles consisting of an
encoding trial, between one and five store trials (mean, three), a retrieval
trial, and one filler trial (i.e., 20 cycles averaging six trials each).

MRI scanning

A 1.5 T Siemens TIM Avanto scanner was used to acquire both T1-
weighted structural images and T2*-weighted echoplanar images (64 X
64; 3.5 X 3.5 mm pixels; echo time, 40 ms) with blood oxygen level-
dependent (BOLD) contrast. Each volume comprised 31 axial slices (3.5
mm thick, oriented approximately to the anterior commissure—posterior
commissure plane). Functional scans were acquired in six sessions, each
comprising 135 volumes (~6 min). Volumes were acquired continu-
ously with an effective repetition time of 2.5 s per volume. The first four
volumes in each session were discarded to allow for T1 equilibration
effects. Between the third and fourth functional scan, a 6 min T1-
weighted structural scan was performed.

Data analysis

Univariate analyses. Functional magnetic resonance imaging data were
analyzed using SPM8 software (http://www.filion.ucl.ac.uk/spm/software/
spm8/). The volumes were realigned, corrected for different slice acqui-
sition times, normalized into 3 mm cubic voxels using the Montreal
Neurological Institute reference brain and fourth-degree B-spline inter-
polation, and smoothed with an isotropic 8 mm full-width half-
maximum Gaussian kernel. The volumes acquired during the six sessions
were treated as separate time series. For each series, the variance in the
BOLD signal was decomposed with a set of regressors in a general linear
model (Friston et al., 1995), using a mixed blocked and event-related
design (Visscher et al., 2003). Separate regressors coded for (1) PM en-
code, (2) PM retrieve, (3) baseline encode, (4) baseline retrieve events,
using delta functions aligned to the onset of each event. In version 2 of the
experiment (with two different colors associated with the PM and base-
line conditions), PM and baseline events were each coded with two sep-
arate regressors. Additional boxcar regressors coded for (1) PM storage
and (2) baseline storage periods (again with additional regressors in ver-
sion 2 of the experiment), indicating the period between relevant encod-
ing and retrieval events (mean duration, 10.8 s; range, 5.2-16.2 s). By
pseudorandomly manipulating the duration of the storage periods, ac-
tivity associated with these periods was distinguished from activity asso-
ciated with the encode and retrieve events (Rowe et al., 2000; Visscher et
al., 2003). All regressors were convolved with a canonical hemodynamic
response function. These regressors, together with the regressors repre-
senting residual movement-related artifacts and the mean over scans,
comprised the full model for each session. The data and model were
high-pass filtered to a cutoff of 1/128 Hz.

Parameter estimates for each regressor were calculated from least
mean squares fit of the model to the data. Effects of interest were assessed
in a random-effects analysis as follows. Separate analyses were conducted
investigating each of the three phases (encoding, storage, retrieval). For
each phase, contrast images representing conditions of interest were en-
tered into a repeated-measures ANOVA using nonsphericity correction
(Friston et al., 2002). The four conditions of interest entered into this anal-
ysis represented the factorial crossing of material type (words, pictures) and
condition (PM, baseline) (e.g., for the analysis of encoding events, the con-
ditions of interest were PM encode word, PM encode picture, baseline en-
code word, baseline encode picture). Appropriate contrasts for effects of
interest were conducted at the second level, applying a height threshold of
p < 0.001 uncorrected in conjunction with an extent threshold determined
by SPM8 to achieve p << 0.05 familywise error correction for multiple com-
parisons across the whole brain volume.

MVPA. A searchlight approach was used (Kriegeskorte et al., 2006),
investigating decoding accuracy from a sphere of voxels centered on each
voxel in the brain in turn (radius, three voxels). Two orthogonal aspects
of PM intentions were decoded, in separate analyses: (1) whether the
forthcoming cue for a PM response was a word or picture; (2) which of
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the two PM responses was required: third or fourth finger (for partici-
pants performing version 2 of the task). These analyses were restricted to
the storage period between the encoding and retrieval trials. Seeing as
word and picture stimuli were presented in separate blocks, it could be
trivial to decode whether the forthcoming PM cue is a word or a picture,
seeing as this might simply reflect whether the current ongoing stimuli
are words or pictures. To exclude this possibility, all MVPA analyses
searched for significant differences in decoding accuracy between PM
storage periods and baseline storage periods. Since the PM and baseline
periods alternated within each block, this allowed the detection of PM-
specific effects.

In these analyses, preprocessing did not include normalization or
smoothing. First-level models were generated for each participant in
SPM8 as above. However, instead of two regressors coding for PM store
and baseline store periods (or four regressors in version 2 of the task),
every store period was modeled with a separate regressor [i.e., a total of
120 regressors (20 store periods per session, divided equally between PM
and baseline conditions)]. This yielded 120 images per participant, con-
sisting of parameter estimates at each voxel corresponding to each of the
120 store periods (60 PM and 60 baseline). Half of these 120 were derived
from sessions using word stimuli and the other half from sessions using
picture stimuli. In version 2 of the experiment, orthogonal to the word/
picture distinction, the PM and baseline conditions were subdivided into
two versions associated with different colored borders in the preceding
encoding trial. MVPA results were calculated using these 120 images as
raw data. At each voxel, a spherical region of interest (ROI) was generated
(radius, three voxels). Parameter estimates for each voxel within the ROI
were extracted, for each of the 120 storage periods. This yielded 120
vectors, each representing a set of parameter estimates at a particular ROI
for a specific store period. Each vector was normalized to mean 0, SD 1, so
that decoding accuracy was based on the distribution of activation over
voxels rather than differences in mean level of activation.

First, the 60 PM store periods were examined. In the cue decoding
analysis, an attempt was made to distinguish the 30 PM store periods
using word stimuli versus the 30 PM store periods using picture stimuli.
In the response decoding analysis (version 2 of the task only), an attempt
was made to distinguish the 30 PM store periods requiring a third-button
response on cue detection, versus the 30 PM store periods requiring a
fourth-button response on cue detection. For each of the two categories
of PM trial, the first exemplar was discarded and a support vector ma-
chine trained on the remaining 29 exemplars of each type (LIBSVM
implementation, http://www.csie.ntu.edu.tw/~cjlin/libsvm/; regular-
ization parameter, 1). The support vector machine was then tested on the
remaining two exemplars, one of each type. This procedure was then
repeated after rotating the training/testing sets over the remaining stim-
uli, and the mean classification accuracy was recorded. After this, the
procedure was repeated using the baseline store periods (e.g., comparing
baseline store periods using word vs picture stimuli). Accuracy for base-
line store periods was subtracted from PM store periods. The resulting
maps, indicating the difference between PM and baseline decoding accu-
racy at each voxel, were then normalized into Montreal Neurological
Institute space (using the same normalization parameters as the univar-
iate analyses) and smoothed using a Gaussian kernel (full-width half-
maximum, 4 mm). This relatively small kernal size was used to avoid
excessive smoothing, seeing as the searchlight analysis already imposes
spatial smoothing on the data. The resulting images were entered into a
one-sample t test using SPM8. This allowed assessment of voxels showing
consistently higher decoding accuracy for PM than baseline store peri-
ods, across participants, in a random-effects analysis.

Along with the main MVPA analyses described above, two additional
analyses were conducted. In the first analysis, trials with relatively high
versus low RLPFC activation were compared. First, a mask was generated
of all voxels activated in the group-level univariate contrast of PM
store > baseline store at an uncorrected threshold of p < 0.001, restricted
to the approximate region of Brodmann area 10 (using the mask supplied
with WFU Pickatlas; http://fmri.wfubmc.edu/cms/software). Store peri-
ods in each category were then divided into two halves, based on a me-
dian split according to signal intensity within this mask associated with
the relevant store period. The MVPA analysis was then conducted as above,
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separately for store periods associated with high versus low RLPFC signal
intensity. Each participant’s results from low RLPFC signal intensity trials
were subtracted from results from high RLPFC signal intensity trials. The
resulting images were entered into one-sample ¢ tests as above, to test for
regions showing significantly greater intention decoding accuracy on high-
RLPFC signal trials than low-RLPFC signal trials.

In a final MVPA analysis, a classifier was trained to distinguish PM
store from baseline store periods, separately for word and picture stimuli.
In this analysis, training and testing data were always derived from sep-
arate sessions (i.e., the classifier was trained on data from two sessions
and tested on data from the third, with the training and testing sets
rotated over the three sessions for each stimulus type). This ensured that
accuracy could not be inflated by non-independent training and testing
data, derived from the same session. Note that this issue could not affect
the other MVPA analyses described above, seeing as they reflect differ-
ences in accuracy between PM and baseline store periods, both of which
were subjected to the same cross-validation technique (see supplemental
information, available at www.jneurosci.org as supplemental material).
Resulting accuracy maps from these MVPA analyses were normalized
and smoothed as above. These images were then entered into a repeated-
measures ANOVA (within-subject factor: stimulus type) as in the uni-
variate analyses, for assessment of results at the group level.

Psychophysiological interaction analysis. The mask described above, in-
dicating regions within RLPFC showing significant activation for the PM
store > baseline store contrast, was used as the seed region for a psycho-
physiological interaction (PPI) analysis (Friston et al., 1997). Voxelwise
PPI analysis was conducted to identify brain regions showing a signifi-
cant increase in functional coupling with this seed region during PM
store versus baseline store periods. A PPI model was created for each
participant, using the BOLD time course extracted from the seed region
to generate the physiological variable and the contrast of PM store versus
baseline store to create the psychological variable. At the first level, the
PPI model included the physiological variable, psychological variable, and
PPJ, along with movement regressors and the mean over scans. Contrast
images associated with the PPI regressors were entered into a one-sample ¢
test, using a height threshold of p < 0.001, uncorrected, cluster-corrected to
achieve a whole-brain familywise error-corrected threshold of p < 0.05.
Analyses of the PPI results at regions defined by the MVPA results were
performed using small-volume corrections based on 10-mm-radius spheres
centered on the peak MVPA coordinates, applying a familywise error cor-
rection across voxels included in the region of interest.

Results

Behavioral results

Behavioral results did not differ significantly between the two
versions of the task on any measure and were collapsed. Accuracy
in the two-back task was relatively high, marginally higher for
words than pictures (words, 88%; pictures, 87%; F(, 55y = 3.3,
p = 0.08). Mean response times (RTs) to words were marginally
faster than to pictures in this task (words, 850 ms; pictures, 870
ms; F(; 50y = 2.95, p = 0.096). Participants accurately pressed the
PM response button on 67% of PM retrieval trials, responding
more accurately for picture (70%) than word (64%) trials
(F(130) = 5.9; p = 0.02). In version 2 of the task, response confu-
sions (i.e., pressing the wrong PM response button on a PM
retrieval trial) were rare (4% of PM retrieval trials). PM accuracy
in the present study was therefore comparable with previous
studies of PM (Simons et al., 2006; Gilbert et al., 2009) despite a
mean delay between PM encoding and the opportunity to re-
spond of just 10.8 s, much shorter than previous studies (typically
on the order of several minutes or more). This suggests that the
two-back task was sufficiently distracting to prevent continuous
rehearsal of PM intentions (Einstein et al., 2003).

RTs on PM storage trials were significantly slower than base-
line storage trials (PM, 878 ms; baseline, 842 ms; F; 5oy = 29.2,
p<<0.0001), indicating a RT cost associated with maintaining PM
intentions and/or monitoring ongoing trials for PM cues (Smith,
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2003; Einstein et al., 2005). This effect was stronger for word
stimuli than picture stimuli (word PM, 877 ms; word baseline,
824 ms; picture PM, 879 ms; picture baseline, 860 ms; F(, 50, =
28.4, p < 0.001). However, PM-related RT slowing was uncorre-
lated with MVPA results (see supplemental information, avail-
able at www.jneurosci.org as supplemental material). Finally,
RTs during PM storage periods were separated according to
whether they were followed by a correct PM response (“PM hit”)
or not (“PM miss”). RTs during storage periods associated with
both hits and misses (873 and 884 ms, respectively) were signifi-
cantly slower than RTs during baseline storage periods (842 ms;
F 50 > 18.2, p < 0.001). However, RTs did not differ signifi-
cantly between PM storage periods associated with subsequent
hits versus misses (F(, 35y = 2.0; p = 0.166). This suggests that
participants encoded and maintained intentions at least on a pro-
portion of trials associated with a subsequent PM miss.

Univariate analyses of neuroimaging data

In the neuroimaging analysis, PM encoding trials were first com-
pared against baseline encoding trials, to identify regions in-
volved in encoding PM intentions. This revealed activity in
widespread occipital, medial and lateral temporal, medial and
lateral parietal, and subcortical regions (Fig. 2; supplemental in-
formation, available at www.jneurosci.org as supplemental ma-
terial). Apart from a small region of left dorsolateral prefrontal
cortex (BA 46), the absence of activation within prefrontal cortex
for this contrast was striking. Given the well known role of the
hippocampus in memory encoding (Eichenbaum and Cohen,
2001; Simons and Spiers, 2004; Squire et al., 2004), and sugges-
tions that the medial temporal lobes play a role in representing
PM intentions (Adda et al., 2008), it is notable that bilateral hip-
pocampal activation was observed for this contrast (Fig. 2). PM
storage trials were then compared against baseline storage trials,
to identify regions involved in storing PM intentions and/or
monitoring for PM cues. This revealed strong bilateral activation
in lateral prefrontal cortex, centered on BA 10/46 (RLPFC), ex-
tending into bilateral insula and anterior cingulate. Additional
activation was seen in parietal cortex and cerebellum. Finally, PM
retrieval trials were compared against baseline retrieval trials, to
identify regions involved in retrieving and realizing PM inten-
tions. This revealed activity in bilateral precentral and postcentral
gyrus, bilateral cerebellum, and posterior cingulate. These results
are shown in Figure 2. All results remained similar (i.e., activa-
tions remained significant) when an alternative analysis was per-
formed, limited to correct PM trials only.

Notably, only the PM storage period, and not the encoding
and retrieval events, was associated with significant activation in
RLPFC. To confirm the specificity of RLPFC activity for PM stor-
age versus encoding and retrieval, signal was extracted from the
peak left and right RLPFC regions identified by the PM >
ongoing-only contrasts reported by Simons et al. (2006) (left,
—39 57 3; right, 39 54 15). In both left and right RLPFC, the
contrast of PM storage versus baseline storage revealed signifi-
cant activation (t3,, > 2.7; p < 0.011). However, neither the
encoding-related nor the retrieval-related contrasts yielded sig-
nificant activation in either region (¢.,, < 1.33; p > 0.19).

MVPA

The present results confirmed the involvement of RLPFC in PM,
specifically while participants maintained a future intention and
monitored their environment for a PM cue, rather than when
they encoded or realized their intentions. Next, MVPA was used
in an attempt to decode the content of participants’ intentions on
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a trial-by-trial basis. The cue decoding
analysis revealed four brain regions from
which it was possible to decode whether
participants were anticipating a word ver-
sus a picture cue for future action: medial
rostral prefrontal cortex, thalamus, right
superior parietal cortex, and medial oc-
cipital cortex (Fig. 3, Table 1). However,
there was no evidence that RLPFC repre-
sented the content of participants’ inten-
tions. Even after performing small volume
corrections on regions of interest defined
by 10-mm-radius spheres centered on
peak RLPFC coordinates from the univar-
iate contrast of PM storage versus baseline
storage, there was still no significant cue
decoding effect associated with RLPFC.

The response decoding analysis revealed
more widespread brain regions from which
it was possible to decode which of the two
PM responses had to be made, including
motor cortex, putamen, medial temporal
lobe, and lateral occipital cortex; these re-
gions were remarkably distinct from those
identified in the cue decoding analysis (Fig.
3, Table 1). However, again, there was no
evidence that RLPFC represented the con-
tent of participants’ intentions, even after
small volume corrections. Analogous
MVPA analyses of cue and response decod-
ing for encode and retrieve trials, rather than
store periods, also failed to reveal significant
effects in RLPFC.

Might these results simply indicate a
lack of power to detect an effect in RLPFC,
using an MVPA approach? To answer this
question, an attempt was made to decode
whether each store period belonged to the
PM or baseline condition. This revealed a

Figure2.
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max = 5.95). Thus, it was
possible to decode from activity within
RLPFC whether or not an intention was
being held, but not the content of that in-
tention. This shows that the absence of
RLPEFC effects in the cue and response de-
coding analyses do not merely indicate an inability to detect such
effects using MVPA. Note that overall levels of activity were nor-
malized for all MVPA analyses, so these results cannot reflect
different mean activity levels for PM versus baseline, as revealed
in the univariate analysis.

Figure 3.

Functional connectivity analysis

These results present a conundrum. On the one hand, univariate
analyses indicated strong engagement of RLPFC while partici-
pants stored PM intentions, consistent with previous neuroim-
aging and neuropsychological studies indicating the involvement
of this region in PM (Okuda et al., 1998; Burgess et al., 2000, 2001,
2003; Simons et al., 2006; West, 2008; Gilbert et al., 2009; Reynolds et
al., 2009; Uretzky and Gilboa, 2010). However, it was not possible to
decode the content of those intentions from patterns of activity
within RLPFC (unlike widespread posterior brain regions). The role

Regions from which it was possible to decode the forthcoming PM cue (word vs picture) or the forthcoming PM
response (third vs fourth finger) during PM store periods with significantly greater accuracy than the corresponding baseline
storage periods. Results are presented on sections of the mean normalized structural scan.

of RLPEC in PM is therefore unclear. As hypothesized above, one
possibility is that RLPFC supports PM via its interactions with other
brain regions, rather than itself representing the content of delayed
intentions (Sakai and Passingham, 2003; Rowe et al., 2007). To test
this hypothesis, a PPI analysis was conducted, to search for brain
regions showing greater functional coupling with RLPFC during PM
store periods than baseline store periods, defining a seed region as all
those voxels within Brodmann area 10 that were activated by the
contrast of PM store periods versus baseline periods at a threshold of
P < 0.001, uncorrected, in the group-level analysis.

At a whole-brain corrected threshold, this PPI analysis re-
vealed several posterior regions showing enhanced coupling with
RLPFC during PM store periods (see supplemental information,
available at www.jneurosci.org as supplemental material). Im-
portantly, using small volume corrections based on 10-mm-
radius spheres centered on the peak coordinates from the MVPA
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Table 1. MVPA results

Decoding
Region BA  Coordinate accuracy (%) Z,,,, Nvoxels PPI
Cue decoding
Medial rostral PFC 10 9,62,4 3.4 435 170 0.055
Thalamus — 6,—22,13 29 430 75 0.012
Medial occipital cortex 17~ —18, —88, —5 1.8 421 100 NS
Lateral parietal cortex ~ 7/40 36, —49,52 2.7 408 137 NS
Response decoding
Medial parietal cortex ~ 7/31 21, —37,34 9.1 493 23,730 NS
Lateral occipital cortex 19/37 —39, —76,1 9.0 462 222 0.074
Putamen — —2,14,—-2 74 437 857  0.023
Lateral occipital cortex 19 36, —82,1 8.2 4.01 68  0.025
Medial parietal cortex 23 —18, —10,43 6.7 3.61 61 NS

The table shows peak coordinates of regions from which it was possible to decode the forthcoming PM cue (word vs
picture) or the forthcoming PM response (third vs fourth finger) during PM storage periods with significantly greater
accuracy than the corresponding baseline storage periods. Decoding accuracy is baseline corrected, so that 0%
indicates equivalent decoding accuracy between PM and baseline storage periods. Thus, although accuracy appears
greater for response than cue decoding, these two types of figure are not directly comparable, seeing as baselines
differed between word and picture storage periods but not between PM1and PM2 storage periods. The PPl column
indicates significant results ( p << 0.1) from the PPl analyses after performing small-volume corrections based on
10-mm-radius spheres centered on the relevant peak.

analyses, two of the four peak regions identified in the cue decod-
ing analysis also showed enhanced coupling with RLPFC during
PM intention storage, as did three of the five regions identified in
the response decoding analysis, at least at a marginally significant
threshold ( p < 0.1) (Table 1). The probability of five or more of
nine tests yielding at least a marginally significant effect, under
the null hypothesis, is extremely low (binomial test: p = 0.0009).
To examine the specificity of this effect for the regions identified
in the MVPA analyses, PPI results were also examined for the five
peak regions identified in the univariate contrast of PM store >
baseline store, none of which was included in the PPI seed region
mask. Only one of these five showed a significant effect at this
threshold, not significantly different from results expected by
chance, given the number of tests performed (binomial test, p =
0.41). Thus, functional connectivity appeared to be enhanced
particularly with content-representing brain regions, rather than
all brain regions involved in the task.

These results are consistent with the hypothesis that RLPFC sup-
ports prospective remembering via its interactions with dis-
tributed content-representing posterior brain regions. One
prediction derived from this model might be that trials with
relatively high RLPFC activation should be accompanied by rel-
atively high intention decoding accuracy from posterior brain
regions, because on these trials RLPFC should support a relatively
strong representation of delayed intentions in these brain areas.
Accuracy of intention decoding from posterior brain regions was
therefore compared between trials with relatively high versus low
RLPFC activity. This analysis was performed for all nine peak
regions identified in the cue and response decoding analyses.
Response decoding accuracy was significantly greater in left pu-
tamen on trials with relatively high versus low RLPFC activity
(p = 0.0036; this level of statistical significance passes a Bonfer-
roni correction for multiple comparisons across nine regions).
None of the other regions identified in the decoding analyses
showed a similar effect (p > 0.15, uncorrected). This result
would be consistent with a causal role of RLPFC in maintaining
representations of future intentions in the putamen. Seeing as
this effect was not observed in any of the other eight regions
identified in the cue and response decoding analyses, it is likely
that it reflects specific interactions between RLPFC and putamen,
rather than a global factor that differed between high and low
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RLPFC activation trials (which would be expected to affect all
nine brain regions equally).

Discussion

The present study demonstrates (1) increased RLPFC activation as-
sociated with storage (but not encoding or retrieval) of delayed in-
tentions; (2) representation of the content of those intentions in
distributed posterior brain regions, but not RLPFC itself; (3) in-
creased coupling between RLPFC and content-representing poste-
rior brain regions during storage of delayed intentions; and (4)
enhanced discrimination of the content of intentions from one such
region (left putamen) on trials with relatively high RLPFC activation.
Together, these findings point toward a role of RLPFC in maintain-
ing representations of forthcoming cues and appropriate responses
stored in posterior brain regions, to enable realization of delayed
intentions at the appropriate time. In other words, the present results
support a retrieval mode rather than a goal stack model of the role of
RLPFC in maintaining delayed intentions.

It is notable that some regions involved in processing current
perceptual input, such as medial occipital cortex, also maintained
a representation of the forthcoming cue for action. Likewise,
parts of the motor system maintained a representation of the
appropriate forthcoming response. These findings are consistent
with other evidence showing that cortical regions specialized for
processing particular types of low-level perceptual and motor
information can also play content-specific mnemonic functions
(Chieffi et al.,, 1999; Eschen et al., 2007; Harrison and Tong,
2009). It has previously been reported that representations of
future intentions (which of two cognitive operations: addition vs
subtraction) can be decoded from medial prefrontal cortex
(Haynes et al., 2007). This study differed from the present para-
digm in that decoding was from a period of the task where par-
ticipants attended to their intended action, just before executing
it. By contrast, the present study focused on the distinct scenario
in which participants must maintain a delayed intention while
they are occupied with an unrelated ongoing task. The region of
medial prefrontal cortex identified by Haynes et al. (2007) was
considerably posterior to the region identified here, in a part of
the brain known to exhibit considerable fine-grained functional
specialization (Gilbert et al., 2006, 2010).

Consistent with its role in representing a forthcoming cue for
action, the anterior medial prefrontal region implicated in the
present study has also been implicated in predictive coding of
expected visual stimuli (Summerfield et al., 2006). A similar re-
gion was also identified by Soon et al. (2008), from which it was
possible to decode which of two motor responses participants
were preparing to make. By contrast, the more posterior region
identified by Haynes et al. (2007) may be involved in higher-level
representation of cognitive operations (i.e., task sets) (Monsell,
2003) rather than specific perceptual or motor representations.
In this way, rather than intentions being represented in just one
brain area, multiple distinct regions are proposed to represent
different dimensions of our future intentions: perceptual triggers
for action, specific responses, and higher-level task sets or repre-
sentations of action schemas (Wood and Grafman, 2003). Mean-
while, RLPFC appears to play a supporting role, marshalling
these posterior representations so that relevant cues are detected,
ongoing behavior interrupted, and intended actions executed.

The idea that RLPFC plays a “content-free” role in PM is
congruent with repeated findings of RLPFC activation in PM
paradigms using a wide variety of different stimulus types and
task demands (Okuda et al., 1998; Burgess et al., 2001, 2003;
Simons et al., 2006; Gilbert et al., 2009). Furthermore, the present
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results fit well with clinical investigations of PM in patients with
frontal lobe lesions. Such patients have been thought to have a
difficulty in bringing to mind delayed intentions at the appropri-
ate time, rather than forming a representation of them (Burgess
etal., 2000; Uretzky and Gilboa, 2010). In addition, some patients
derive considerable benefit from nonspecific cues (e.g., an audi-
tory beep) that remind them of the existence of a delayed inten-
tion but not its content (Fish et al., 2007). This would be expected
if PM failures in such patients do result not from an inability to
store the content of future intentions, but rather from an inability
to activate the representations of such intentions in posterior
brain regions. Of course, just because the present study could not
decode particular aspects of the representational content of fu-
ture intentions from RLPFC, this does not preclude the existence
of any such representations within this brain region. Indeed, an
interesting question for future research will be to ask which as-
pects of delayed intentions, if any, are represented in the spatial
distribution of activation within RLPFC.
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