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Preparatory distributed cortical synchronization determines
execution of some, but not all, future intentions
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Abstract
Associating intentions to events that cue future behaviors is a central aspect of human cognition. There is limited
understanding of the neural dynamics supporting recognition of intention-related events, with little known about how
pre-event brain state varies as a function of intention specificity. Prior to recognized events (that cued planned behavior)
occurring during an unrelated activity, we found increased steady-state visual evoked potential (ssVEP) and intrinsic
gamma synchronization for ill- compared to well-specified events, as measured by EEG. Enhanced fronto-temporoparietal ssVEP synchrony emerged preceding ill compared to well-specified events, and the degree of synchrony
predicted the completion of ill-specified intentions but predicted failure to complete well-specified intentions. Distinct
executive processing and neural states are therefore optimal for anticipating and fulfilling future intentions varying in
event specificity.
Descriptors: Cognitive control, Gamma, Oscillatory synchrony, Prospective memory, Steady-state visual evoked
potential
co-vary with event type is unknown. The current paper examines
the neural dynamics present directly prior to successful prospective
remembering to elucidate how the brain prepares for detecting both
well- and ill-specified events associated with future intentions.
Cognitive processes supporting intention-related event recognition are associated with activity in the rostrolateral prefrontal cortex
(rlPFC), lateral parietal and temporal cortices, and medial occipital
cortex (Burgess, Quayle, & Frith, 2001; Gilbert, 2011; Reynolds,
West, & Braver, 2009). Gilbert (2011) demonstrated increased functional coupling of the rlPFC with posterior regions when participants were to maintain the intention and detect intention-related
events embedded in an unrelated task. Accordingly, successful PM
may rely on frontal control processes (Miller & Cohen, 2001) that
modulate other brain regions responsible for maintaining the intention and/or for processing incoming information to identify event
occurrences (Knight, Ethridge, Marsh, & Clementz, 2010; Reynolds
et al., 2009; Simons, Schölvinck, Gilbert, Frith, & Burgess, 2006).
Whether these top-down modulations are required regardless of the
specificity of the event type is unknown.
Two prominent theories yield competing predictions about
whether top-down attentional processes are needed to detect both
types of events. The preparatory attentional and memory processes
(PAM) theory proposes that people must always rely upon attentional processes to detect events and fulfill intentions associated to
them (Smith, Hunt, McVay, & McConnell, 2007). By contrast, the
multiprocess view (MPV) predicts that events can in some cases be
noticed automatically (Scullin, McDaniel, & Einstein, 2010), for
example, when the event is salient, well-specified, and/or a strong
association can be formed between the specific event and intended

The coordination of attentional and mnemonic processes thought to
subserve future-oriented, intention-related cognition is termed prospective memory (PM). Planned intentions (e.g., buy a birthday
card) can be associated with well-specified events (e.g., the campus
bookstore) or ill-specified events (e.g., any location that sells cards)
which, when noticed, instigate execution of the intention. Impairments of PM in aging (Henry and MacLeod, 2004) and clinical
conditions (Foster, McDaniel, Repovš, & Hershey, 2009; Woods,
Twamley, Dawson, Narvaez, & Jeste, 2007) are reduced or nonexistent when well-specified events are associated to intentions. A
well-specified event can be a specific word (e.g., horse) that participants are explicitly aware they should respond to with the
intended action (e.g., a special keypress) when the word occurs in
an unrelated task. However, an ill-specified event is typically more
categorical in nature and participants are to respond with the
intended action when they encounter, for instance, an animal word.
Thus, the event is not explicitly specified as it could be any word
from the animal category (Hicks, Marsh, & Cook, 2005; Marsh,
Hicks, Cook, Hansen, & Pallos, 2003; Meeks & Marsh, 2010).
Behavioral studies suggest that different attentional and mnemonic
processes support noticing well- versus ill-specified events (Hicks
et al., 2005), but whether neural mechanisms underlying PM
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action (Einstein et al., 2005). If none of these stipulations are met,
which is the case for ill-specified intentions, then MPV asserts that
preparatory attentional processes will be needed to notice events.
For the well-specified intention in the present study, the specific
word serving as the PM event was repeated across the unrelated
ongoing task; this repetition could also influence the attentional
processes engaged to notice events. Repetition of the well-specified
event could strengthen the association of the event and intended
action as the task progressed, perhaps stimulating reliance on more
automatic processes to detect events, in line with predictions
of MPV but not PAM theory. The extent to which similar or distinct neural dynamics are associated with fulfilling well- versus
ill-specified intentions, therefore, has important theoretical
implications.
When preparatory attentional control processes are relied upon,
they are thought to be engaged across the task to support a readiness to process incoming stimuli as possible intention-related
events. Extant neuroimaging investigations have associated these
PM attentional processes with rlPFC and parietal activations sustained across blocks of trials (Reynolds et al., 2009; Simons et al.,
2006) and frontal event-related potential (ERP) modulations on
trials in which an event did not occur (Chen, Huang, Yang, Ren, &
Yue, 2007; West, Bowry, & Krompinger, 2006). Behavioral work
indicates preparatory attention is most prominent in the period
prior to PM events that are detected and elicit the intended action
(West, Krompinger, & Bowry, 2005). Brain activity directly preceding PM events that are noticed remains uncharacterized and
warrants investigation considering behavioral PM work and the
vital influence of prestimulus brain states on attention (Weissman,
Roberts, Visscher, & Woldorff, 2006), encoding (Otten, Quayle,
Akram, Ditewig, & Rugg, 2006), cognitive flexibility (Leber, TurkBrowne, & Chun, 2008), and response anticipation (Hamm,
Dyckman, Ethridge, McDowell, & Clementz, 2010).
Using dense-array electroencephalography (EEG), we examined prestimulus steady-state visual evoked potentials (ssVEPs),
which are oscillatory responses elicited by flickering stimuli
(Regan, 1989). Steady-state VEPs (a) have a high signal-to-noise
ratio, (b) provide a continuous neural response measure to presented stimuli, (c) can be facilitated or suppressed via PFC mediated top-down control mechanisms, and (d) show enhanced
synchronization to the stimulus volley with attention (Andersen &
Müller, 2010; Clementz et al., 2010; Kim, Grabowecky, Paller,
Muthu, & Suzuki, 2007; Müller, Teder-Sälejärvi, & Hillyard,
1998). Given these attributes and the well-characterized sensitivity
of ssVEPs to cognitive control processes (for review, see Vialatte,
Maurice, Dauwels, & Cichocki, 2010), the oscillatory dynamics of
ssVEPs may provide a useful index of attentional control processes
engaged prior to intention-related events. Considering the debated
role of top-down control in PM, this approach offers valuable
information that could further our understanding of the processes
engaged in anticipation of an opportunity to fulfill an intention.
Additionally, long-range synchrony of oscillations between frontal
to posterior scalp regions increases with greater reliance on cognitive control (Sauseng et al., 2005). If preparatory attention is
required to realize intentions associated with ill- but not wellspecified events, we might expect enhanced ssVEP synchronization
to the relevant stimulus and/or enhanced long-range ssVEP synchrony preceding ill-specified events.
Additionally, synchronization of neural population activity in
the gamma frequency band (>30 Hz) increases in sensory cortical
(Fries, Reynolds, Rorie, & Desimone, 2001) and parietal regions
(Van Der Werf, Jensen, Fries, & Medendorp, 2008) as a function of
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top-down control, serving to bias and maintain processing of taskrelevant information (Fries, 2009). Investigation of pre-event
ssVEPs provides information about evoked (time-locked) activity
and its relation to PM; however, intrinsic oscillations (not timelocked to stimuli) in the gamma band also vary with cognitive
control and memory processes (Buzsáki, 2006). Examining
whether gamma synchronization varies prior to successfully
detected ill- versus well-specified events should provide a more
comprehensive understanding of the preparatory brain state supporting PM. Here, we demonstrate an enhancement of evoked
(ssVEP) and intrinsic (gamma) synchronization across a distributed cortical network prior to recognized ill-specified, but not wellspecified, events that led to successful prospective remembering.
Furthermore, stronger frontal-to-temporal synchronization for
ssVEP oscillations directly prior to and during event recognition
predicted PM performance (better for ill-specified and worse for
well-specified events).
Materials and Methods
Participants
Thirty right-handed participants (ages 18–22; 17 females) participated to meet a research requirement. Participants provided
informed consent, displayed no signs of neurological impairment,
were free of psychiatric and substance abuse disorders (selfreport), and had normal or corrected-to-normal vision. This study
was approved by the University of Georgia Institutional Review
Board.
Stimuli
Lexical stimuli were presented using Presentation software on a
21″ high-resolution monitor (60 Hz refresh) with participants
seated 70 cm away (see Figure 1). Each trial began with a small
white fixation square (5 cd/m2; .16″) appearing for 250 ms against
a dark background (0.5 cd./m2). A square-wave luminance modulated (100% depth) white rectangle (5 cd/m2; 2″ ¥ .5″) flickering at
15 Hz was then presented over the square for 3,000 ms (prestimulus period). The square was removed, the flickering rectangle
remained, and a luminance-modulated, linguistic stimulus flickering at 15 Hz was superimposed and flickered in phase with the
rectangle for 1,500 ms (poststimulus period). The screen was then
blank for 1,500 ms to allow for settling of the ssVEP. The stimuli
were words, nonwords, or event-cues. Words and event-cues with
medium-to-high frequency of occurrence, 3–9 letters, and 1–3 syllables were acquired from the Kučera and Francis (1967) compendium. Words from the same compendium and with the same
characteristics had 1–3 letters changed to create pronounceable
nonwords (Knight et al., 2011).
Procedure
Participants were randomly assigned to either a well- or illspecified event condition (n = 15 in each). The task was a 400-trial
lexical decision task (LDT), including 160 words, 200 nonwords,
and 40 event-cues (henceforth referred to as events). On each trial,
participants made a judgment about whether the randomly chosen
string of letters presented was a word or nonword. On a four-key
response box, participants pressed the “1” key with their left index
finger if a nonword appeared and the “4” key with their right index
finger if a word appeared. In line with previous studies and as is
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Figure 1. Trial sequence and spectral plots. A: Each trial was separated by a 1,500-ms intertrial interval (ITI). In both conditions, a trial began with a central
fixation square, which appeared alone for 250 ms. A white rectangle was then superimposed and flickered (square-wave luminance modulated) at 15 Hz for
3,000 ms while participants attended to the center of the rectangle. The fixation square was then removed and a word, nonword, or event (well-specified event
depicted) was superimposed and flickered with the rectangle for 1,500 ms, during which time participants responded in accordance with the lexical decision
task. The event was either the word horse (well-specified condition) or an animal word (ill-specified condition). B: Spectral plots averaged over a set of
occipital-parietal sensors (Oz, Pz, O1, O2, P3, P4, P7, and P8) depict that the EEG evoked harmonic components from 500–3,500 ms postflicker elicited by
the flickering rectangle in each condition were above noise. Grand average power (mV2; log-transformed for display purposes) is plotted.

common in PM research (Hicks et al., 2005; Knight et al., 2011,
2010; Smith, 2003; Smith & Bayen, 2004), event trials comprised
10% of the total trials. The type of event associated to the intention
was manipulated between conditions. Participants in the wellspecified condition received an intention associated to a specific
word (i.e., the word horse, which occurred 40 times in the LDT).
Those in the well-specified condition were told that if they encountered the word horse during the LDT, they should press the “3” key
instead of making a word response. In contrast, participants in the
ill-specified condition received an intention associated with a
semantic category (i.e., animal words). Those in the ill-specified
condition were told to press the “3” key instead of making a word
response if they encountered an animal word (40 different animal
words were presented) during the LDT. Participants in both conditions were to complete the LDT and execute the same PM
response identically; thus, only the nature of the event-cues differed between conditions (ill-specified versus well-specified). This
design follows from previous behavioral work, uses a similar presentation frequency of events relative to ongoing task trials (10%
here), and, to anticipate, replicates the behavioral results from those
studies (Hicks et al., 2005; Marsh et al., 2003; Meeks & Marsh,
2010). After receiving PM instructions, participants completed a
brief distractor task before beginning the LDT. A short break
occurred half way through the task.

recording. Data were sampled at 500 Hz with an analog filter
band-pass of 0.1–200 Hz using a Macintosh G4 running EGI’s
Netstation software.
EEG Data Processing
Sensors around the neck and cheeks were excluded, leaving 211
sensors. Raw data were visually inspected offline for bad sensor
recordings that were interpolated (<5% of sensors per subject)
using a spherical spline method implemented in BESA 5.3 (MEGIS
Software). Data were transformed to an average reference and
digitally filtered from 1–50 Hz (12 db/octave rolloff, zero-phase).
Artifact correction was achieved using the Independent Component
Analysis (ICA) toolbox in EEGLAB 9.0 (Delorme & Makeig,
2004) running under Matlab (version 7.10, MathWorks). Independent components with topographies representing saccades, blinks,
heart rate artifact, and muscle artifact were removed. This ICA
artifact correction technique has been shown to be able to reliably
decompose muscle artifact from brain activity in similar frequency
ranges (Onton & Makeig, 2009). After artifact correction, an additional down-sampled representation of the data was computed by
interpolating the sensor data to 27 sensors (International 10–20
system) using spherical spline interpolation. This data reduction
technique served to reduce the number of comparisons in initial
examination of scalp time-frequency data.

EEG Recording
EEG data were recorded vertex-referenced using a 256-sensor
Geodesic Sensor Net and NetAmps 200 amplifiers (Electrical Geodesics; EGI). The sensor net was adjusted until all pedestals were
properly seated on the scalp, individual sensor impedances were
below 50 kW, and there was no evidence of sensor bridging prior to

ssVEP Analysis
EEG responses to flickering stimuli included a Fourier component
that matched the flickering frequency (i.e., first harmonic), as well
as harmonic components at two and three times the flicker
frequency (i.e., second and third harmonics, respectively; see
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Figure 1). The presence of these harmonic components was statistically verified using the T2-circ statistic (Victor & Mast, 1991). For
each participant in both conditions, the real and imaginary components of the Fourier transformed data were separately calculated
across trials and subjected together to the circular t test. The resulting T2-circ value when multiplied by n is F-distributed with 2n - 2
degrees of freedom, where n equals number of trials included and
reflects the consistency of the amplitude and phase of the oscillatory activity for a given frequency across trials with respect to the
stimulus. This measure tests the extent to which evoked activity at
a given frequency is present across trials, and it was conducted to
ensure ssVEP activity could be dissociated from noise before being
compared between conditions. This analysis was completed at each
of the 27 sensors for frequencies 1–50 Hz (in .33-Hz steps) for an
epoch spanning 500–3,500 ms postflicker (because ssVEPs typically take ~ 400–500 ms to stabilize; Moratti, Clementz, Gao,
Ortiz, & Keil, 2007) to determine the evoked activity that was
present throughout the relevant flicker duration. Evoked activity
was considered significantly present if at least a third of the sensors
(9/27) for more than half of the subjects in a given group (8/15)
displayed T2-circ values at p < .05. Evoked activity at a given
sensor was compared between conditions only if both conditions
met these criteria. Evoked responses were observed for the higherorder harmonics, but they did not differ between conditions in any
analyses; thus, these data are not presented.
Time-Frequency Quantification and Analysis
Oscillatory activities as a function of the type of event associated to
the intention were analyzed (i.e., well- versus ill-specified). Timefrequency transformations of the EEG data were computed from
-500 preflicker to 4,000 ms postflicker (to ensure edge artifacts did
not distort the epoch of interest) by means of a modified Morlet
wavelet transform of single-trial data (1–50 Hz) using EEGLAB
toolbox (Delorme & Makeig, 2004). The wavelet length increased
linearly from .4–18 cycles for frequencies 1–50 Hz, offering the
optimal balance between temporal and frequency resolution at low
and high frequencies, respectively (Busch & VanRullen, 2010). For
a given trial k, the wavelet transform at each time point t and
frequency f produces a complex number in which the amplitude
and phase of the signal are represented by A and j, respectively:

Ak ( t , f )eiϕ k ( t , f )
Spectral power was then computed for each time and frequency
point from -250 ms preflicker to 3,500 ms postflicker (to avoid
edge artifacts) separately for each trial by squaring the magnitude
of the resulting complex value. Power values were then averaged
over trials for each participant, producing single trial power (Clementz et al., 2010; Moratti et al., 2007). In addition to examining
event effects on single trial power for the ssVEP, we quantified
activity in the gamma band, excluding the evoked harmonics
(gamma = 31–50 Hz).1
To characterize phase consistency of the ssVEP, the wavelet
complex output was normalized by amplitude for all time-

1. Given findings suggesting involvement of prestimulus theta
(4–7 Hz) and alpha (8–12 Hz) activity with retrospective memory encoding
(Fell et al., 2011) and cognitive processing efficiency (Klimesch, Sauseng,
& Hanslmayr, 2007), power in these frequency bands was also examined.
No differences in these frequency ranges emerged between conditions, so
these data are not presented.

frequency points for each trial. The magnitude of this value averaged across trials produces the Rayleigh statistic, which is bound
between 0 and 1 (with 1 indicating perfect phase-locking to the
stimulus flicker) and will be referred to as intertrial coherence
(ITC; Moratti et al., 2007). Due to the sensitivity of ITC to the
number of trials contributed (i.e., ITC is positively biased with
fewer trials or spectral estimates; Hipp, Engel, & Siegel, 2011), we
calculated ITC expected by chance given the number trials (Moratti
et al., 2007):

1
R chance = − log(c)
n
where Rchance is chance ITC, n is number of trials, and c is .5. We
subtracted each participant’s chance ITC from the observed ITC.
Resulting ITC values were Fisher Z transformed. ITC values for
ssVEP and power values for the ssVEP and gamma band were
subsequently averaged over epochs including the 250-ms preflicker
epoch and 7 subsequent 500-ms epochs ranging from 0–3,500 ms
postflicker for each sensor, participant, and condition. Initial analyses were conducted on these epoch bins of averaged activity.
Initial comparisons between conditions were conducted by constructing a bootstrap estimate of the difference between the ill- and
well-specified conditions in power and ITC at each sensor (27channel montage) and epoch for the ssVEP and gamma. A bootstrap sample for each condition was calculated by sampling (with
replacement) 15 participants’ oscillatory activity, resulting in two
bootstrap samples (n = 15 for each). The mean difference between
these two samples was calculated for each sensor, epoch bin, and
ssVEP/gamma band. This process was repeated 10,000 times to
obtain a bootstrap distribution of the differences between conditions. If the upper and lower 95th distribution percentile did not
include 0, then the given difference was considered significant.
These effects provided initial characterization of the temporal and
scalp location difference and guided further analysis.
If either power or ITC value displayed significant effects at
three contiguous sensors during at least one epoch bin, then cluster
averages were formed using sensors from the dense-array montage
that corresponded to the scalp regions where initial analyses
revealed differences. These criteria were chosen to ensure analyses
were focused on effects that were sufficiently prominent across the
scalp and time, in order to avoid potentially spurious effects that are
driven by a single sensor or time point. Activities in these sensor
clusters were averaged over 50-ms bins spanning the entire trial
period in order to more precisely characterize the temporal evolution of the effects. These data split into 50-ms bins were analyzed
using a nonparametric cluster-based permutation test (Maris &
Oostenveld, 2007) as implemented in FieldTrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011). Traditional NeymanPearson approaches (e.g., Bonferroni correction) to the multiple
comparisons problem are inappropriately conservative with multivariate brain activity data (Maris, 2012; Worsley, 2003).
Permutation-based approaches, like the one used here, have been
advocated as the best approach for controlling Type 1 error rates,
when existing research does not offer data-driven predictions to
reduce the data as is the case here (Maris, 2012). This test conservatively controls for multiple comparisons by clustering neighboring time epochs that, when compared between conditions with
a t test, display t values of similar magnitude and direction. Once
the temporal clusters were determined, the sum of the t values was
used as the cluster-level statistic, and the cluster with the maximum
statistic was used as the test statistic that was compared to a
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randomization null distribution. To create this distribution, the data
from all participants were randomly assigned to one of two groups
and the maximum cluster-level statistic was calculated 1,000 different times. The proportion of randomized cluster-level statistics
that exceeded the observed cluster-level statistic was used as the p
value; significance level was set at p < .05. Due to the spatially
extended effects observed initially for gamma power, data from all
211 sensors with the same 50-ms epoch bins were analyzed with
the permutation test. The only difference here is that the clusters
formed are based on temporal and spatial adjacency, with sensors
within 3.2 cm considered as neighbors (~7 sensors).
Intersensor Coherence
The degree of ssVEP (15 Hz) synchronization between the 378
sensor pairs (from the 27 sensor locations) was assessed and compared across conditions using intersensor phase coherence (ISC).
ISC for each time point and sensor pair was computed by normalizing the cross-spectrum from the two signals by their product
amplitude. When averaged across trials, the magnitude of the
complex output produces a value bound between 0 and 1, where 1
indicates that two sensor signals maintain an identical difference in
phase across trials. Using the same mathematical correction
described above, ISC values were corrected for chance based on the
number of trials for each participant. Then mean baseline ISC
(-250–0 preflicker) was subtracted from each trial period time
point because our primary interest was ISC that was linked to the
stimulus flicker. Those values were Fisher Z transformed and averaged for 7 subsequent 500-ms epochs ranging from 0–3,500 ms
postflicker for each sensor pair, participant, and condition. Abovebaseline ISC (each condition mean > 0) at each sensor pair and
epoch bin was analyzed between conditions with the bootstrap
difference test and using the upper and lower 99th percentile to
determine significance. Each sensor pair in each epoch demonstrating a significant ISC difference was submitted to an intersubject
correlation analysis in which participants’ ISC strength was correlated with their proportion of successfully recognized events for
each condition.
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formed for each of the 7 postflicker 500-ms epochs (0–3,500 ms)
for each participant and condition. Due to similarity in the source
results, beamformer solutions were combined for 0–1,000, 1,000–
2,000, and 2,000–3,000 ms. The percentage of the maximum activity was calculated for activity in each voxel in order to obtain the
location of the generators that were primarily contributing to the
scalp-recorded activity.
Results
Behavioral Performance
Well-specified events (M = .94, SE = .01) were correctly responded
to significantly more often than ill-specified events (M = .84,
SE = .02), t(28) = 4.35, p < .001, d = 1.57, replicating previous
behavioral research (Hicks et al., 2005; Marsh et al., 2003).
Latency to respond to cues that were noticed did not significantly
differ between groups (well: M = 814 ms, SE = 23; ill: M = 888 ms,
SE = 36), t(28) = -1.71, p = .1; though one may wonder whether
there was enough power to detect this effect, this result replicates
previous behavioral work in which a more powerful test of this
effect was possible (i.e., n = 36 in each condition; Marsh et al.,
2003). Word and nonword latencies and accuracy were analyzed in
separate mixed analyses of variance (ANOVAs) with factors lexicality (word, nonword) and condition (well, ill). Analysis of latencies only revealed a significant main effect of lexicality,
F(1,28) = 8.8, p < .05, η2p = .24, indicating the common finding that
words (well: M = 733, SE = 145 vs. ill: M = 809, SE = 109) were
responded to faster than nonwords (well: M = 778, SE = 165 vs. ill:
M = 829, SE = 122). Accuracy analysis also only revealed a significant main effect of lexicality, F(1,28) = 5.6, p < .05, η2p = .17,
whereby accuracy was lower for words (well: M = .9, SE = .02 vs.
ill: M = .93, SE = .02) than nonwords (well: M = .91, SE = .03 vs.
ill: M = .97, SE = .01), likely reflecting a speed-accuracy tradeoff.
For word and nonword trials, no effects or interactions involving
condition were significant. Overall, well-specified events were
noticed more often than ill-specified events; however, when the
events were noticed, the intended keypress was executed on a
similar time scale.

ssVEP Source Localization
A modified linearly constrained minimum variance vector beamformer (Gross et al., 2001), as implemented in Brain Electrical
Source Analysis software (BESA 5.3; Megis Software), was used
to localize the primary neural generators of the 15 Hz activity. The
beamformer can be used to localize a specific range of activity in
the time-frequency domain, and it has been implemented in many
previous studies and shown to produce reliable solutions consistent
with other methods (Praamstra, Kourtis, Kwok, & Oostenveld,
2006; Staudigl, Hanslmayr, & Bäuml, 2010). The beamformer uses
the cross-spectral density matrix (time-frequency equivalent to a
data covariance matrix) calculated on single trials to estimate the
change in activity in the interval of interest relative to the baseline
(or preflicker) period (-500–0 ms to equate time points in baseline
and postflicker epochs). A realistic head model was constructed
based on a four-shell ellipsoid (Berg & Scherg, 1994), and the four
homogeneous shells were warped into an ellipsoid that best fit the
3D electrode coordinates for each participant. Standard conductivities were estimated for the brain, cerebrospinal fluid (CSF), skull,
and scalp (.33, 1, .0042, .33, respectively). A spatial filter was
applied at each voxel (4 mm3) throughout the brain to estimate
15 Hz (⫾.5 Hz) activity. Beamformer source analysis was per-

ssVEPs
The synchronization of neural responses underlying ssVEPs
preceding noticed well- and ill-specified events (during the prestimulus period) was examined using ITC, which provides an
amplitude-independent measure of the degree to which neural
activity is phase-locked to the stimulus flicker (Moratti et al.,
2007). ITC at the driving frequency was significantly greater preceding ill- compared to well-specified events at sensors over bilateral frontal regions (centered on F8 and F7; Figure 2). This
increased ITC was primarily observed during the 500-ms epoch
directly preceding the presentation of the cue. Steady-state VEP
single trial power was investigated also, but no significant differences emerged. Finding differences in ITC, but not single trial
power, is consistent with recent reports demonstrating that the
majority of variance of ssVEPs in this frequency range is captured
by ITC, suggesting ssVEPs are largely driven by phase alignment
rather than amplitude augmentation (Moratti et al., 2007).
Follow-up analysis revealed that ITC was significantly greater
in advance of noticed ill-specified events than well-specified events
at both frontal clusters from 2,600–2,900 ms, p < .05, and 2,550–
2,750 ms, p < .05, for the left and right clusters respectively
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Figure 2. Frontal ssVEP intertrial coherence. A: Time-frequency representations of intertrial coherence (ITC) for both conditions averaged over bilateral
frontal clusters highlighted in (B). The first and second dotted lines in all plots (A,C) represent flicker and event onset, respectively. B: Topography of the
difference between the ill- and well-specified conditions in ITC during the overlap of temporal epochs that were significantly different between conditions
for the left and right frontal clusters (2,600–2,750 ms). Marked sensors reflect the left and right frontal clusters chosen based on initial analysis and over
which ITC was averaged (separately) and compared between conditions throughout the trial period. C: Time-frequency representations of the difference
between conditions for both sensor clusters. The black box highlights the pre-event temporal epoch during which ssVEP ITC was significantly enhanced for
the ill- relative to the well-specified condition for each cluster. Warmer colors indicate ill > well; cooler colors indicate well > ill. D: Baseline corrected
poststimulus ITC for left and right frontal clusters. Error bars reflect SEM.

(Figure 2). No baseline (preflicker) ITC differences were observed,
revealing these effects were only present during the stimulus
flicker. Thus, directly prior to successfully noticed events, there
was increased neural synchronization over the frontal cortex for illas compared to well-specified intentions.
Perhaps this effect did not result from differences between
conditions in preparatory attention devoted to noticing events;
rather, the occurrence of event repetitions in the well- but not the
ill-specified condition may have led to habituation processes and
accounted for the differences. This seems unlikely because the
primary epoch of interest occurred prestimulus when participants
were unaware that the upcoming stimulus would be an intentionrelated event, so stimulus-specific repetition responses could not
have influenced this activity. Nevertheless, perhaps the repeated
presentation of the well-specified event across the task induced a
type of global habituated processing of stimuli as the task progressed. If such list-wide habituation processes occurred in the
well-specified condition and led to the observed differences, then
brain activities elicited by words and nonwords should decrease
from the beginning to the end of the task in the well-specified
condition (Schacter, Wig, & Stevens, 2007). ITC was computed for
each third of the task, and analyses revealed no such negative trend
in activity across the task for either condition (see online Supplemental Material). The observed differences, therefore, are more
parsimoniously accounted for by differential engagement of preparatory processes between conditions.
For poststimulus processing, baseline-corrected ITC analysis
revealed a desynchronization for the ill- compared to the wellspecified condition that was primarily lateralized to the right frontal
region and consistent over the poststimulus interval (Figure 2), as

indicated by a significant Hemisphere ¥ Condition interaction,
F(1,28) = 5.27, p < .05, η2p = 16. The scalp topographies (Figure 3)
show that in the ill-specified condition ssVEP ITC gradually spread
from posterior to anterior scalp regions throughout the prestimulus
period and reached maximal spread directly prior to event presentation. Such dispersion of ssVEP activity across the scalp suggests
anterior cortical regions were recruited, in addition to visual areas,
and entrained to the stimulus flicker.
To characterize whether additional cortical regions were contributing to the scalp-recorded ssVEP activity in the ill- compared
with the well-specified condition, we localized the primary neural
generators of 15 Hz activity (i.e., ssVEP driving frequency) using a
beamformer analysis (see Methods). In the well-specified condition, maximum 15 Hz activity was localized to medial occipital
cortex (15,-95,15; ~BA 18; average Talairach coordinates of
maximal source across prestimulus interval), which remained relatively constant throughout the prestimulus period (Figure 3). This
localization is consistent with previous studies demonstrating a
primary visual cortex source for the ssVEP (Clementz, Wang, &
Keil, 2008; Fawcett, Barnes, Hillebrand, & Singh, 2004). Similarly, the maximal 15 Hz activity during the initial 1,000 ms of
flicker in the ill-specified condition was localized to the medial
occipital cortex (14,-92,25; ~BA 18/19). During latter intervals
(1,000–3,000 ms) leading up to the event occurrence, however, the
cortical sources of the maximal 15 Hz activity were more distributed with activation in anterior left frontal regions (-48,-10,55;
~BA 6/4; average coordinates across latter prestimulus intervals;
Figure 3). During the poststimulus interval, the maximum 15 Hz
activation was localized to the occipital-parietal region in both
conditions (well: 14,-100,1; ill: 2,-96,17; ~BA 18).
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Figure 3. Topographic plots of ssVEP ITC and beamformer source localizations of 15 Hz activity (ssVEP driving frequency) across the trial period. All plots
depict averaged activity over 3 subsequent 1,000-ms prestimulus epochs and the 500-ms poststimulus epoch. A,C: ssVEP ITC topographies for the well- and
ill-specified conditions, respectively. Notice different scales for pre- and poststimulus topographies. B,D: Beamformer source localizations of the 15 Hz
activity for the well- and ill-specified conditions, respectively. For each condition and epoch, source activity (% Max) plotted on a template brain (in Talairach
space). Axial slices are in radiological convention.

Intrinsic Oscillatory Synchronization
We also investigated whether intrinsic oscillatory dynamics in the
gamma frequency range (31–50 Hz) differed in preparation for
noticing and responding to well- versus ill-specified events. Using
the same analysis approach described above, we compared gamma
single trial power between conditions after excluding activity at
harmonic responses evoked by the stimulus flicker. Significantly
increased single trial power in the gamma band (31–50 Hz) was
found for the ill- compared to the well-specified condition over
occipital, parietal, temporal, and frontal regions throughout the
entire trial period (Figure 4).
Given the temporally and spatially widespread extent of the
gamma differences found in initial analyses, all sensor data spanning the entire period were submitted to a cluster-based permutation test to determine sensor time clusters that significantly differed
between conditions (see Methods). This analysis revealed that
gamma activity was significantly increased in the ill- compared to
the well-specified condition over left parietal cortex from 1,250 ms

until 3,500 ms, p < .05 (Figure 4), indicating enhanced, parietally
mediated, cognitive control (Fries, 2009) in preparation for noticing ill-specified events. Examination of poststimulus gamma activity revealed a larger poststimulus gamma band desynchronization
in the ill-specified condition, with this effect reaching significance
400–500 ms poststimulus, p < .05.
15 Hz Synchronization Between Sensors
Finally, we investigated synchronization of ssVEP activity across
the scalp by quantifying ISC, which measures the consistency of
phase relationships between pairs of sensors across trials. ISC
between frontal and posterior sensors has been associated with the
magnitude of cognitive control processes (Sauseng et al., 2005).
Using a nonparametric bootstrap difference test, comparisons of
baseline (preflicker) adjusted ISC averaged over successive 500-ms
epochs revealed more extensive ISC in the ill- compared to the
well-specified condition (all ps < .01; Figure 5). No sensor pairs
displayed increased ISC for the well-specified condition. In con-
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Figure 4. Intrinsic oscillatory synchronization in the gamma (g) band pre- and poststimulus. A: Topography of average t values during the significant
temporal epoch (1,250–3,500 ms; p = .05) resulting from the comparison of gamma band activity between conditions. Marked sensors reflect the parietal
cluster of sensors that were found significant during more than 50% of the time points during the significant epoch. B: Time-frequency difference map
resulting from comparing between conditions the mean single trial power for the marked sensors in (A). The black box highlights the epoch during which
gamma band activity significantly differed between conditions. The first and second dotted lines in the plot represent flicker and event onset, respectively.
C: Baseline corrected (relative to 500-ms epoch preceding the event) poststimulus gamma band raw power (mV2; *p < .05). Data represented as
mean ⫾ SEM. D: Depicts the temporal evolution of the t value topography and sensor cluster (marked sensors) for the significant epoch. Time labels refer
to the center of five 50-ms epochs that are evenly dispersed across the significant interval and are representative of the progression of the effect (3,275 ms
is poststimulus). Warmer colors indicate ill > well; cooler colors indicate well > ill.

trast, numerous sensor pairs showed significant coherence in the
ill-specified condition, and these relationships progressively
increased across the prestimulus period with the most extensive
ISC differences occurring directly prior to the event and during the
poststimulus interval. During the first 1,500 ms of stimulation,
there was high temporal-frontal ISC, which was followed by primarily left parietal-temporal-frontal ISC from 1,500–2,500 ms and
extensive bilateral frontal-parietal-temporal ISC throughout the
remainder of the trial period (Figure 5).
These findings demonstrate that evoked synchronization across
a distributed frontal-temporal-parietal network emerges to a greater
degree in advance of recognized ill- than well-specified events.
Furthermore, across participants in the ill-specified condition,
frontal-temporal ISC directly preceding recognized ill-specified
events was positively correlated with the percentage of successfully
recognized events, F8-A1: r = .56, p < .05. Poststimulus interhemispheric frontal ISC was also positively correlated with the percentage of recognized ill-specified events, F8-F7: r = .52; F10-F7:
r = .56, ps < .05 (Figure 6). In contrast, the well-specified condition exhibited an inverse relationship, such that poststimulus interhemispheric frontal and frontotemporal ISC were negatively
correlated with the percentage of recognized well-specified events,
F8-F7: r = -.74; F10-F7: r = -.69; F10-T8: r = -.57; F4-A2:
r = -.54, all ps < .05 (Figure 6). ISC in this network did not exhibit
such relationships with performance measures for the word and

nonword trials, providing evidence that this synchrony is specifically related to processes associated with remembering to complete
prospective memories. These temporally ordered neurobehavioral
relationships demonstrate that greater neural population synchronization in this distributed network was predictive of better prospective remembering for ill-specified intentions but worse
prospective remembering for well-specified intentions, revealing a
double dissociation of the brain states necessary to complete intentions varying in specificity.

Discussion
The present results provide unique characterizations of the brain
state directly prior to successful PM and indicate this preparatory
activity varies as a function of the type of event that is associated to
the intention. In anticipation of ill- compared to well-specified
event occurrences, there was enhanced ssVEP synchronization and
gamma band synchronization that was present over frontal and
parietal regions. Moreover, ssVEP activity over frontal, temporal,
and parietal regions exhibited enhanced inter-regional synchronization in advance of recognized ill-specified events, and the degree
of this distributed synchronization predicted improved PM recognition for ill-specified events but impaired recognition for wellspecified events.

Figure 5. Intersensor coherence differences between conditions plotted for 7 subsequent 500-ms epoch averages from 0–3,500 ms postflicker. Sensor names on axes refer to International 10–20 system locations.
For each epoch, the difference between conditions in baseline corrected intersensor coherence (ISC) is depicted for sensor pairs that significantly differed between conditions (p < .01). Warmer colors indicate
ill > well; cooler colors indicate well > ill. Sensor pairs with ISC that displayed significant correlations across participants with the percentage of events noticed are highlighted by circles (p < .05; see Figure 6).
Red indicates that pair was positively related to performance in the ill-specified condition, magenta indicates that pair was positively related to performance in the ill-specified condition and negatively related to
performance in the well-specified condition, and blue indicates that pair was negatively related to performance in the well-specified condition.
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Figure 6. Relationship of ISC to behavioral performance for both
conditions. Between-subject relationship of percentage of events noticed
(i.e., that instigated the intended keypress) against prestimulus (A) and
poststimulus (B–D) ISC for sensor pairs with significant correlations in
each condition (all ps < .05). A: F8-A1 ISC directly prior to the recognized
event (2,500–3,000 ms) was predictive of a higher percentage of events
noticed in the ill-specified condition (r = .56). B: Depicts the positive
relationship between poststimulus F8-F7 and F10-F7 ISC (3,000–
3,500 ms) and performance for the ill-specified condition (r = .52; r = .56,
respectively). C: Depicts the negative relationship between poststimulus
F8-F7 and F10-F7 ISC (3,000–3,500 ms) and performance for the
well-specified condition (r = -74; r = -.69, respectively). D: For the
well-specified condition, the negative relationships of poststimulus F4-A2
and F10-T8 ISC (3,000–3,500 ms) with behavioral performance are plotted
(r = -.54; r = -57, respectively). In all plots, filled circles represent the
ill-specified condition and filled triangles represent the well-specified
condition.

Evoked Synchronization in Prospective Memory
Steady-state VEP synchronization, as measured by ITC, spread
from posterior to anterior regions across the epoch in the illspecified condition and was enhanced over the frontal scalp for the
ill- compared to the well-specified condition just prior to event
occurrence. Data from the present and previous studies indicate the
initial neural source of the ssVEP is the occipital cortex (Clementz
et al., 2008; Fawcett et al., 2004). Attentional modulations of
ssVEPs in early visual areas are thought to enhance signal strength
of attended spatial locations or features by a sensory gain and/or a
neural response synchronization mechanism (Andersen & Müller,
2010; Kim et al., 2007). Throughout the prestimulus period, participants in both the well- and ill-specified conditions were attending to the stimulus flicker location, explaining the absence of
ssVEP differences over posterior scalp regions and the similar
occipital ssVEP generator found for both conditions during initial
flicker epochs. During the latter part of the prestimulus flicker
interval in the ill-specified condition only, lateral frontal cortex
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primarily contributed to ssVEP activity variance, which is consistent with reports of local and distributed ssVEP sources (Srinivasan,
Bibi, & Numez, 2006). Further, the right frontal ssVEP desynchronization observed poststimulus for the ill- compared to the wellspecified condition supports the notion that right frontal regions
were differentially entrained to the flicker, as entrained ssVEP
generators are momentarily disrupted upon additions to the stimulus display (Moratti et al., 2007). This right hemisphere dominance
for the ill-specified condition may be similar to right hemisphere
dominance in attentional modulations (Shulman et al., 2010).
These anterior cortical signals could result from thalamocortical
input and/or corticocortical propagations from posterior regions
(Srinivasan, Russell, Edelman, & Tononi, 1999). The lateral frontal
regions recruited in advance of ill-specified events are perhaps
associated with top-down modulation of posterior cortical regions
(e.g., Kastner & Ungerleider, 2000) responsible for processing the
forthcoming stimulus given the particular context.
Involvement of the lateral frontal regions here is consistent with
numerous functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies that have observed greater
rostrolateral PFC activation during PM tasks as compared to tasks
with no PM component (Burgess, Gonen-Yaacovi, & Volle, 2011;
Burgess et al., 2001; Gilbert, 2011; Reynolds et al., 2009; Simons
et al., 2006). One study reported that activation patterns in the PFC
varied according to the intended action one planned to execute (i.e.,
whether one was intending to add or subtract subsequently presented
numbers; Haynes et al., 2007). Similarly, we found anticipatory
recruitment of the frontal cortex that varied with the specificity of the
intention-related event that one was preparing to recognize. This
finding provides evidence that activity in some frontal regions also
may be sensitive to the nature of the event associated to the intended
action (c.f. Gilbert, 2011). The notion that the enhanced frontal
ssVEP activity for ill-specified intentions reflects executive control
processes that subserve successful fulfillment of this type of intention is consistent with a recent ERP study examining PM and task
switching. West, Scolaro, and Bailey (2011) found an enhanced
lateral frontal modulation in ill-specified PM blocks relative to task
blocks without a PM component, and this modulation was sensitive
to whether task switching was required for the upcoming trial,
suggesting the frontal modulation was supporting control processes
that were interfered with by the need to reconfigure the task set.
These previous studies have reported tonic frontal activity (e.g.,
activation sustained across trials or slow wave potentials) associated
with PM (Burgess et al., 2011; Reynolds et al., 2009; West, 2011;
West et al., 2011); here, we provide evidence that such anticipatory
activity is transiently enhanced prior to recognized events and that
this activity varies with intention type. The fixed timing of the
interstimulus interval (ISI) may have had some influence on the
observed preparatory activity; however, investigations of prestimulus activity in retrospective memory that used fixed (Guderian,
Schott, Richardson-Klavehn, & Düzel, 2009) or variable (Fell et al.,
2011) ISIs reported similar effects of prestimulus oscillations on
encoding that only varied slightly in their time of onset. Thus, the
reported effects here are not easily explained as an artifact of the ISI.
Future work should examine the influence of ISI on the observed
preparatory PM activity.
Role of Intrinsic Gamma Synchronization in
Prospective Memory
Gamma band activity (Fries, 2009) has been associated with perceptual mechanisms (Singer, 1999), visuospatial attention (Fries
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et al., 2001), and working memory maintenance (Van Der Werf
et al., 2008). In the present study, participants in both conditions
attended to the same flickering stimulus, yet those in the ill-specified
condition exhibited enhanced posterior gamma synchronization that
began ~1,700 ms prior to event presentation and remained throughout the trial period. This gamma enhancement, indicative of precisely timed local neural spiking that maximizes the impact on
postsynaptic neuronal populations (Fries, 2009), could reflect
increased working memory maintenance of intention-related information in the ill-specified condition (e.g., animal category information and/or the intended keypress) and/or increased attentional
engagement (e.g., selecting for category-related information).
An attentional explanation predicts a continued increase in
gamma synchronization once relevant animal words appeared.
Gamma activity decreased, however, in the ill-specified condition
upon event presentation and was significantly lower than the wellspecified condition after 400 ms poststimulus. This finding is consistent with recent reports of dissociations between pre- and
poststimulus activity (Fell et al., 2011) and suggests the processes
supported by gamma oscillations may have been engaged prestimulus in the ill-specified condition but poststimulus in the wellspecified condition. Accordingly, the anticipatory parietal-occipital
gamma synchronization for the ill- compared to the well-specified
condition may reflect maintenance of conceptual representations of
the intended keypress (Gilbert, 2011), which could be reflexively
accessed poststimulus via associative retrieval processes supported
by the hippocampus in the well-specified condition (Einstein et al.,
2005; Moscovitch, 1994). Such reflexive or spontaneous retrieval,
which is consistent with empirical and theoretical proposals (Einstein et al., 2005; Gordon, Shelton, Bugg, McDaniel, & Head,
2011), could support the high levels of performance in the wellspecified condition. Additionally, the parietal activity may reflect
differential engagement of a retrieval mode that is a neurocognitive
set aimed at treating incoming stimuli as possible retrieval cues for
an intended behavior (Guynn, 2003; Tulving, 2002). Parietal activity (both fMRI localized and scalp ERPs) has been consistently
reported in previous PM studies during periods of maintaining a
PM intention while completing an unrelated task. Our results
extend these findings by suggesting the locus of this parietal activity associated to PM may be in low gamma synchronization.
Synchronization Across a Distributed Network
Intersensor phase coherence between distal EEG sensors reflects
long-range synchronization of neural population activity across the
brain, as opposed to the more local synchronization indexed by ITC
at a given sensor cluster (Srinivasan et al., 1999). Long-range synchronization across distributed anterior and posterior brain regions
was enhanced for the ill- compared to the well-specified condition
prior to recognized events and became progressively more extensive leading up to event occurrence. Inter-regional synchronization
could result from re-entrant modulations between corticocortical
(or cortico-thalamo-cortical) projections and/or from simultaneous
thalamic input to distinct cortical regions (Srinivasan et al., 1999).
Synchronous thalamic input should produce synchronized ITC
measurable at individual sensors over those regions (Srinivasan
et al., 1999), which was not observed throughout the prestimulus
interval. Enhanced ISC in the ill-specified condition, therefore, is
more consistent with corticocortical (or cortico-thalamo-cortical)
interactions of task-relevant brain regions. Though consistent with
previous fMRI findings implicating the involvement of PFC to
posterior cortex connectivity in PM (Gilbert, 2011), the current
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data further our understanding by (a) demonstrating the presence
and evolution of such a distributed network directly preceding
event recognition, (b) establishing that such a network is not universally relied upon to fulfill varying types of intentions, and (c)
providing initial evidence that synchronization across this network
before and during the event is predictive of behavioral indices of
PM performance.
Our results demonstrate a double dissociation of the dependence on this synchronized network as a function of the type of
intention. Not only was distributed synchronization enhanced in
the ill-specified condition, but this distributed synchrony and PM
performance were positively correlated for ill-specified intentions
and negatively correlated for well-specified intentions. Interregional oscillatory synchrony may provide precisely timed windows
of excitability that coordinate information transmission and communication between cortical regions (Hipp et al., 2011). The
present results reveal preparatory coordination of distributed
regions that is beneficial for executing ill-specified intentions but
may interfere with completing well-specified intentions. The
inverse relationship found for well-specified intentions would
benefit from future experimental scrutiny due to the high level of
performance in the well-specified condition. Nonetheless, these
data contribute to the growing body of work implicating the
involvement of interregional synchronization in various cognitive
processes (Hipp et al., 2011; Sauseng et al., 2005; Srinivasan et al.,
1999) and possibly demonstrate dissociable roles of such synchronization in PM prior to and during event recognition.
An aspect of the current design worth considering as it relates to
previous work is the presentation frequency of the intention-related
events. Here, the event repeated across the task in the well- but not
ill-specified condition. We demonstrated that the strength of oscillatory activity did not decrease across the task in the well-specified
condition, indicating it is unlikely that habituated processing
occurred (Schacter et al., 2007). Further allaying concerns that
habituation resulting from event repetition caused the current
effects, studies examining repetition priming and habituation
responses have reported that such effects are associated with
decreased posterior gamma activity during the stimulus presentation (Gruber, Malinowski, & Müller, 2004; Gruber & Müller, 2006;
Haenschel, Baldeweg, Croft, Whittington, & Gruzelier, 2000). In
contrast, we found that posterior gamma activity during the stimulus presentation was increased for well- compared to ill-specified
events. Of course, the repetition of the well-specified event could
have engendered a reliance on automatic or spontaneous retrieval
mechanisms to detect intention-related events due to strengthening
of the event-to-intended action association across repetitions (Einstein et al., 2005). This notion is consistent with our proposal that
prestimulus activity differences between ill- and well-specified
intentions reflect a lower engagement of attentional control processes to detect events in the well-specified condition. Whether the
lower reliance on demanding executive processes resulted from the
explicitly specified nature of the event or from the repeated occurrences and detections of the specific event will be addressed in
subsequent experimentation. Nevertheless, these data demonstrate
that the PM event manipulation used here elicited different modes
of prospective memory that were associated with differential preparatory neural synchronization.
Conclusion
The current findings illustrate the dynamic nature of neural mechanisms supporting the execution of future intentions. The differ-
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ences in preparatory local and distributed neuronal synchrony,
indicative of cognitive control processes (Fries, 2009; Fries et al.,
2001; Sauseng et al., 2005), show that reliance upon an executive
control network is not identical for fulfilling intentions associated
to well- and ill-specified events. These findings provide support for
theoretical proposals that distinct attentional and mnemonic proc-

esses subserve PM depending on the type of event associated to the
intention (Einstein et al., 2005; Knight et al., 2011). The flexible
execution of future-oriented behavior in diverse environmental scenarios may be least cognitively and neurally intensive when intentions are initially formulated in association with a single, specific
environmental event.
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