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Effects of Working Memory Load on
Oscillatory Power in Human Intracranial
EEG

Studies of working memory load effects on human EEG power have
indicated divergent effects in different frequency bands. Although
gamma power typically increases with load, the load dependency
of the lower frequency theta and alpha bands is uncertain. We
obtained intracranial electroencephalography measurements from
1453 electrode sites in 14 epilepsy patients performing a Sternberg
task, in order to characterize the anatomical distribution of load-
related changes across the frequency spectrum. Gamma power
increases occurred throughout the brain, but were most common in
the occipital lobe. In the theta and alpha bands, both increases and
decreases were observed, but with different anatomical distribu-
tions. Increases in theta and alpha power were most prevalent in
frontal midline cortex. Decreases were most commonly observed in
occipital cortex, colocalized with increases in the gamma range,
but were also detected in lateral frontal and parietal regions.
Spatial overlap with group functional magnetic resonance imaging
results was minimal except in the precentral gyrus. These findings
suggest that power in any given frequency band is not a unitary
phenomenon; rather, reactivity in the same frequency band varies in
different brain regions, and may relate to the engagement or
inhibition of a given area in a cognitive task.
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Introduction

Oscillatory activity in field potential recordings has been the
subject of numerous studies in humans, both noninvasive
(electroencephalography [EEG| and magnetoencephalography
[MEG]) and invasive, using as subjects epilepsy patients who are
undergoing intracranial EEG recordings for localization of the
seizure onset region prior to surgical resection. Although
changes in oscillatory power, both positive and negative, are
commonly seen in cognitive tasks, interpretation of such effects
is not straightforward, as the relationship between neuronal
oscillations and cognitive processes is uncertain. It is also
unknown to what extent a correspondence exists between
oscillatory changes and other measures of neuronal activity,
such as spike rate and the metabolic signals seen in functional
magnetic resonance imaging (fMRI) and positron emission
tomography (PET). Recent studies have suggested that the
relationship between oscillatory power and the blood oxygen
level-dependent (BOLD) signal in fMRI is frequency dependent,
with negative correlations being seen in lower frequency ranges,
such as the theta (4-7 Hz) and alpha (8-12 Hz) bands (Goldman
et al. 2002; Singh et al. 2002; Laufs et al. 2003; Moosmann et al.
2003; Mizuhara et al. 2004; Brookes et al. 2005; Meltzer et al.
2007), and positive correlations at higher frequencies including
the gamma band (~30-70 Hz) (Foucher et al. 2003; Brookes
et al. 2005; Mukamel et al. 2005; Niessing et al. 2005).
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As cognitive tasks in fMRI typically evoke both positive and
negative signal changes in different brain regions (e.g., Shulman
et al. 1997; Fox et al. 2005), it may be expected that frequency-
specific changes in oscillatory power evoked by a task may also
vary regionally throughout the brain. Nonetheless, task-evoked
changes in specific frequency bands are commonly reported
with a single directionality in most noninvasive studies (e.g.,
Gevins et al. 1997; Jensen et al. 2002; Foucher et al. 2003). This
may be due to the relatively low spatial specificity of surface
recordings, in which the most powerful and spatially synchro-
nous intracranial sources may dominate the recording, pre-
venting a fine-grained analysis of reactivity in different regions.
In the current study, we performed cognitive tests in epilepsy
patients undergoing intracranial EEG monitoring as part of
their evaluation for possible surgery. These recordings offer the
chance to evaluate the reactivity of brain rhythms across the
frequency spectrum, with a greater level of anatomical
specificity than that available from surface recordings. In lower
frequency ranges, spanning the theta and alpha bands, we have
found evidence of strong reactivity of opposite directionality in
different regions. At some electrode sites, we observed
systematic increases in power with greater working-memory
load, whereas decreases were observed at other sites. The
occurrences of increases and decreases were not random, but
rather demonstrated marked regional specificity.

The Sternberg working-memory task is a popular paradigm
in cognitive neuroscience, as it allows the experimenter to
parametrically manipulate a single variable, memory load,
while keeping all other components of the task constant. In
this task, a subject keeps a list of items (such as digits, letters, or
spatial locations) in working memory during a delay period,
after which he or she must indicate whether or not a specific
probe item is on the list. The number of items can be
manipulated, allowing the assessment of physiological activity
parametrically modulated by memory load. Parametric
increases in theta power with memory load have been detected
in MEG (Jensen and Tesche 2002) and EEG (Onton et al. 2005),
whereas another EEG study reported an increase in the alpha
range (Jensen et al. 2002). Although fMRI studies have mostly
reported increases in the BOLD signal with greater memory
load, it is unknown whether memory load-dependent increases
in oscillatory power are generated in the same regions as load-
dependent BOLD signal changes. However, preliminary evi-
dence suggests that BOLD and low-frequency EEG power
(theta and alpha ranges) may be anatomically dissociated. fMRI
studies of the Sternberg task have detected load-dependent
effects in the delay period primarily in lateral frontal and
parietal regions (Rypma et al. 1999; Jha and McCarthy 2000;
Kirschen et al. 2005; Narayanan et al. 2005; Zarahn et al. 2005).
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In contrast, the MEG and EEG studies mentioned above have
suggested that the sources of increased oscillatory power lie in
midline structures. Numerous EEG/MEG studies have indicated
that frontal theta power increases detectable in cognitive tasks
are generated in the medial prefrontal cortex and/or anterior
cingulate (Asada et al. 1999; Ishii et al. 1999; Luu et al. 2004;
Onton et al. 2005), and these findings have been corroborated
by direct intracranial recordings in human (Uchida et al. 2003;
Wang et al. 2005) and monkey (Tsujimoto et al. 20006). Alpha
power seems to be generated in multiple cortical locations, but
source localization studies have consistently identified midline
parietal-occipital sources among the strongest generators
(Ciulla et al. 1999; Yamagishi et al. 2003), whereas the
parietal-occipital source has also been identified as the origin
of alpha activity that is sensitive to cognitive manipulations
(Vanni et al. 1997), including memory load-dependent power
increases in the Sternberg task (Tuladhar et al. 2007).

Although increases in low-frequency power with memory
load have been observed in several noninvasive studies, a series
of reports from a group conducting invasive recordings of the
Sternberg task have not been entirely consistent with these
findings. Power increases with memory load were detected
instead in the gamma band in a study of 2 subjects (Howard
et al. 2003). In the theta band, a phase reset with stimulus
presentation (Rizzuto et al. 2003) and a gating of power during
the delay period (Raghavachari et al. 2001) have been reported,
but no effect of memory load on the amplitude of theta
oscillations in the delay period has been reported in these
studies. Invasive studies are not totally comparable with
noninvasive studies, having greater sensitivity to activity
generated locally (e.g., Raghavachari et al. 2006), whereas scalp
recordings tend to be dominated by activity coherent over
a larger scale. However, the inconsistency across studies may
also be attributable to differences in the experimental design,
which are considerable. Given the fairly low number of
subjects in the previous intracranial EEG studies, it is possible
that load-dependent modulation at lower frequencies exists,
but was not readily detectable in the paradigm used. For
instance, Howard et al. (2003) report seeing both increases and
decreases in theta power, but the number of electrodes
involved was too few to draw firm conclusions about the
relationship of theta power to memory load, whereas power in
the gamma band exhibited a consistently positive correlation
with memory load. Axmacher et al. (2007), recording mainly
from the medial temporal lobe, also observed gamma increases
with memory load, but no significant main effects were
observed in lower frequency bands. Another recent study has
also identified intracranial gamma power increases during the
encoding period of the Sternberg task, specifically for stimuli
that are cued to be remembered versus those that are to be
ignored (Mainy et al. 2007).

In a previous study (Meltzer et al. 2007), we conducted both
fMRI and EEG measurements of the Sternberg task in 18 normal
volunteers, using intersubject differences in EEG reactivity as
a means to evaluate the relationship between theta and alpha
power and the BOLD signal. In that study, most subjects
exhibited robust positive BOLD activation in lateral frontal and
parietal regions, in response to greater memory load. Addition-
ally, a minority of subjects exhibited increases in frontal
midline theta power in EEG, and these subjects tended to also
exhibit fMRI deactivation in frontal midline cortex, resulting in
an observed negative correlation between frontal theta power
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and BOLD. Additionally, negative correlations were observed
between posterior alpha power and BOLD in posterior midline
cortex.

In the present study, we have obtained data from 14 patients
performing the Sternberg task, at a total of 1453 intracranial
electrode sites, providing an opportunity to evaluate the
intracranial distribution of memory load effects in different
frequency bands. The results of our study are largely consistent
with those of Howard et al. (2003), in that gamma power
tended to increase with memory load, but increases and
decreases in the theta and alpha bands were equally prevalent.
The relatively large sample size and broad spatial sampling in
this study allows us to analyze the anatomical distribution of
these effects, to see if power changes of opposite directionality
can be anatomically dissociated. Additionally, due to minor
differences in neurosurgical technique between our epilepsy
center and that of other teams that have conducted previous
studies of the Sternberg task, we have been able to obtain
extensive coverage of the cortical midline regions, which
allows us to test the specific hypothesis that increases in theta
and alpha power are preferentially generated in midline
structures.

Methods

Subjects

Seventeen subjects were selected from patients undergoing invasive
monitoring of seizure activity at Yale New-Haven Hospital, who met the
following criteria: minimum age of 14, minimum Wechsler IQ of 80, and
verbal memory impairment not greater than 2 standard deviations
below the mean on the Buschke selective reminding test. All subjects
gave informed consent according to a protocol approved by the Yale
University Human Investigation Committee. Two subjects were
excluded from analysis because the intracranial EEG data were
dominated by large-scale epileptiform activity, as judged by an
experienced neurologist. In the other subjects, only individual electro-
des were rejected due to suspected contamination from epileptiform
activity (see data analysis section below). One further subject was
excluded because of low-quality anatomical scans, making it impossible
to accurately map the electrodes in standard space. Therefore, the final
analysis included 14 subjects (8 females).

Task

A Sternberg working-memory task was employed, similar to that used in
a related EEG-fMRI study (Meltzer et al. 2007), but slightly modified to
make it easier for patients undergoing intracranial EEG monitoring to
perform, given that some patients may have slight cognitive impair-
ments as a result of epilepsy, and are performing the task under less-
than-ideal conditions. Generally, subjects were regularly taking narcotic
pain medication while recovering from surgical implantation of
intracranial electrodes, and were also undergoing a tapered withdrawal
from their customary regime of antiepileptic drugs in order to induce
seizures. Memory load levels of 1, 2, and 4 digits were used. On each
trial, a “start” cue was presented to mark the start of a new trial and
reinforce the fact that the previous numbers could be disregarded.
Next, the array of 1, 2, or 4 digits was presented for 4 s. Digits were
then replaced by a matching array of 1, 2, or 4 horizontal lines
indicating the delay period, which lasted 6 s. Next, the probe digit
appeared between 2 question marks, and subjects responded with
a button press to indicate whether or not the digit was in the array.
Subjects had a maximum of 3 s to respond before the next trial began.
The task was administered as a series of twelve 4-min sessions, each
including 15 trials. The memory load was kept constant during each
4-min session, and 4 sessions of each load level were conducted. The
task was administered on a laptop computer placed directly on the
patients lap or on a telescoping table in front of them, according to
their preference. To maximize patient comfort, we did not apply the
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usual strict control of responses typical of laboratory experiments with
healthy subjects. Subjects were allowed to use either hand, or both,
according to their preference. As activity during the delay period was
the topic of interest, possible confounds from motor responses were
not relevant. Furthermore, patients were not instructed to respond as
fast as possible, but to try to maximize accuracy while responding
within the 3-s time limit.

Recordings

Intracranial EEG was recorded with a 128-channel Ceegraph clinical
monitoring system (BioLogic Systems Corp., Mundelein, IL). Patients
were implanted with square grids and rectangular strips of stainless
steel subdural electrodes on frontal, temporal, parietal, occipital, and
midline (interhemispheric) surfaces, and, in some cases, with multi-
contact depth electrodes in the medial temporal lobe. Each subdural
electrode had an exposed surface of 2.3 mm in diameter, spaced at
1-cm intervals. The placement of electrodes within each patient was
determined solely by clinical criteria; however, the routine clinical use
of broad anatomical coverage for intracranial recordings at Yale
provided a large sample of electrophysiological data from tissue outside
of the epileptogenic zone. Recordings were monopolar, referenced to
a single titanium peg electrode placed between the inner and outer
laminae of the skull, distant from the study electrodes within the limits
of the craniotomy. Signals were digitized at 256 Hz. When available, an
electronic marker signal was delivered from the stimulus presentation
computer into the data stream of one EEG channel as a timestamp at
the onset of each trial. In some subjects (8 out of 14), this mechanism
was not available, in which case the beginning of each recording
session was marked by the experimenter pressing the seizure event
button. Because the latter procedure has a temporal precision of 1 s,
our chosen data analysis routines reflected this uncertainty.

Power Spectral Analysis

Digitized intracranial EEG was imported into MATLAB (Mathworks,
Natick, MA) for analysis, using EEGLAB software (Delorme and Makeig
2004) and custom-written scripts. Electrode signals were visually
screened for severe artifacts, and contaminated trials were excluded.
Additionally, individual electrodes were excluded from analysis on the
basis of 3 other criteria: showing evidence of interictal epileptic
activity, overlying the seizure onset zones as defined by the clinical
team, and overlying areas of gross structural abnormality as seen on the
anatomical scans.

The primary measure of interest for this study was oscillatory power
as a function of memory load during the delay period of the Sternberg
task. The middle 5 s of the 6-s delay period from each trial were
submitted to multitaper spectral analysis, to estimate the power
spectrum. Spectra were averaged within each load condition (1, 2,
and 4 digits). Like most stochastic natural processes, intracranial EEG is
characterized by a “1/f” or “red noise” spectrum, meaning that power
is greatest at lower frequencies and smoothly declines with increasing
frequency. As oscillatory processes are manifested as peaks in the
spectrum that emerge from the 1/f background, they are optimally
detected by preprocessing the raw spectra to remove the background
red noise. Therefore, the estimated spectra were “whitened” by fitting
cach electrode’s average power spectrum (across all conditions) to
a 1/f distribution described by the equation:

P(f)=4r"

where fis frequency, P(f) is the power at each frequency (in units of
squared millivolts), and A4 and o are constants fit by a nonlinear
optimization program (fminsearch in MATLAB). This fitted spectrum
was subtracted from each trial, thus producing a “whitened” power
spectrum. Because this subtraction of a constant was applied to each
trial equally, it does not affect the nonparametric statistical analysis that
was subsequently employed to test for changes in power associated
with different levels of memory load. However, the prewhitening step
allows for the detection of spectral peaks corresponding to periodic
oscillations (Fig. 1) and transforms the power spectra into a form more
convenient for plotting across all frequencies (compare Fig. 14,B with
Fig. 1C,D).

Detection of Oscillatory Peaks

Although power changes associated with memory load may not
necessarily occur at frequencies associated with a local peak in the
power spectrum, we were also interested in characterizing what peaks
tended to be present in the intracranial EEG data, for qualitative
comparison with recordings obtained from noninvasive methods.
Typically, human EEG is characterized by a 1/f power spectrum, plus
a peak at 10 Hz corresponding to the alpha rhythm, and occasionally
a second peak in the beta frequency range. However, this may not be
the case in intracranial data. To evaluate the frequency distribution of
spectral peaks in these data, we applied a peak-detection algorithm to
the prewhitened power spectra of each electrode, averaged across
trials and conditions. The peak-detection algorithm, part of a freely
available Matlab toolbox (http://www.wam.umd.edu/~toh/spectrum/
PeakFindingandMeasurement.htm), functions by searching for down-
ward zero-crossings in the smoothed first-derivative of the power
spectrum that exceed given slope and amplitude thresholds, which
were manually set on the basis of a subset of the intracranial EEG power
spectra. Finally, the total number of detected peaks at each frequency
across all electrodes was summed across all electrodes in all subjects,
producing a histogram of the frequency of occurrence of spectral
peaks across the frequency axis from 4 to 50 Hz.

Electrode-wise Statistical Analysis

Because the placement of electrodes varied in each patient, it was not
possible to conduct direct second-level statistical analysis across
subjects as is conventionally done in noninvasive EEG studies. Instead,
statistical analyses were conducted at each electrode independently.
Categorical statistical techniques were then applied to characterize the
anatomical distribution of significant effects across subjects (see
below). As the primary measure of interest in this experiment was
increases and decreases in power with greater memory load, we
selected a planned comparison of the 1-digit and 4-digit conditions for
statistical analysis of load effects. The intermediate 2-digit condition
was used primarily for visual confirmation of the parametric nature
of the changes. Estimated power spectra had a frequency resolution of
0.5 Hz, and frequencies from 0.5 to 50 Hz were analyzed, for a total of
100 frequency points per electrode. At each electrode and frequency,
we computed the Wilcoxon rank-sum statistic on the estimated power
values across trials. Wilcoxon statistics were converted into equivalent
Z-scores, and the resulting z-values constituted a nonparametric
estimate of the statistical evidence for a difference between the
2 distributions, free of distributional assumptions.

This analysis was applied to each electrode and frequency point in
parallel, thus it is necessary to control for the inflated false positive rate
associated with multiple comparisons. We adopted a bootstrap pro-
cedure used in a previous intracranial EEG study (Sederberg et al.
2003), in which 1000 resamplings (with replacement) of the data were
generated by randomly assigning trials to the 1-digit and 4-digit
category. The same reshuffling was used for all electrodes simulta-
neously, to control for the fact that different electrodes are not
independent of each other. Next, the ztransformed Wilcoxon rank-
sum statistic was recomputed for each electrode, frequency, and
resampling iteration, so that the empirical null distribution of the
statistic could be computed. This computation allowed for the
selection of a significance threshold that would set the expected false
positive rate at a given level. We chose a rate of 0.001. The presence of
an occasional false positive is not a major concern, as our goal was to
generate an overall picture of the anatomical distribution of statistically
significant power changes, and any individual false positive is unlikely
to give a false impression. This is a different situation than other
applications of massively univariate multiple testing, such as genetic
microarrays, in which each gene is an independent entity whose
individual significance has specific implications. Using a higher or lower
threshold includes fewer or more electrodes in the significance
histograms (Fig. 3) but has virtually no effect on the overall pattern
of results.

The significance testing described above was used to detect
electrodes at which the power spectrum differed during maintenance
of different levels of memory load. Power spectra were computed from
data recorded during the delay period of the task, when subjects had
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Figure 1. (A) Raw power spectrum of a single representative electrode exhibiting multiple oscillatory peaks. Vertical lines indicate peaks detected by an automatic algorithm.
(B) Raw power spectrum of a second electrode from the same subject, exhibiting no oscillatory peaks except at very low frequencies. (C) The power spectrum from the first
electrode after application of the “whitening” algorithm (see text). (D) The whitened power spectrum of the second electrode. (£) Close-up view of the gamma peak from the first
prewhitened spectrum. (F) Histogram of oscillatory peaks across the frequency spectrum, detected in all 1453 electrodes in the study.

viewed the digit array and were awaiting the probe digit. Because
different levels of memory load were administered in blocks (as this
arrangement was less confusing for patients), it is possible that the
observed changes are not specific to the delay period, but merely
reflect sustained effects of attention and effort associated with
performance during more difficult task blocks. To rule out that
possibility, 2 additional analyses were performed. First, a set of 2-s data
segments were extracted from the intertrial intervals, comprising *1 s
around the “start” cue that preceded each digit array. Statistical analyses
were then performed on these intertrial data segments identical to
those performed on the delay period. If the observed power changes
are attributable to sustained effects of attention and effort, then
a similar pattern of changes should be detected during the intertrial
periods across conditions. If the changes are instead specific to periods
of memory maintenance, then we would expect very few significant
changes to occur during the intertrial periods.

A second method of evaluating the temporal dependence of power
changes is to conduct time-frequency analysis on the 16-s time courses
of whole trials. Because the hardware setup for some patients (8 out of
14) did not permit the placement of electronic time markers in the EEG
data, temporal accuracy was limited in those cases to * 0.5 s, thus
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limiting our ability to meaningfully average time courses across trials.
Therefore, time-frequency analysis was not adapted as a primary
technique for statistical analysis across electrodes, but was conducted
on a subset of electrodes for display purposes (Fig. 2E,F), allowing us to
visualize the divergence of power time courses during the delay period.
We used the “Event-related Spectral Perturbation” method (“ERSP,”
Makeig 1993), implemented in EEGLAB. Epochs were divided into
300 overlapping Hanning-windowed time segments, and the fast fourier
transform power spectrum was computed for each segment, yielding
a spectrogram, which was then log-transformed. The log-transformed
average power spectrum from the prestimulus baseline period was
subtracted from each segment’s value, yielding the ERSP, an estimate of
changes in power normalized to the prestimulus baseline. ERSP values
were averaged separately in each condition, and plotted at frequencies
corresponding to peaks in the whitened power spectra.

Anatomical Analysis

Electrode localization was performed using the bioimagesuite package
developed at Yale University (www.bioimagesuite.org). To determine
the location of electrodes included in the analysis, individual electrode
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Figure 2. Examples of electrodes showing opposite effects of memory load in the theta/alpha range. (4) Whitened power spectra (see Methods) of an electrode in right occipital
cortex, with alpha power decreasing with memory load. (B) Power spectra of an electrode in left temporal cortex, with a peak overlapping theta and alpha bands increasing with
memory load. (C) Equivalent z-value at each frequency for the same electrode shown in (4) (see Methods), showing significant alpha decrease as well as gamma increase.
(D) Equivalent z-values for the electrode in (B). (£) Time course of power at the alpha peak frequency for the first electrode, demonstrating that power diverges during the delay
period (indicated by vertical lines). The letters E, D, and P mark the onset of the encoding period (presentation of the digit array), delay period (offset of the digits), and probe
period (onset of the single probe digit). (F) Time course of peak power for the second electrode.

locations were marked on postoperative computed tomography (CT)
scans. CT scans were registered to postoperative MRI scans using a 6-
parameter rigid transformation, and postoperative MRI scans were then
registered with preoperative scans using a nonlinear grid-based
transformation (Papademetris et al. 2004) to account for the distortion
of the brain that occurs as a result of the craniotomy. Finally, the
preoperative MRI scans were registered to a reference brain (the “Colin
brain,” http://www.mrc-cbu.cam.ac.uk), using the same nonlinear
technique.

Because the anatomical distribution of electrodes was different in
every patient, high-resolution voxelwise statistical analysis was not
possible. Nonetheless, the large number of electrode recordings
obtained across 14 subjects allowed for a second-level categorical
analysis on a broad lobar level, to test for the presence of significant
differences in the anatomical distributions of power changes in

different frequency bands. Three categories of power spectral changes
(theta/alpha increase, theta/alpha decrease, and gamma increase) were
defined on the basis of the observed patterns of power changes (see
Results and Fig. 34). A primary hypothesis of interest in this study was
that increases in low-frequency power would tend to localize to frontal
and parietal midline locations, as suggested by previous noninvasive
studies of the Sternberg task (see Introduction). Therefore, we defined
one region of interest (ROI) to include all electrodes located in the
midline region in the frontal and parietal lobes, defined as £1.5 cm from
the midline slice. One categorical analysis simply compared this region
to all other parts of the brain. Additionally, we conducted a second
exploratory analysis comparing 6 different regions to detect any other
salient patterns of anatomical distribution. These regions, illustrated in
Figure 44, were as follows: ML: frontal and posterior midline, as
described above, OC: occipital, including all electrodes posterior to the
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origin of the Sylvian fissure, LF: left frontal-parietal, including all
electrodes superior to the Sylvian fissure, lateral to ML on the left, and
anterior to the OC, RF: right frontal-parietal, defined like LF, but on the
right, LT: left temporal, including all electrodes inferior to the Sylvian
fissure and lateral to ML on the left, RT: right temporal, defined like LT,
but on the right.

Electrodes in each response category were plotted on an atlas brain
(Figs 44 and 5) to allow for the visual evaluation of any clustering
patterns. For lobar-level statistical analysis, it was necessary to adopt
procedures that control for the effects of different subjects on the
resultant anatomical patterns. Subjects may vary in the extent to which
they increase or decrease power in specific frequency bands, but they
also vary greatly in the placement of their electrodes—some have
electrodes only on the left or right, and some have many midline
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electrodes, whereas others have very few. Therefore, there is
a possibility that the apparent differences in ROIs are entirely
attributable to a subject effect. To control for this possibility, we used
the Mantel-Haenszel test (Agresti 2002), which is a multidimensional
generalization (for 2 x 2 x Ktables) of the more familiar chi-square test.
This procedure tests for an association between 2 binary categorical
variables (in this case, presence of an electrophysiological change and
ROI) while controlling for a third variable (subject), which may have
arbitrarily many levels. Essentially, the association is tested within each
subject separately, and the results are combined. This test was used for
the comparisons between the midline ROI and all other ROIs. This test
also estimates a common odds ratio, indicating the increased likelihood
of electrodes within the hypothesized ROI to exhibit a given effect,
compared with electrodes in other ROIs.
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Figure 3. (A) Histogram of the total number of electrodes in all subjects showing a significant effect of memory load on oscillatory power at each frequency during the delay
period of the Sternberg task. The horizontal line represents the number to be expected by chance alone at the chosen significance level (P < 0.001), based on a permutation
distribution computed from 1000 random resamplings of the trials in each subject. (B) Identical analysis performed on data extracted from the intertrial interval. This serves as
a control to confirm that the observed changes are mainly specific to the delay period of the task, rather than being driven by sustained changes in attention or effort over the

length of task blocks.
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Figure 4. (A) All electrodes across 14 subjects that were included in the statistical analyses, with the 6 anatomical ROIs indicated by a color code (see text). (B) Proportion of
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electrodes in the midline frontal/parietal region expressing each category of spectral power change, compared with all other regions. (C) Comparison of power changes in all
6 regions. These proportions are combined across different subjects with different electrode placements; see text for details of statistical inference.
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Figure 5. Maps of electrodes exhibiting each category of spectral power change,
overlain on an anatomical atlas brain and an fMRI map of delay-period memory load-
induced BOLD signal changes obtained from a previous study. (4) Electrodes
exhibiting an increase in power with memory load in the theta/alpha range (5-13 Hz).
(B) Electrades exhibiting a decrease in power with memory load in the theta/alpha
range. (C) Electrodes exhibiting an increase in power with memory load in the gamma
range (30-50 Hz).

For the exploratory comparison across all 6 ROIs, we employed the
Cochran-Mantel-Haenzel test (Agresti 2002), which is a further
generalization of the chi-square procedure for 2 x N x K tables, but
it does not estimate an odds ratio, because more than 2 regions are
being compared.

In addition to the formal categorical statistical tests described above,
we also elected to overlay the electrode maps on a thresholded fMRI
map derived from our previous EEG-fMRI study of the Sternberg task
(Meltzer et al. 2007). That study focused on individual differences,
demonstrating negative correlations between BOLD and theta and
alpha power induced by greater memory load, primarily in midline
structures. Additionally, however, that study generated a map of
(mostly positive) BOLD changes associated with greater delay-period
memory load, consistently across the cohort of subjects. We have used
that map here as an underlay to the electrode maps, so that any obvious
overlap between BOLD changes and intracranial EEG power spectrum
changes may be appreciated. For details of fMRI acquisition and
analysis, the reader is referred to the previous study. Briefly stated, the
underlay map is a subtraction of delay-period BOLD signal for 6-digits
minus 2-digits, thresholded at P < 0.01 voxelwise and cluster-filtered
for a whole-brain family-wise error rate of P < 0.05.

Results

Bebavioral
As we did not strictly control the way that patients physically
interacted with the computer to perform the cognitive task

(see Methods), the behavioral results of this study serve mainly
to confirm that patients performed the task adequately, but
cannot be taken as an optimal estimate of reaction time as in
traditional experimental psychology. The primary activity of
interest in this study is during the delay period of the task,
whereas behavioral data are obtained only at the response
phase. Intersubject reaction time variance was affected by the
fact that some subjects kept their hand on the laptop
throughout the experiment, whereas others did not. Consistent
with previous reports of the Sternberg task, response time
increased linearly with memory load. Mean response times
were 1-digit: 1686 ms, 2-digit: 1781 ms, 4-digit: 2020 ms.
Repeated measures analysis of variance with subject as
a random effect indicated a significant linear increase with
memory load of 112 ms per digit (F; 3 = 20.99, P < 0.001).
There was no significant effect of load on accuracy, which
averaged 92% correct (1-digit: 93%, 2-digit: 92%, 4-digit: 92%,
Fy 15 = 1.34, P = 0.26). The vast majority of noncorrect trials
resulted not from incorrect responses but from failure to
respond within the time limit. The linear effect of load on
reaction time and lack of effect on accuracy is consistent with
our concurrent EEG-fMRI study on healthy controls (Meltzer
et al. 2007), although reaction times tended to be higher and
accuracy lower in the current study with epilepsy patients
compared with control subjects. However, this is to be
expected, considering the nonideal conditions under which
patients are performing the task, discussed in the methods
section. All patients understood the task and performed it with
high confidence.

Oscillatory Peak Detection
As an illustration of the peak-detection process, 2 example
power spectra from different electrodes in the same subject
are illustrated in Figure 1. Figure 14 depicts the raw power
spectrum (averaged across trials and conditions) from an
electrode exhibiting 4 oscillatory peaks, one in a very low
frequency, and the others in the alpha, beta, and gamma ranges.
Figure 1B depicts an electrode with no peaks except for the
very low frequency peak. Peaks in the whitened spectra below
4 Hz were detected at most electrodes and are not considered
further, as they mostly represent background noise that is not
fit by the 1/f noise model. Figure 1C,D depicts the whitened
spectra, which were used as input to the peak-detection
algorithm. The whitening makes the peaks into local maxima in
the power spectrum, which is not necessarily the case in the
presence of the 1/f “red noise” background. Figure 1E displays
a close-up of the gamma band peak for the first electrode.
Figure 1F displays a histogram of peaks detected at each
frequency across all electrodes included in the analysis. The
greatest number of peaks occurs at 7 Hz, with most peaks
occurring between 5 and 9 Hz. A second concentration of
peaks is seen centered at 14 Hz, which is of course the first
harmonic frequency of 7 Hz. A considerable number of peaks
were also detected in the gamma band, centered at approxi-
mately 45 Hz, as in the example electrode 1. Notably, there are
virtually no peaks at 10 Hz, which is typically the most common
frequency of peak alpha oscillation in scalp EEG recorded from
healthy volunteers. This is a somewhat surprising finding. In
fact, we found that most large oscillatory peaks in this dataset
covered a fairly wide range that overlapped the theta and alpha
bands as they are traditionally defined, but that the peak
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frequencies tended to be lower than those typically observed
in scalp EEG experiments. There are numerous possible
reasons for this, including differences between scalp and
intracranial recordings (such as the filtering properties of the
skull), subject differences (all of the intracranial subjects suffer
from epilepsy), and drug effects (all of the subjects are on
antiepileptic medications). Although it is not possible to
control for all of these factors in an intracranial EEG study, it
is important to note this difference in the baseline spectral
characteristics of intracranial recordings compared with scalp
EEG recorded from healthy volunteers. Noninvasive studies
frequently distinguish between the alpha band (8-12 Hz),
which forms a broad spectral peak, and the theta band
(~4-7 Hz), which generally does not form a spectral peak.
Given that the observed spectral peaks in the intracranial data
tended to overlap both of these bands, we did not attempt to
distinguish between them in the analysis of load-induced
power changes.

Effects of Memory Load
Significant changes in oscillatory power with greater working-
memory load were detected in all subjects, in multiple
frequency bands. Representative examples from 2 electrodes
are displayed in Figure 2.

In both cases, the significant change in power occurs at
a peak in the power spectrum overlapping the theta and alpha
ranges, between 5 and 11 Hz. Figure 24 shows delay-period
power spectra from an electrode located in the right occipital
lobe that exhibited a decrease in low-frequency power with
increasing memory load. Figure 2B shows an electrode from
a different subject, located in the left temporal lobe, that
displayed the opposite effect, an increase in power with
memory load. Figure 2C,D shows the equivalent Z-values
arising from the nonparametric statistical procedure used to
assess the significance of power changes (see Methods). The
dashed line represents the empirically determined significance
threshold of P < 0.001. Figure 2D,E displays the temporal
evolution of power at the theta/alpha peak, estimated with the
ERSP method. These time courses suggest that power is
specifically modulated in the delay period of the individual
trials, rather than being attributable to sustained changes over
the entire block, as confirmed by the contrast between delay-
period and intertrial interval changes presented in Figure 3.

A histogram showing the number of electrodes exhibiting
a significant increase or decrease in power at each frequency is
displayed in Figure 3A4. In the gamma band, changes were
predominantly positive. In lower frequency ranges, however,
a more complex pattern emerges. Decreases in power with
greater memory load were seen primarily at lower frequencies,
with the greatest number of electrodes being significant at 8
Hz. Increases in power are also seen in the same frequency
range, at a smaller number of electrodes. The maximum
number of electrodes showing a significant increase in low-
frequency power occurred at 6.5 Hz, but the distribution of
increases and decreases overlaps considerably in this range.

A histogram showing significant changes during the intertrial
interval is shown in Figure 3B. Changes occurring during the
intertrial interval could be attributable to nonspecific processes
of arousal and attention taking place over blocks of perfor-
mance of the more difficult condition. At most frequencies, the
number of significant electrodes does not rise above the
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expected chance level. Some significant changes are detected
in the theta and gamma ranges, but the number of electrodes
involved is a small fraction of those exhibiting changes during
the delay period. Therefore, the vast majority of power spectral
changes with memory load observed in this experiment appear
to be specifically modulated by the temporal structure of the
task.

The frequency distribution of significant power changes
with memory load observed here fail to support a distinction
between the theta and alpha bands as traditionally defined in
scalp EEG studies, confirming the impression of the oscillatory
peak-detection analysis, namely that task-modulated oscilla-
tions tend to occur in a broad range encompassing both of
those bands. Therefore, we make no distinction between these
bands in further analyses. The frequency distribution observed
here suggests that most memory load-induced power changes
fall into 3 categories. We defined the following 3 categories for
subsequent analysis of anatomical distributions:

1. Theta/alpha increase: 5-13 Hz.
2. Theta/alpha decrease: 5-13 Hz.
3. Gamma increase: 30-50 Hz

Each electrode was classified into one or more of these
categories if the Zvalue equivalent statistic exceeded the
significance threshold for at least 2 consecutive frequencies
within the specified bands.

Anatomical Distribution

Figure 44 shows the locations of all 1453 electrodes included
in the statistical analysis over 14 subjects, showing that most of
the cortex was fairly evenly sampled, even though the locations
of electrodes in any individual subject were much more
limited. We relied on 2 methods to assess the anatomical
distribution of power spectral changes in different frequency
bands; the first method being formal categorical analysis to
allow for statistical inference, and the second being visual
inspection of electrode locations in comparison with
previously obtained fMRI results, which is informal but
potentially more informative. Electrodes in Figure 44 are color
coded, indicating the spatial extent of the 6 broad anatomical
categories that were defined a priori.

Figure 4B shows the proportion of electrodes in the ML
region and the rest of the brain classified into each category.
This refers to the number of electrodes in the ROI classified in
the category divided by the total number of electrodes in the
ROL The total numbers and percentages of electrodes in each
region and electrophysiological category are listed in Table 1.

Table 1
Distribution of significant changes in power spectra related to memory load across all subjects in
the 6 regions and 3 electrophysiological categories

ROl Total # elec. # T/Ainc. % T/Aiinc. # T/Adec. % T/Adec. # Ginc. % G dec.
ML 255 53 21 21 8 44 17
0C 135 1" 8 44 33 47 35
LF 230 31 13 50 22 27 12
RF 268 24 9 36 13 32 12
LT 265 25 9 27 10 38 14
RT 300 28 9 26 9 33 1

Note: The columns show the total number of electrodes in each ROI, and the number and
percentage of electrodes showing theta/alpha increase, theta/alpha decrease, and gamma
increase.
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Figure 4B indicates that electrodes in the ML region were
approximately twice as likely to exhibit an increase in theta/
alpha power with memory load than electrodes in other
regions. The Mantel-Haenszel test (see Methods) was used to
evaluate that conclusion statistically, while controlling for the
effect of different electrode arrangements in different subjects.
Mantel-Haenszel tests were carried out on each of the 3
electrophysiological categories, testing for a difference be-
tween the ML ROI and all others combined. As hypothesized,
there was a significant effect only for theta/alpha increase
(Mantel-Haenzel ¢*(df = 1) = 10.33, P= 0.0013). The common
odds ratio for theta/alpha increase in the ML ROI versus the
other regions was 2.04, confirming that electrodes in this
region are twice as likely to exhibit a theta/alpha increase,
regardless of subject effects. No effect was found for theta/
alpha decrease (x*(df = 1) = 0.14, not significant [NS]) or for
gamma increase (x*(df = 1) = 1.03, NS).

The proportions of electrodes in each electrophysiological
category for each of the 6 ROIs are presented in Figure 4C, so
that any other salient tendencies of anatomical distribution may
be detected. Cochran-Mantel-Haenzel tests were conducted
including the 6 ROIs as a categorical factor. Significant effects
of ROI were detected for all 3 electrophysiological categories,
and were particularly strong for the theta/alpha decrease and
gamma increase:

1. theta/alpha increase: M*(df = 5) = 13.42, P= 0.0198
2. theta/alpha decrease: M*(df = 5) = 59.87, P < 0.0001
3. theta/alpha decrease: M(df = 5) = 59.39, P < 0.0001

Inspection of the graph in Figure 4C, as well as the spatial
maps in Figure 5 (see below), indicates that the effect of ROI
for both theta/alpha decrease and gamma increase is primarily
attributable to the prevalence of both of these effects in the
occipital region. Furthermore, these 2 effects appear to occur
at the exact same electrode sites. To assess that impression
statistically, we conducted a Mantel-Haenzel test for an
association between gamma increase and theta/alpha decrease
as categorical factors, which was significant (y*(df = 1) = 10.51,
P = 0.0012, common odds ratio = 1.86), indicating that an
clectrode with a theta/alpha decrease was almost twice as
likely to exhibit a gamma increase as well (and vice versa).
When occipital electrodes were removed from the data set,
however, there was no longer any significant association,
suggesting that the link between theta/alpha decrease and
gamma increase may be specific to that region. In contrast,
there was no significant association between theta/alpha
increase and gamma increase (}*(df = 1) = 1.54, NS). Even
though a relatively large number of electrodes in the frontal
midline region tended to exhibit increases in gamma power,
these electrodes did not tend to be the exact same ones at
which theta/alpha power increased, a fact best appreciated by
visual inspection of Figure 5.

Maps of electrode locations for power spectral changes in all
3 categories are displayed in Figure 5, overlaid on the fMRI map
of memory load-induced changes in BOLD signal from our
previous study of the Sternberg task (Meltzer et al. 2007).
Figure 54 displays electrodes showing an increase in theta/
alpha power with memory load. As predicted, a high concen-
tration of these occurs in the frontal midline region. However,
increases are also detected in many other regions, including
lateral posterior parietal regions. Notably, increases in theta/
alpha power are largely absent from lateral frontal regions.

Figure 5B displays electrodes showing a decrease in theta/
alpha power. These locations of the decreases do not display
much overlap with the increases, confirming the anatomical
dissociation between the effects obtained in the categorical
analysis. Decreases in theta/alpha power are highly concen-
trated in the occipital lobe, but also occur in lateral frontal and
anterior parietal regions. The most salient correspondence
between positive BOLD activation and EEG reactivity appears
to occur in the left precentral gyrus, although electrodes
exhibiting theta/alpha decreases also occur in surrounding
areas not characterized by a significant BOLD response on the
group level.

Locations of gamma power increases are plotted in Figure 5C.
As indicated in the categorical analysis, gamma increases
occurred most commonly in the occipital lobe, colocalized
with theta/alpha decreases. Gamma increases also occur in
other regions, including both the left precentral gyrus
(colocalized with theta/alpha decreases) and the frontal
midline cortex. However, the electrodes with gamma power
increases in frontal midline cortex did not tend to overlap
those characterized by theta/alpha increase, being located
somewhat more posteriorly within the midline region.

Discussion

This study explored the relationship between memory load and
neuronal oscillatory power in different frequency bands,
employing human intracranial recordings in a task that has
been previously studied with fMRI, EEG, and MEG. Invasive
recordings in humans, despite their numerous drawbacks, have
the potential to reveal activity that is not readily detectable in
surface recordings, particularly activity that is coherent over
a smaller spatial scale. Scalp recordings tend to be dominated
by large-scale coherent oscillations, which mainly occur at low
frequencies, both spatial and temporal (Nunez et al. 2001).
Therefore, intracranial EEG may be more sensitive to activity in
higher frequency bands than both scalp EEG and MEG. Given
that fMRI signals have been shown to increase with memory
load in several brain regions (Rypma et al. 1999; Jha and
McCarthy 2000; Kirschen et al. 2005; Narayanan et al. 2005;
Zarahn et al. 2005), and that gamma oscillations have been
shown to be positively associated with BOLD signal changes
measured in fMRI (Brookes et al. 2005; Mukamel et al. 2005;
Niessing et al. 2005), it may be expected that increases in
gamma oscillations with memory load could be detected in
intracranial recordings. This was demonstrated in the study of
Howard et al. (2003), and replicated in the current study.
Increases in gamma power have been reported in numerous
other EEG studies of cognitive tasks (for review, see Kaiser and
Lutzenberger 2005), and it is relatively uncontroversial that
gamma oscillations index neuronal activity of cognitive
relevance.

The role of lower frequency oscillations in cognition is much
less clear. Traditionally, alpha oscillations have been considered
to index an “idling” state of cortex, as they tend to increase in
amplitude during conditions of lower cognitive demand
(Pfurtscheller et al. 1996; Gevins et al. 1997). However,
numerous exceptions have been reported, where cognitive
tasks induce increases in alpha power (Klimesch et al. 1999;
Bastiaansen et al. 2002). Two noninvasive studies of the
Sternberg task have reported increases in lower frequency
power with memory load: alpha in an EEG study (Jensen et al.
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2002), and theta in an MEG study (Jensen and Tesche 2002). As
discussed in the introduction, both theta and alpha oscillations
have been shown to correlate negatively with BOLD in
simultaneous EEG/fMRI studies. Therefore, it is likely that the
increased theta and alpha power occurring in the Sternberg
task originates in regions other than those that generate
positive BOLD signals. Increased theta oscillations have been
reported in numerous cognitive tasks, and are commonly
localized to the medial prefrontal cortex (Asada et al. 1999;
Ishii et al. 1999). Interestingly, this region frequently exhibits
decreases in BOLD in a wide variety of cognitive paradigms
(Gusnard and Raichle 2001). On the basis of these findings, we
hypothesized that the relationship between low-frequency
oscillations and cognitive demand may vary regionally in the
brain, just as the BOLD signal does, tending to increase in some
regions and decrease in others.

Human intracranial recordings are ideally suited for the
investigation of anatomical dissociations in the role of brain
oscillations. One disadvantage of scalp recordings is that
activity from multiple brain regions is mixed at scalp sensors.
Although intracranial recordings may also reflect activity mixed
from multiple sources, they may offer a somewhat more
localized view of activity, given that the electrical fields are not
“smeared” by passing through the skull. Interestingly, a recent
study that also examined theta oscillations in the Sternberg task
reported a general lack of coherence between distant electro-
des exhibiting task-modulated theta oscillations, suggesting
that these recordings are sensitive to activity largely of local
origin (Raghavachari et al. 2006). Therefore, an intracranial
study may be expected to yield information on the anatomical
distribution of cognitive effects on neuronal oscillations in
different frequency bands, complementary to that obtained
from noninvasive recordings. In this study, we have focused on
the changes in spectral power occurring at each electrode, in
order to answer specific questions about the anatomical
distribution of such changes and their potential relationship
to other modalities of neuroimaging. However, we note that
several other techniques are available for the analysis of scalp
and intracranial EEG data, such as event-related potentials,
coherence between multiple electrodes (Nunez et al. 1997),
and nonlinear dynamical methods (Stam 2005). Such techni-
ques have the potential to yield additional information useful
for the interpretation of large-scale field potentials recorded
during cognitive tasks.

Consistent with an earlier report (Howard et al. 2003), we
found that power in the gamma band tended to increase with
working-memory load. However, the gamma band effects were
not the only salient effects in the current study, as we also
detected a similar proportion of electrodes at which power in
lower frequency bands was modulated by memory load. Both
increases and decreases were observed in a broad range that
included both the theta and alpha bands, as traditionally
defined. This pattern of results suggests that there is no single
relationship between low-frequency oscillations and cognitive
demand, in contrast to the gamma band, in which load-related
changes were predominantly positive. Rather, increases and
decreases in low-frequency power may index qualitatively
different phenomena, both of which play a role in working
memory. Just as cognitive demands may induce both increases
and decreases in BOLD in different areas, changes in low-
frequency power of opposite sign may reflect different
neuronal processes that are dissociable on other criteria.
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The most easily detectable form of a dissociation between
power changes of opposite sign would be complementary
anatomical distributions. Although we did not observe a com-
plete lack of overlap between increases and decreases in theta/
alpha power, the localizations of these 2 effects were
statistically separable. As hypothesized, increases in theta/alpha
power occurred in the frontal/parietal midline regions
significantly more often than in other regions. These regions
frequently exhibit decreases in BOLD signal with increasing
cognitive demands (Gusnard and Raichle 2001; McKiernan
et al. 2003). Although the fMRI map shown as the underlay in
Figure 5 does not display fMRI deactivation in medial prefrontal
cortex, that is because it is the map of effects that were
significant across the entire cohort of subjects. In the previous
EEG/fMRI study of individual differences (Meltzer et al. 2007),
we specifically found that the minority of subjects exhibiting
load-dependent increases in theta power were the same ones
that exhibited medial prefrontal deactivation. The present
finding of theta/alpha increases in commonly deactivated
regions provides additional evidence that negative BOLD and
low-frequency oscillatory synchronization both reflect a form
of neural activity characterized by a lower rate of metabolic
demand, as indexed by fMRI and PET. Similarly, it is likely that
the observed increases in medial prefrontal theta in this study
arise from a subset of the subjects. Nonetheless, it is likely that
task-induced low-frequency oscillations in medial prefrontal
cortex play an important computational role in cognition, as
several recent studies have demonstrated that theta oscillations
coordinate neuronal activity between medial prefrontal cortex
and hippocampus in rodents (Hyman et al. 2005; Jones and
Wilson 2005; Siapas et al. 2005). Notably, theta activity in
rodents is conventionally defined as 4-12 Hz, which includes
both the theta and alpha bands in human EEG terminology.
Rodent studies have also demonstrated an inverse correlation
between theta power and metabolism, despite increases in
theta power under conditions of greater cognitive demand
(Sanchez-Arroyos et al. 1993; Uecker et al. 1997).

The tendency of load-induced theta/alpha power increases
to occur in midline regions may explain why they were not
observed in several previous intracranial studies of the
Sternberg task (Raghavachari et al. 2001; Howard et al. 2003;
Rizzuto et al. 2003; Raghavachari et al. 20006). In all of those
studies, very few recordings from midline electrodes were
obtained, whereas all of our patients had some electrodes
implanted subdurally within the longitudinal fissure separating
the 2 brain hemispheres. Most likely, this reflects differences in
clinical practice between our neurosurgical team in New
Haven and the team in Boston that implanted the electrodes
used in the previous studies. Although in both cases electrode
placement was defined strictly by clinical criteria, practices do
vary at different hospitals. However, other important differ-
ences exist between our study and previous studies. We
presented the digits to be encoded simultaneously in one array,
whereas the previous studies presented them sequentially. In
our case, this was done so that the intracranial study would be
directly comparable with our EEG-fMRI study, which used
simultaneous presentation. Additionally, our study used a much
longer delay period of 6 s.

Decreases in theta/alpha power, although as common as in-
creases, tended to occur in different regions than the increases,
and were most prevalent in occipital cortex. Gamma increases
were also most frequent in the same region, and often occurred
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at the exact same electrode sites. This finding suggests that
decreases in lower frequencies and increases in higher
frequencies may both reflect the same underlying neural
activity, which occurs preferentially in the occipital lobe. A
recent theoretical investigation suggested that neuronal
“activation” is characterized by an overall acceleration of
temporal dynamics leading to a shift away from lower
frequencies toward higher frequencies (Kilner et al. 2005),
thus predicting that theta/alpha decreases should colocalize
with gamma increases. Our data support this hypothesis in the
occipital lobe, but do not provide strong evidence for or against
it in other regions. Accordingly, an MEG study has also reported
colocalization of alpha band decreases with gamma band
increases and positive BOLD in occipital cortex (Brookes
et al. 2005). Additionally, a recent MEG study employing
a working-memory task with face stimuli (Jokisch and Jensen
2007) reported increases in occipital lobe gamma power
during the retention interval, whereas increases in alpha power
were localized to more dorsal parietal-occipital midline areas,
consistent with our own observations that increases in these 2
frequency ranges tend not to overlap. At this point, it is
uncertain why gamma modulations tend to be detected in the
occipital lobe more than in other regions. One possibility is that
gamma plays a special role in primary visual processing that is
not generalized to other cognitive and anatomical domains,
although gamma activity in primary auditory cortex is also well
documented (Sekihara et al. 2000; Mukamel et al. 2005).
Jokisch and Jensen (2007) suggest that the failure to observe
gamma modulations in more anterior areas such as the fusiform
gyrus may be due to the distance of those areas from the MEG
sensors. However, in our intracranial study, increases in gamma
power were predominantly detected in occipital cortex
(although not exclusively) despite extensive coverage of
other brain regions involved in working memory, suggesting
that gamma oscillations are in fact more prevalent in the
occipital lobe, rather than being preferentially detected there
due to anatomical biases present in noninvasive sensor
arrangements.

Additionally, we shall discuss the relationship between the
current findings on the Sternberg task and existing findings on
one other cognitive paradigm, in which neuronal oscillations
have been extensively investigated: subsequent memory
effects. In this paradigm, words or pictures are presented for
memory encoding, and the subject is tested later on their
ability to recall them. Items are retrospectively classified as
remembered or forgotten (further categorizations may also be
made), and activity that predicts successful or unsuccessful
memory formation is identified. Numerous fMRI studies have
identified increases in BOLD activity predictive of subsequent
memory (Brewer et al. 1998; Wagner et al. 1998; Reber et al.
2002; Davachi et al. 2003). Intracranial EEG (Sederberg et al.
2003, 2006) and MEG studies (Osipova et al. 2006) have both
detected significant increases in gamma activity for sub-
sequently remembered items, localized to occipital cortex
(and other regions in the case of the intracranial studies). In the
theta band, numerous studies have reported positive sub-
sequent memory effects (intracranial EEG: Sederberg et al.
2003; MEG: Osipova et al. 2006; EEG: Klimesch et al. 1996),
although negative effects (Sederberg et al. 2006) have also been
reported in the same frequency range. Localization of positive
subsequent memory effects in the theta band has not been
extensively characterized, but it is possible these effects may

also correspond to negative BOLD effects, as 2 studies have
demonstrated negative subsequent memory effects in fMRI
(Otten and Rugg 2001; Daselaar et al. 2004), localized to
posterior midline, prefrontal, and inferior parietal regions. This
possibility awaits further study.

One surprising outcome of this study is that there did not
seem to be any tight spatial correspondence between the
patterns of intracranial EEG reactivity and BOLD responses
obtained from the earlier EEG-fMRI study (Meltzer et al. 2007),
as displayed in Figure 5. There are several possible reasons for
this. The simplest explanation is that fMRI and EEG responses
are independent phenomena, reflecting separate aspects of
neuronal activity that do not necessarily occur at the same
region. However, even if electrophysiological and hemody-
namic responses are linked in certain cases, other factors may
prevent a tight colocalization in comparisons of fMRI and
intracranial EEG. One simple reason is that the electrodes are
not actually located within the cortex where BOLD signal
changes are generated; rather, they are in the subdural space
several millimeters away from the BOLD maxima. Thus, any
signal detected by these electrodes is unlikely to be generated
at the site of the electrode, but instead is volume-conducted
from adjacent tissue of unknown spatial extent. Thus, in
Figure 5B,C, we see a large number of occipital electrodes
exhibiting theta/alpha decreases and gamma increases. These
are located close to a large cluster of BOLD activation, but not
exactly within that cluster. Similarly, the frontal midline
clectrodes exhibiting increases in theta/alpha power are
mostly located at the frontal pole, not within the midline
cortex lining the longitudinal fissure where negative correla-
tions between EEG theta and BOLD were observed in the
companion fMRI study (Meltzer et al. 2007). Therefore, it is
impossible to say with certainty whether the BOLD activation
and the EEG dynamics are independent effects, or if they are
representative of the same neural activity, reflected via volume
conduction in electrodes somewhat removed from the BOLD
activation. Notably, the same uncertainty would apply even if
the electrodes and the BOLD were perfectly colocalized, as the
electrodes could be detecting activity originating in areas
outside the BOLD activation.

Another factor differentiating the EEG results from the fMRI
map is that the fMRI map is a group average of effects that are
significant on the population level, derived from a cohort
analysis. The EEG electrodes that are highlighted were
significant in an individual subject. Although the large-scale
lobar-level categorical tests took this into account, the maps do
not, and hence there is no guarantee that most subjects would
exhibit a significant change in EEG dynamics on an electrode
located in the same location. Thus, it is possible that the large
spread in the locations of EEG effects seen in Figure 5 may be
matched by a large spread in individual fMRI reactivity that is
not reflected in the results of the cohort-level random effects
analysis. In the present results, the closest match between
BOLD activation and EEG dynamics appears to be the theta/
alpha decrease in the left precentral gyrus. However, the
number of subjects with electrodes overlying that region is not
large enough to conclude an invariable association between
those 2 effects. The occurrence of EEG responses in many
other locations not accompanied by BOLD responses on the
cohort level suggests that EEG and fMRI reactivity may
dissociable to some extent, with a significant change occurring
in either modality without the other.
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In summary, we have found that gamma oscillations tend to
increase with greater working-memory load, preferentially in
occipital cortex, whereas lower frequency oscillations in the
theta/alpha range exhibit 2 different patterns: increases with
memory load, localized preferentially to midline cortical
regions, and decreases with memory load, which tend to
colocalize with gamma increases in occipital cortex, but also
colocalize with positive BOLD responses in the precentral
gyrus. Additionally, we found that oscillatory reactivity may
occur in widespread regions of the cortex not necessarily
colocalized with fMRI activation observed consistently in
normals performing the same task. These findings underscore
the danger inherent in ascribing a single functional role to
oscillations within a given frequency band, as the behavior of
a certain frequency band can be very different across brain
regions, even within the same task comparison. As recent years
have seen the introduction of several new methods for
noninvasive mapping of oscillatory activity in the brain with
reasonable accuracy (Hillebrand and Barnes 2005; Liljestrom
et al. 2005), one can expect that neuroanatomical distinctions
such as these will play a key role in elucidating the role of
oscillatory neuronal activity in human cognition.
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