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Abstract
Objective—Theta and alpha range EEG oscillations are commonly induced in cognitive tasks, but
their possible relationship to the BOLD signal of fMRI is not well understood, and individual
variability is high. We explored individual differences in EEG reactivity to determine whether it is
positively or negatively correlated with BOLD across subjects.

Methods—A Sternberg working memory task with 2, 4, or 6 digits was administered to 18 subjects
in separate fMRI and EEG sessions. Memory load dependent theta and alpha reactivity was quantified
and used as a regressor to reveal brain areas exhibiting EEG-fMRI correlation across subjects.

Results—Theta increases localized to medial prefrontal cortex, and correlated negatively with
BOLD in that region and in other “default mode” areas. Alpha modulation localized to parietal-
occipital midline cortex and also correlated negatively with BOLD.

Conclusions—Individual tendencies to exhibit memory-load dependent oscillations are associated
with negative BOLD responses certain brain regions.

Significance—Positive BOLD responses and increased EEG oscillations do not necessarily arise
in the same regions. Negative BOLD responses may also relate to cognitive activity, as traditionally
indexed by increased EEG power in the theta band.
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Introduction
While event-related potentials (ERPs), derived from time-domain averages of EEG signals,
have been used for several decades to investigate human cognition, recent years have seen
increasing attention paid to other properties of the EEG (or MEG) signal that are also modulated
in an event-related manner, but are not precisely phase-locked to the onset of a stimulus, thus
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requiring analysis jointly in the time and frequency domains. Among the most commonly
reported phenomena are event-related synchronization (power increase) and desynchronization
(power decrease) in distinct frequency bands, including theta (~ 4–7 Hz), alpha (~ 8–12 Hz),
beta (~ 15–25 Hz), and gamma (> 30 Hz). The theta frequency range has been of particular
interest in cognitive neuroscience, due to its proposed homology with rodent hippocampal theta
rhythm (Bastiaansen and Hagoort, 2003, Miller, 1991) and the fact that it is commonly observed
to exhibit power increases associated with greater levels of mental effort or cognitive challenge
(Gevins, 1979, 1997, Gundel and Wilson, 1992, Inanaga, 1998). Task contrasts that elicit theta
increases have included successful vs. unsuccessful memory encoding (Sederberg et al.,
2003, Klimesch et al., 1996) and retrieval (Burgess and Gruzelier, 2000, Guderian and Duzel,
2005), working memory load (Gevins et al., 1997), and sentence processing (Bastiaansen et
al., 2002a), to list only a few examples.

In contrast to the theta band, power in the alpha band is often seen to decrease under conditions
of greater demand, primarily at posterior sites, (Gevins et al., 1979, 1997, Vanni et al., 1997,
Gundel and Wilson, 1992), although numerous exceptions have been reported, in which
cognitive tasks elicit increases in alpha power (Schack and Klimesch, 2002, Klimesch et al.,
1999, Bastiaansen et al., 2002b). Nonetheless, event-related desynchronization of the alpha
band is an extremely common finding, leading to proposals that alpha oscillations can represent
an “idling” state of cortex (Van Winsum et al., 1984, Miller, 2007). Therefore, increases in
frontal midline theta (henceforth, “Fm theta”) and decreases in posterior alpha together
represent a general profile of EEG effects for increasing levels of cognitive demand in a variety
of language and memory tasks. Given the ubiquity of such findings, there is much interest in
understanding the relationship between EEG oscillations and the BOLD signal measured in
fMRI, which provides another quantitative measure related to neuronal information processing,
with great spatial specificity. General spatial dissociations in fMRI signal changes across a
variety of tasks have also been reported, such that increases in memory and attentional demands
are often observed to elicit negative signal changes in a set of regions dubbed the “default mode
network” (Raichle et al., 2001), which includes frontal and parietal-occipital midline regions
along with the bilateral angular gyri. Similarly, positive signal changes are commonly observed
in bilateral prefrontal and parietal areas (Fox et al., 2005, Fransson, 2006), which have recently
been called a “task-positive” network. As yet, it is an open question whether event-related
changes in theta and alpha power are generated in the same regions exhibiting BOLD effects
in cognitive tasks, and whether the correlation between task-modulated EEG power and BOLD
is positive or negative in specific regions and frequency bands.

While numerous studies have employed simultaneous EEG and fMRI measurements, they have
generally not investigated event-related power changes. Rather, they have generally examined
spontaneous power fluctuations occurring during long blocks of rest or mental arithmetic.
Several studies of the resting state have shown a negative correlation between alpha power and
BOLD in cortex (Goldman et al., 2002, Moosmann et al., 2003, Laufs et al., 2003), consistent
with an “idling” role, although considerable individual variability is also present (Laufs et al.,
2006), including instances of positive correlations (Goncalves et al., 2006). To date, two EEG-
fMRI studies of the theta band have employed mental arithmetic, which is known to elicit theta
increases in some subjects (Inanaga, 1990, Miwakeichi et al., 2004), but have reached
somewhat different conclusions. Mizuhara et al. (2004) found negative correlations between
theta power and BOLD in anterior medial cortex, in close correspondence with the putative
sources of frontal theta as estimated in MEG studies (Asada et al., 1999, Ishii et al., 1999),
while positive and negative correlations were also observed in distant areas, suggesting that
theta reflects metabolic deactivation in the cortex that generates it, while other areas may be
anticorrelated with such activity. In contrast, Sammer et al. (2006) used a very similar
paradigm, but reported exclusively positive correlations with fluctuations in theta power, in
widely-distributed regions of the brain.
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While simultaneous EEG-fMRI studies have yielded important insights into the relationship
between the two modalities, they do have some limitations. For instance, it is well known that
brain regions comprising the afore-mentioned task-positive and default mode networks exhibit
highly correlated spontaneous fluctuations within each network (Fransson, 2006), and
anticorrelated activity between the networks (Fox et al., 2005). Even if the observed EEG
phenomena were generated in only one node of the network, they could be expected to exhibit
correlations with many different brain regions. Therefore, other methods have also been
employed to investigate E/MEG-fMRI relationships, including direct comparisons of BOLD
with MEG source estimates (Brookes et al., 2005) and intracranial recordings obtained from
neurosurgery patients (Mukamel et al., 2005, Lachaux et al., 2007) and from animals
(Logothetis et al., 2001, Niessing et al., 2005). In the present study, we use a novel method for
the exploration of EEG-fMRI relationships: the exploitation of inter-subject variability.

Inter-subject variability is particularly high for Fm theta, and has been commented on since
the earliest reports of theta oscillations in human EEG (for review, see Inanaga, 1998). Given
this high variability, some studies of theta power reactivity have resorted to prescreening human
subjects for the presence of theta responses prior to conducting the main experiment (e.g.
Miwakeichi et al., 2004). Since subjects vary in the degree to which (or whether at all) they
exhibit Fm theta increases to increasing cognitive demands, the examination of correlations
across subjects between EEG and fMRI responses offers another window on the potential
relationship between these two modalities. Therefore, we sought to develop a task with
parametrically modulated levels of cognitive demand that was well suited for measurement in
both EEG and fMRI. We chose the Sternberg working memory task. In this task (Sternberg,
1966), a subject is required to remember a set of items during a delay period, in order to identify
a probe item as present or absent from a memorized list. The number of items in the set can
vary across trials, allowing the assessment of signal changes that are parametrically related to
working memory load. This task has been used extensively in fMRI, demonstrating load-
dependent increases in the BOLD signal in frontal areas such as the middle, superior, and
inferior frontal gyri, the precentral gyrus, and also in parietal and cerebellar regions (Rypma
et al., 1999, Jha and McCarthy, 2000, Narayanan et al., 2005, Zarahn et al., 2004, Kirschen et
al., 2005), while load-dependent decreases have been reported less often (c.f. Habeck et al.,
2005).

An attractive feature of the Sternberg task is that memory load effects that are highly variable
across subjects have already been reported in EEG/MEG studies. In an MEG study, Jensen and
Tesche (2002) found that power in the 7–8.5 Hz range increased significantly with greater
memory load during the delay period of the Sternberg task. However, in a complementary EEG
study, Jensen et al. (2002) did not replicate the MEG findings, but instead found that power in
the alpha range (8–12 Hz.) at posterior electrodes was significantly increased with load.
Nonetheless, a frontal theta power increase was apparent in the group average data, but this
increase was driven almost entirely by one subject out of ten, who had an extremely large theta
response. In a subsequent study, Onton et al. (2005) analyzed the trial-by-trial variability of
theta responses in the Sternberg task, finding that even statistically significant load-modulated
increases in theta power in individual subjects can be driven by a subset of extremely reactive
trials, while other trials show very little response.

In the present study, we have attempted to capitalize on the high inter-subject variability of
EEG oscillations during the Sternberg task, in order to elucidate the relationship between low-
frequency EEG activity (theta and alpha bands) and the memory load-dependent BOLD signal
changes commonly observed in this task. We devised a version of the Sternberg task suitable
for both fMRI and EEG measurements, and collected data from both modalities in separate
sessions on 18 subjects. The outcome of the EEG measurement was used as an independent
variable, testing whether inter-subject differences in EEG reactivity predict patterns of fMRI
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signal changes. The detection of significant correlations across subjects between scalp EEG
and fMRI reactivity, combined with direct source localization estimates of EEG activity, can
help to determine where in the brain the EEG activity is generated, and whether it is positively
or negatively correlated with the BOLD signal.

METHODS
Subjects

18 participants were recruited from the Yale University Community, ranging from 23 to 35
years old (mean age 27, 10 females). All subjects gave informed consent, had normal or
corrected vision, and were paid for their participation. The study protocol was approved by the
Yale University Human Investigation Committee. All subjects completed the fMRI session
first, and the EEG session second. For thirteen subjects, the fMRI and EEG sessions were
conducted three days apart from each other, while the intersession interval varied up to three
weeks for the other five subjects. Because the primary goal of this study was to examine
intersubject differences, we did not counterbalance the order of sessions across subjects, as it
would have introduced a confound. The fact that a practice effect may be present in the EEG
session (see results) does not confound the main findings of the experiment, which relate to
correlations across subjects between fMRI and EEG reactivity.

Sternberg Task
At the onset of each trial, a stimulus array of six items, arranged in two rows, appeared in black
font at the center of a constant white background (fig. 1A). On trials with the highest memory
load, each item of the array was a digit, selected randomly without replacement from 0 to 9.
On trials with lower memory loads, two or four of the items were digits, and the remaining
items were plus signs. The locations of the digits within the array were random. The plus signs
were used as fillers to ensure that the total amount of purely visual stimulation was
approximately constant across trials. While both digits and letters have proven effective at
inducing the typical memory load-dependent reaction time increment in the Sternberg task (e.g.
Sternberg, 1966,Zarahn et al., 2005), we chose to use digits, in order to encourage a more
uniform strategy of rote mental rehearsal, rather than the use of mnemonic associations.
However, subjects were not explicitly instructed requested to use any particular strategy, but
simply to “remember” the digits during the delay period. The stimulus array remained on the
screen for 3.1 seconds, after which it was replaced by an array of three dots, intended to
minimize confusion between the delay period and the inter-trial interval, during which only a
blank screen was presented. After a 10.85-second delay period, a single probe digit appeared
at the center, with question marks on either side of it. Subjects were to press the left button of
a fiber-optic response box if the probe digit was among the stimulus array for that trial (“yes”
responses) and the right button otherwise (“no” responses). The probe digit was displayed for
1.55 seconds, and subjects had a time limit of 3.1 seconds to respond to it. The inter-trial interval
varied randomly from 3.1 to 7.75 seconds, in integer multiples of the MR pulse sequence
repetition time (TR=1.55 seconds). The task was exactly the same for the fMRI session and
the EEG session, except for the differences between the fMRI and EEG recording
environments, and the use of unique stimuli for each session. Each run comprised 18 trials, 6
of each condition, and lasted a total of 4 minutes, 39 seconds. Subjects completed 7 runs in the
fMRI session, and 7–9 runs in the EEG session, depending on time available.

FMRI acquisition
FMRI was performed on a 3-Tesla Siemens Trio system. Foam padding and tape were used to
minimize head movement. Stimuli were projected onto a mirror mounted on the head coil above
the subject’s face. Subjects’ responses were registered using a fiber-optic button box (Current
Designs, Philadelphia, PA) and scanning noise was muffled through the use of earplugs and
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passive sound-blocking MRI-compatible headphones (Resonance Technologies, Northridge,
CA). After localizer scans, 25 axial slices were defined covering the whole brain, parallel to
the line between the anterior and posterior commisures. In this orientation, we first acquired a
T1-weighted anatomic image. Next, subjects performed the cognitive task during acquisition
of functional EPI images (64×64 matrix, FOV 220 mm, TE 30 ms, TR 1550 ms, in-plane voxel
size 3.4×3.4 mm, slice thickness 6mm, no skip, interleaved ascending acquisition, α = 80°), in
the same AC-PC aligned 25-slice geometry. Seven runs of 18 trials each were performed. After
completion of the cognitive task, a high-resolution 3D MPRAGE anatomical image was
acquired.

FMRI analysis
FMRI preprocessing and statistical analysis were conducted with AFNI software (http://
afni.nimh.nih.gov/afni/), supplemented by programs written locally in MATLAB 6.5
(Mathworks, Natick, MA). EPI images were skull-stripped (Brain Extraction Tool, http://
www.fmrib.ox.ac.uk/fsl/), corrected for differences in slice-timing, motion-corrected,
smoothed with a 8mm FWHM kernel, and normalized so that the mean of every voxel’s
timecourse in each run was 100, allowing subsequent regression parameter estimates to be
interpretable as percent signal change. For the primary statistical analyses of the fMRI time
series, we used a standard hemodynamic response model in the form of a gamma density
function with default parameters (Cohen, 1997). The timing of each trial, consisting of two
TRs of encoding, 7 TRs of delay, and 1 TR of retrieval, was convolved with that function, and
regression parameters were estimated for encoding, delay, and retrieval for each condition. As
the average reaction time in all conditions was less than the length of one TR, the probe retrieval
event was modeled as one TR, rather than the entire 2-TR period during which the probe digit
was displayed. In addition to the primary model-based analysis, we also employed
deconvolution techniques (Miezin et al., 2000) in order to estimate the condition-specific
impulse response function (IRF) at 15 timepoints, ranging from 0 to 21.7 seconds relative to
the onset of the encoding period. This second analysis was used primarily for display purposes,
allowing for the visualization of the BOLD timecourses in specific regions identified in the
multi-subject statistical analyses, separately averaged in each condition (2, 4, or 6 digits).
Furthermore, the empirical estimation of the IRF provided confirmation that the data were
appropriately modeled as the convolution of standard hemodynamic response functions with
the three phases of each trial.

Functional images resulting from within-subject statistical analysis were warped into a
reference space (the “Colin brain,” http://www.mrc-cbu.cam.ac.uk, skull-stripped locally) with
MNI coordinates, using a three-step transformation: a 6-parameter rigid transformation from
the EPI image to the axial anatomical, a 6-parameter rigid transformation from the axial
anatomical to the high-resolution MPRAGE image, and a 12-parameter affine plus nonlinear
grid-based transform (Papademetris et al., 2004) from the individual subject’s skull-stripped
MPRAGE to the reference brain, implemented with in-house software. For all multi-subject
tests, percent-signal change values for each subject were submitted to statistical analyses, thus
treating subjects as a random effect (Friston et al., 1999). To correct for multiple comparisons
across voxels, a minimum cluster size threshold was adopted (Forman et al., 1995). Using a
voxel-wise threshold of p<.01, Monte Carlo simulations (the AFNI program Alphasim) were
used to set a cluster size criterion of 2.16 mL (279 voxels), in order to control the family wise
error rate at p<.05.

Estimation of memory load effects
The primary goal of this experiment was to assess across-subject correlations between EEG
and fMRI reactivity to increasing levels of working memory load. Three levels of memory load
were chosen in order to confirm that increased activity is indeed parametrically modulated by
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load (precluding the use of only 2 levels), while allowing for a reasonably large number of
trials in each condition (precluding the use of many different levels). In order to assess between-
modality correlations in a parsimonious manner, we employed a single contrast testing for a
linear effect of load across the three experimental levels (2, 4, and 6 digits). A single parameter
estimate for load effects in the encoding period, and another one for the delay period, were
thus generated for each subject, to be submitted to the second-level random-effects analyses
across subjects. Notably, in the case of a linear trend analysis with three equally spaced levels,
the magnitude of the estimated load effect for each subject is exactly equivalent to the simple
subtraction between the two extreme levels (here, 6-digit minus 2-digit), except for an optional
scaling factor. Therefore, we chose to use this subtraction as the primary measure of interest,
which is perfectly adequate as long as load modulation is approximately linear. However, the
presence of a “U-shape curve” in the response to increasing levels of memory load could
invalidate the use of a single contrast. In order to check for such an effect, we compared the
results of two different group-level analyses. In the first analysis, we simply submitted the
load-effect contrast calculated for each subject (6-digit minus 2-digit) to a one-sample t-test.
We also computed equivalent maps for the other pairwise comparisons 6–4 and 4–2. In the
second analysis, we submitted the delay period regression coefficients from each condition
(2,4, and 6 digits) to a voxel-wise repeated measures 1-factor ANOVA, testing for a main effect
of memory load, irrespective of the linear ordering of the three levels. The output of the
ANOVA was examined in order to determine whether any nonlinear effects of different
memory load levels (e.g. a U-shaped curve) were present in the fMRI data.

EEG recording and preprocessing
The design of the present experiment, as a multimodal paradigm suitable for both fMRI and
EEG, required the use of specialized procedures for EEG processing. Normally, EEG
experiments comprise individual trials that are fairly short in length. For instance, a retention
interval of 2–3 seconds is typical in working memory experiments (e.g. Jensen et al., 2002,
Schack et al., 2002). The use of a large number of short trials allows for an easy way of dealing
with EEG artifacts such as blinks: simply discard trials that contain artifacts. In fMRI studies
of working memory, much longer delay periods are employed, due to the necessity of
identifying lagged hemodynamic activity attributable to the delay period of the task, as opposed
to the encoding period. In this experiment, the total length of each trial was 17.05 seconds,
meaning that almost every trial contained blinks, along with other artifacts. Rather than
excluding whole trials, therefore, we employed Independent Component Analysis (ICA) to
remove signals attributable to artifacts, while retaining signals attributable to brain electrical
activity. Briefly stated, the EEG signal at each sensor site was reconstructed from a subset of
independent components (ICs), and these reconstructed signals at each sensor site were used
for multi-subject analysis. We did not conduct any multi-subject analyses on ICs directly.
However, in addition to artifact removal, ICs were used for display purposes. In order to
illustrate examples of oscillatory activity strongly modulated by memory load within individual
subjects, we displayed the results of spectral analysis on single components exhibiting the
effects, rather than selecting an arbitrary channel to display (see results). In these cases, the
scalp map showing the spatial projection of each IC provides an indication of the spatial extent
of the load-modulated activity.

125-channel EEG was recorded with a Geodesic Sensor Net (EGI, Eugene, OR), sampled at
250 Hz with a hardware bandwidth of 0.1–100 Hz, initially referenced to site CZ (later
converted to average reference, see below), and bandpass filtered (0.5–30 Hz) offline. Data
were exported to EEGLAB software (Delorme and Makeig, 2004) for analysis. Five
consecutive nonoverlapping 1.8-second epochs were extracted from the middle of the delay
period of each trial of the Sternberg task, during which time the subject was rehearsing the
digits and no externally-driven events occurred. Thus, brief periods (.925 seconds) at the
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beginning and end of the delay period were not included. The 1.8 second epoch length was
chosen as a convenient length for rejecting individual epochs and carrying out spectral analysis
(see below). The use of the entire delay period as a single epoch would necessitate the
discarding of more data, and would result in fewer epochs being averaged in spectral estimates,
thus reducing the reliability of those estimates. The 1.8-second epochs were manually screened
for severe artifacts, and badly contaminated epochs (<5%) were discarded. In some cases,
individual channels judged to be highly contaminated by artifact were also excluded. Decisions
about rejecting individual epochs, channels, and ICs were made by an experimenter conducting
visual inspection, blind to which condition the epochs belonged to. Arbitrary amplitude
thresholds for artifact rejection were not used.

Epochs were then submitted to InfoMax ICA (Delorme and Makeig, 2004). Following the
suggestions of the EEGLAB tutorial material (http://www.sccn.ucsd.edu/eeglab), two rounds
of ICA were used to remove artifacts and reduce the dimensionality of the data, as the results
of the initial round are informative in rejecting more epochs. First, PCA was employed to
reduce the 125-channel data to 80 dimensions, which were then decomposed into 80 ICs.
Component scalp maps, timecourses, and spectra were visually examined to identify
components dominated by artifacts, which were selected for rejection. Additionally, individual
epochs during which most ICA components had abnormally high amplitude were identified as
artifactual (likely due to subject movement, also <5%) and removed. Criteria for IC rejection
included correspondence to known artifacts such as heartbeat and eye movement (defined by
waveform appearance, spatial projection patterns, and power spectra, collapsed across all
conditions so that the hypotheses of the experiment would not bias component selection),
spatial projection to only one channel, or high amplitude during only a small portion of the
total experimental time. Most components met one or more of these criteria and were rejected.
The majority of the 80 components in each subject projected only to one channel at a few
moments in time, and accounted for very little of the total variance in the data, representing
noise specific to a single electrode. Next, the EEG signals at individual channels were
reconstructed by multiplying only the non-rejected ICs by their spatial projections. Then, the
reconstructed data were converted to an average-reference montage. This step was carried out
after ICA so that eyeblink activity would not contribute to estimates of the average voltage.
The resulting EEG data was then submitted to a second round of ICA, and more artifactual
epochs and components were removed, using the criteria described above. A range of 8 to 22
components (mean = 15) were retained for each subject, comparable to results reported in other
studies employing these methods (Onton et al., 2005). Next, the whole sequence of ICA
decompositions, component subtractions, and average referencing (using the weights
computed from the 1.8 second epochs extracted from the delay period) was applied to the entire
EEG dataset, consisting of from 126 to 162 whole-trial epochs per subject. This resulted in a
dataset of full-length trials, reconstructed from the 8–22 ICs retained in each subject. These
whole-trial epochs extended from 2 seconds prior to digit onset to 17 seconds after, just before
the offset of the probe digit at the end of the trial.

EEG spectral analysis
The primary variable of interest in the EEG data was the effect of memory load on spectral
power during the encoding and delay periods, which was to be compared with fMRI load effects
across subjects. To estimate spectral power during these periods, we employed multi-taper
spectral analysis (Percival and Walden, 1993) on individual epochs for each electrode, and
then averaged the resulting power spectra within each condition. For spectral analysis of delay
period activity, we used the same 1.8 second epochs described above. For the encoding period,
we extracted data from the reconstructed whole-trial epochs, in a time range of 0.1 to 3 seconds
after the appearance of the digit array. Because the absolute amplitude of EEG oscillations is
dependent on skull conductivity and geometry as much as it is on neuronal dynamics, average
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spectra were normalized by dividing by the total amount of power from 0.5–30 Hz, averaged
across all conditions, prior to computing relative change scores for submission to multisubject
averaging and EEG-fMRI correlation analysis. This normalization is also desirable because
memory load effects in fMRI are routinely normalized to percent signal change. Spectral
analysis was also performed on the retained ICs for each subject, to identify components
strongly modulated by memory load.

Spectral analysis of whole epochs with the multi-taper method provides a good estimate of the
average level of power in different frequency bands during the epochs, but does not provide
an estimate of the specific timecourse of power throughout the trial. Therefore, we also
conducted a time-frequency analysis using the Event-Related Spectral Perturbation method
(“ERSP”, Makeig, 1993), implemented in EEGLAB. As this analysis was conducted for
display purposes, not for multi-subject analyses, we conducted it only on the retained ICs, and
not on the individual channels. A sliding window FFT spectrogram was computed on each
whole-trial epoch (300 Hanning windows, window length 4.1 sec, 99% overlap), which was
then log-transformed. The log-transformed average power spectrum from the pre-stimulus
baseline period was subtracted from each segment’s value, yielding the ERSP. ERSP values
were averaged separately in each condition. ERSP values were averaged across prespecified
frequency ranges in the theta (4–7 Hz) and alpha (8–12 Hz) bands in order to generate plots of
the timecourses of spectral power evolution throughout the trial. Theta was defined as 4–7 Hz
to minimize overlap with the alpha band, especially in subjects with a lower alpha peak
frequency.

EEG-fMRI correlation analysis
In order to determine whether individual variability in EEG reactivity to increased memory
load was related to variability in BOLD responses, we computed the Spearman’s rank-order
correlation coefficient (“rho”) between the BOLD load effect and the EEG load effects. Four
comparisons were possible: theta and alpha bands, in encoding and delay periods. However,
as high inter-subject variability was observed in EEG only in the delay period, we did not
expect, and did not detect, any significant correlations for the encoding period. Each subject
contributed one fMRI value at each voxel, representing the difference between the BOLD
regression coefficients for 6-digit versus 2-digit trials.

As explained above, this quantity is the best single estimate of the linear load effect for each
subject – identical results are obtained from a linear regression performed within each subject.
For the EEG data, a single region of interest was defined in order to compute a single subject-
specific estimate of the load modulation effect in each frequency band of interest. EEG ROIs
were not precisely defined a priori, but selected on the basis of the group averaged EEG results
considered independently of the fMRI data. We selected regions of maximum reactivity in the
group averages, regardless of whether that reactivity was statistically significant across the
whole cohort. As these regions were defined purely on the basis of EEG reactivity independent
of fMRI results, the a posteriori definition of EEG ROIs does not bias the observed inter-modal
correlations.

As expected, maximum theta reactivity was observed in a frontal midline region, while
maximum alpha reactivity occurred in a parietal-occipital region straddling the midline (see
results). The load effect for each subject (again, defined as the 6–2 subtraction) was calculated
at each electrode by subtracting the averaged spectral power across the theta (4–7 Hz) and
alpha (8–12 Hz) bands. The resulting difference values were then averaged across the
electrodes that comprised the EEG ROI, resulting in one value per subject representing frontal
theta power modulation during the delay period, and one value representing parieto-occipital
alpha power modulation, for both encoding and delay periods, although no significant inter-
subject correlations were detected for the encoding period (see results). These values were then
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submitted to the voxel-wise computation of Spearman’s Rho, resulting in a whole-brain
statistical map of areas in which individual differences in EEG reactivity predicted fMRI
reactivity for increased levels of working memory load.

LORETA Source estimation
In order to estimate the intracranial sources of the observed changes in EEG theta and alpha
power, we used LORETA (Low Resolution Electromagnetic Brain Tomography, Pascual-
Marqui et al., 1994), implemented in the freely available LORETA-KEY software (http://
www.unizh.ch/keyinst/NewLORETA/LORETA01.htm). This technique produces a
distributed linear inverse solution, in the form of a current density map, by minimizing the L2-
norm of the difference between the predicted forward solution and the observed data, weighted
by a Laplacian operator, which has the effect of producing as smooth an estimate as possible.
While numerous strategies for 3D localization of EEG activity are available (Michel et al.,
2004, Pascual-Marqui, 1999), the use of a smoothly distributed inverse solution facilitates
combining results across subjects, similar to the smoothing of fMRI data in multi-subject
studies. The algorithm for frequency-domain LORETA for localization of oscillatory activity
differs slightly from its better-known time-domain equivalent, requiring a cross-spectral matrix
as input, as described in Frei et al., (2001).

For each subject, a LORETA inverse transformation was computed from the locations of the
electrodes retained in that individual’s analyses (ranging from 112 to 125), using a standardized
three-shell spherical head model registered to reference space (the MNI brain). EEG epochs
from the encoding and delay periods were selected for frequency domain source localization.
These were the same epochs used for spectral analysis of the individual channel EEG data (2.9
seconds for encoding, one epoch per trial, and 1.8 seconds for delay, five epochs per trial). The
cross-spectral matrix was computed for each epoch and averaged within subject and condition,
and then submitted to the inverse solution algorithm, resulting in a LORETA map for each
frequency. LORETA maps were then exported to Analyze format using a freely available
program (www.ihb.spb.ru/~pet_lab/L2S/L2SMain.htm), and imported into AFNI for further
analysis and comparison with fMRI data. LORETA maps were averaged across frequencies
into theta (4–7 Hz) and alpha (8–12 Hz) bands, and then a difference image for each subject
and frequency band was computed by subtracting the 2-digit condition from the 6-digit
condition, for both the encoding and delay periods. As with the fMRI data, the best single
estimate of a linear load effect in each subject is simply the difference between the 6-digit and
2-digit conditions, which is exactly proportional to the magnitude of a linear regression
coefficient estimated from all 3 conditions. The resulting difference maps were then averaged
across subjects and superimposed on a common reference anatomical brain image for
visualization, subject to statistical thresholding with a paired t-test. Multi-subject LORETA
statistical maps were thresholded at the same voxel-wise threshold as fMRI maps (p<.01), but
without cluster filtering. These maps represent a reasonable estimate of the central location of
maximal power differences, but their precise spatial extent is not inherently meaningful, given
the smoothness constraints of the LORETA algorithm. The goal of this analysis is not a
definitive, high-precision definition of the generators of oscillatory activity, which is precluded
by several factors: the spatial blurring of scalp EEG activity by the skull, the use of a
standardized head model and electrode coordinates rather than models customized to individual
subjects, and, importantly, the fact that oscillatory signals detectable in scalp recordings are
likely to reflect activity coherent over a fairly large spatial scale (Nunez and Srinivasan,
2006). Nonetheless, the observed LORETA maxima provide a direct estimate of the spatial
sources of oscillatory activity on the group level, suitable for comparison with fMRI maps
obtained from the same cohort of subjects.
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RESULTS
Behavioral

Repeated measures ANOVAs were conducted on the reaction time and accuracy of subjects’
responses to probe digits in the Sternberg task, with session (MRI or EEG) and load (2,4, or 6
digits) as within-subject factors. As seen in figure 1B, there was a linear effect of increasing
working memory load on reaction time [F(34,2)=64.9, p < 1e-11], with an average slope of 49
ms per additional digit. A modest effect of environment [F(17,1)=6.15, p = .024] and session
X load interaction [F(34,2)=4.15, p = .024] are also seen, indicating that subjects were slightly
faster to respond in the EEG session (32 ms on average), and that the slope with load was also
slightly decreased. Average reaction time slopes were 57 ms per digit in the fMRI session
alone, and 41 ms in the EEG session.

The faster reaction times in the EEG session are attributable to two factors, which cannot be
separated. One factor is the physical environment, as most subjects find lying in the MRI
scanner more tiring than the seated EEG environment. The other factor is a practice effect, as
the MRI session was always conducted first. Practice effects could have been eliminated on
the group level by counterbalancing the order of sessions across subjects, but as we were
primarily interested in between-subject differences, we wanted to keep the session order the
same in all subjects, so that individual differences in EEG and fMRI reactivity cannot trivially
be attributed to that factor. Accuracy was at ceiling in all conditions (> 95%), and most subjects
reported that their few errors were due to pressing the wrong button upon retrieval rather than
forgetting the digits during the delay. Individual reaction time averages and reaction time slopes
were calculated, but no significant correlations were observed between those factors and EEG
or fMRI responses in the encoding and delay period. This is not surprising, given that behavioral
data is obtained only from the retrieval phase of the Sternberg task, which was not the focus
of this experiment. In verbal debriefing, all subjects were asked if they used any particular
strategy to remember the digits. All subjects’ reports were consistent with a strategy of rote
rehearsal during the delay period; i.e. no exotic strategies such as mathematical manipulation
of the digit strings were reported.

FMRI group results, encoding period
The regression coefficients for a canonical hemodynamic response function timelocked to the
onset of the digit array were submitted to a second-level multisubject analysis. The primary
contrast of interest for this experiment is a linear effect of memory load, which, as described
above, is optimally estimated as the difference between the 6-digit and 2-digit conditions.
Therefore, this quantity was used both for construction of fMRI group activation maps and for
computation of across-subjects correlations in EEG and fMRI load-dependent reactivity. A
one-sample t-test of the load effect quantities for each subject (n=18) revealed load-dependent
activation in a number of areas, including bilateral premotor cortex, dorsomedial prefrontal
gyrus, inferior frontal gyri, superior temporal gyri, inferior parietal cortex, basal ganglia, and
fusiform gyri (fig. 2A, Table 1A). As all significant clusters in this test are positive in sign, no
encoding-related activity inversely correlated with memory load was detected.

FMRI group results, delay period
Activation maps are based on models of overlapping hemodynamic responses to the encoding,
delay, and probe phases of the task. The regression coefficients corresponding to delay period
activity in the 6-digit and 2-digit conditions were subtracted and submitted to a one-sample t-
test across subjects. Sustained load-dependent activation was detected in many of the same
regions as in the encoding contrast (fig. 2B, Table 1B). To confirm the accuracy of the activation
maps based on hemodynamic models, we also examined the empirically estimated BOLD
timecourses derived from the deconvolution analysis. Timecourses were averaged across all
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voxels in certain activation clusters, circled in fig. 2B. In the timecourse plots of figure 2C–D,
vertical lines indicate the time period in which the majority of the modeled signal was
attributable to delay activity. Examination of activation timecourses in two positively activated
regions (fig. 2C–D) shows that the BOLD signal increases following the onset of the stimuli,
and remains elevated in the high-load conditions while the subject is rehearsing the digits, until
the presentation of the probe digit, when the signal increases again. Additionally, this test
identified areas in which BOLD signal during the delay period is negatively correlated with
memory load, including the right inferior parietal lobe and the left superior temporal gyrus (fig.
2B). Timecourse plots demonstrate that these areas undergo a sustained load-dependent
suppression of the BOLD signal during the delay period, in the absence of a discernible phasic
activation peak corresponding to the encoding phase (fig. 2E–F).

Test of Linearity of load modulated responses
As explained in the methods section, the linear effect of memory load in each individual subject
is optimally estimated as the difference between the two extreme levels (6 and 2 digits), given
three equally spaced levels in the experiment. Nonetheless, using only this quantity for further
analyses can be considered adequate only if the effect of memory load is approximately linear,
i.e. the 4-digit condition falls approximately half-way between the other two conditions. To
exclude the possibility of a “U-shaped” relationship to memory load, we also examined the
results of a 3-level repeated measures ANOVA on BOLD signal related to the encoding and
delay epochs. The resulting activation maps (not shown) were almost identical to the results
obtained from the simple 6-minus-2 subtraction. We did not detect any areas exhibiting
significant effects of memory load, in which the 4-digit condition was significantly higher or
lower than the other two conditions. Therefore, the use of a single representative value for
memory load effects appears to be well justified.

EEG theta power reactivity
Given previous reports of Fm theta activity in memory tasks, we hypothesized that some
subjects would show an increase in theta power during the delay period at greater levels of
memory load. The most probable location for such an increase would be at electrodes located
in the anterior midline region, corresponding to location Fz in the international 10–20 system.
Given that Jensen et al. (2002) observed such an effect in only one out of ten subjects, we
expected that only a minority of our 18 subjects would exhibit the effect strongly, but that a
quantification of the effect size in each subject might correlate with fMRI reactivity. In Figure
3A–C, we show an independent component from one subject that clearly expresses a frontal
midline theta rhythm that is strongly modulated by memory load. Figure 3A shows the scalp
projection of this component, indicating that it captures variance in the EEG signal shared by
electrodes in the frontal midline region. Figure 3B displays the average timecourse of theta
power (4–7 Hz) for this component in each condition, demonstrating that there is a load-
dependent power increase specific to the delay period. Figure 3C displays the average power
spectra for this component during the delay period, showing that peak power, as well as the
load-dependent increase, is concentrated in the theta band specifically (in this case
approximately 4–8 Hz, peaking at 5.5 Hz), with relatively little contribution from the alpha
band that typically dominates the scalp EEG.

Although the EEG activity shown in Figure 3A–C conforms closely to our pre-existing notion
of memory load-modulated Fm theta, it is not a robust pattern across the cohort of subjects.
While some other subjects do exhibit increased Fm theta power with greater memory load,
only one subject exhibited a single IC with all of the characteristics of the hypothesized load-
modulated Fm theta generator: peak power in the theta band with no accompanying alpha peak,
modulated by memory load in the delay period, and a scalp distribution confined to the frontal
midline region. Figure 3D displays a topographic map of the group average regression
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coefficient for memory load on delay period power in the theta band. A single cluster of positive
coefficients appears in the predicted frontal midline location. However, the positive values for
electrodes in this region are driven by strong effects in a minority of subjects and do not reach
statistical significance in random effects analysis across the cohort (p> .3). Nonetheless, the
inter-subject variability of theta power reactivity in this region is of key interest to the question
of whether load-dependent theta increases relate to fMRI responses. Therefore, we defined a
frontal midline ROI including eight electrodes centered on the Fz location (indicated by the
black ellipse in Figure 3D, for examination of EEG-fMRI correlations. These eight electrodes
were chosen to encompass the region of maximal theta power increase in the group. For each
subject, we computed a single theta power regression score by averaging together the regression
coefficients for memory load on delay-period theta power across the channels comprising the
ROI. Next, for each voxel in the brain, we computed Spearman’s rank-order correlation
coefficient (“Rho”) between the EEG delay-period theta power load effect and the fMRI delay
period load effect across the 18 subjects, and thresholded the resulting statistical map in the
usual manner.

This test revealed four significant clusters of correlation between load effects in theta power
and BOLD (Table 1C), all of which were negative, suggesting that an increase in theta power
may reflect a decrease in the BOLD signal within certain regions. The largest cluster of
correlation was located within anterior medial prefrontal cortex (Figure 3H), consistent with
the hypothesized sources of theta rhythm (see discussion). Additional areas of correlation were
located in left and right lateral parietal cortex, approximately corresponding to the angular gyri
(Figure 3E), while a fourth cluster was located in the left middle prefrontal gyrus, close to the
larger medial prefrontal cluster. Scatter plots of average EEG and fMRI load scores for the
right angular gyrus and medial prefrontal clusters are shown in Figure 3F and 3I, illustrating
the pattern of across-subjects correlations. The single subject with the largest Fm theta
modulation effect (whose IC is shown in fig. 3A–C) is the outlier on the right of the scatterplots,
and does not drive the correlation, but rather reduces it.

In order to evaluate the observed pattern of EEG-fMRI correlation, we compared it with a
source estimate of EEG power modulation computed directly from the EEG data, irrespective
of the fMRI results. We performed source estimates of theta and alpha power during the 6-
digit and 2-digit conditions in each subject during the delay period, using the LORETA
algorithm, and submitted the resulting maps to a paired t-test across subjects. Thus, a whole-
brain statistical map was produced of the average load effect across subjects. As the load effect
was not statistically significant in the electrode spectra across subjects, we did not expect this
procedure to yield any significant clusters; the intent was to use the unthresholded map to locate
the maxima of theta increases. In fact, however, one significant cluster was detected, located
in anterior medial prefrontal cortex (Figure 3G). This region overlaps the cluster of significant
theta-BOLD correlation, but does not overlap any region of positive BOLD increments with
memory load. There was no indication of any theta power increase in lateral frontal or parietal
regions, even at very liberal thresholds. Thus, the source estimation results are consistent with
existing findings that load-modulated theta power is generated in the vicinity of the medial
prefrontal cortex and ventral anterior cingulate (Asada et al., 1999, Ishii et al., 1999). The fact
that the LORETA algorithm detected significant increases in theta that were not significant on
the electrode level may be because the power values for scalp electrodes are affected by
multiple intracranial generators that can cancel each other out when power spectra are
computed, but are dissociable in source-space analysis, as the LORETA algorithm takes into
account information about the phase relationships between electrodes, rather than basing
estimates on the power spectra at each electrode individually.
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EEG alpha power reactivity
Although elucidation of the relationship between theta-band activity and BOLD was the initial
goal of this study, we also observed striking EEG dynamics related to memory load in the alpha
band (8–12 Hz), which warranted further analysis. Upon presentation of the digit array, there
was a very consistent drop in posterior alpha power. Furthermore, the degree to which alpha
power decreased was monotonically related to the number of digits in the array. During the
delay period, however, there was no consistent relationship between memory load and alpha
power, but there were striking effects within individual subjects. As an illustration of these
effects, we present data characterizing the behavior of a particular IC in two example subjects.
Figures 4A and 4D display the scalp maps of a component in two subjects, both of which
display a topography typical of a right-lateralized posterior alpha rhythm generator. Figures
4Band 4E display the averaged timecourses of alpha power (8–12 Hz) for these two components
in each condition. As seen in most subjects, both components exhibit a strong decrease in alpha
power upon presentation of the digit array, and this decrease is larger with more digits. During
the delay period, however, the behavior of the two components differs. In the first subject
(figure 4B–C), alpha power returns almost to baseline levels during the delay period, but
remains somewhat depressed in the conditions with greater memory load. In the second subject
(figure 4E–F), alpha power also returns approximately to baseline levels, but is actually higher
during trials with greater memory load, the reverse of the pattern seen during the encoding
period. Figures 4C and 4F display the average power spectra for these two components in the
delay period. The within-subject statistical significance of these differences was confirmed by
inspecting the jackknifed 95% confidence intervals (Thomson and Chave, 1990) for each
spectrum (not shown), confirming that they are not simply attributable to random fluctuations
between trials.

Given that different patterns of posterior alpha power reactivity are observed across subjects,
we hypothesized that these differences might correlate with fMRI reactivity as well, as seen
for frontal theta power. In order to choose the scalp electrodes to use in the EEG-fMRI
correlation analysis, we examined the topographical maps of the group average regression
coefficient for memory load on alpha power in the encoding and delay periods. These are
displayed in Figure 4G–H. These maps indicated that load-dependent alpha power modulation
occurred primarily over parietal-occipital electrodes in both time periods. For EEG-fMRI
correlation analysis, we selected a broad region covering 24 electrodes that exhibited maximal
load modulation, indicated by the red ellipse in Figure 4G and 4H. The regression coefficients
for memory load on alpha power were averaged across the electrodes in this region and
submitted to multisubject statistical analysis. Load modulation was highly significant for the
encoding period [t(17) = −3.91, p < .002], but not for the delay period [t(17) = −0.86, p >.4].
While load effects were consistently negative during encoding, the delay period scores were
positive in half of the subjects and negative in half. Regression scores for EEG posterior alpha
power were submitted, along with voxel-wise fMRI regression coefficients, to calculation of
Spearman’s Rho for the encoding and delay periods. No significant correlations were detected
for the encoding period, which is not surprising given the relative lack of intersubject
variability. In the delay period, however, one significant correlation cluster of was detected,
which was negative in sign and located within the precuneus/parietal-occipital junction (Figure
4I–J). In fMRI considered alone, this region was not significantly activated or deactivated on
the group level by differing levels of memory load. Examination of the scatter plot in Figure
4J suggests that this region can be either positively or negatively activated by increased levels
of memory load in different subjects, and that positive activation of this region is associated
with decreases in alpha power (and vice-versa).

We also sought to confirm the localization of EEG-fMRI correlation in the alpha band with
direct source localization of alpha activity with the LORETA algorithm. Therefore, load effect
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subtraction maps (6-digit minus 2-digit) averaged in the alpha band were submitted to a voxel-
wise 1-sample t-test, as done for the theta band. In the delay period, no significant clusters were
detected, which is not surprising, given the high inter-subject variance. As subjects exhibit
strong decreases in alpha power while others exhibit increases, these would cancel each other
out on the group level, making it impossible to use a group averaged difference map to localize
the activity. In the encoding period, however, the load-modulated alpha power decrease was
highly consistent across subjects, and was therefore easily localized with the LORETA
procedure. Only one significant negative cluster emerged, located in the parietal-occipital
region (Figure 4K), and overlapping with the cluster of EEG-fMRI correlation. Thus, to the
extent that we are able to estimate the source of load-modulated alpha activity from these data,
the direct source localization seems to correspond closely to the observed site of EEG-fMRI
correlation. Of course, we cannot be certain that the sources of alpha power modulation during
the encoding and delay periods are the same. However, the available evidence suggests that
they are, given that the average scalp topographies of load modulation in the encoding and
delay periods appear quite similar, albeit very different in magnitude (Figure 4G–H), and that
the same independent components tend to reflect load modulation during both periods (Figure
4A–F). We note that strong lateral parietal-occipital sources of alpha power were also identified
in the LORETA solutions, but that activity in those regions was not modulated significantly
by memory load. Therefore, the localization of load-modulated alpha power to a posterior
midline region does not simply reflect a failure of the inverse solution to reveal bilaterally
symmetric lateral sources. Rather, it appears that load modulation of alpha power is primarily
a property of the midline region, while lateralized alpha sources may reflect independent neural
processes.

DISCUSSION
The present study used a well known working memory task to investigate the relationship
between EEG oscillations and BOLD signal changes, through the examination of between-
subjects correlations. While inter-individual variability in EEG spectral properties has often
been reported (e.g. Inanaga, 1990, Fingelkurts, 2005), this study is, to our knowledge, the first
to investigate quantitative relationships between EEG and a second neuroimaging modality on
the group level. We found that memory load-dependent power increases in the theta and alpha
ranges were both correlated negatively with BOLD activations, which is to say that a load-
induced increase in power corresponds to a decrease in BOLD. The presence of a negative
correlation in these frequency ranges is largely consistent with a growing body of data on
frequency dependent correlations between oscillatory field potentials and hemodynamic
signals. Mukamel et al. (2005), examining fMRI and intracranial EEG signals in the human
auditory cortex induced by viewing a movie, reported negative correlations at frequencies
below 20 Hz, and positive correlations at higher frequencies. Consistent with that dissociation,
other studies (Niessing et al., 2005, Lachaux et al., 2007) have reported positive relationships
between the gamma band and BOLD, while numerous studies have detected negative
correlations between alpha band activity and cortical BOLD in simultaneous EEG-fMRI
((Goldman et al., 2002, Moosmann et al., 2003, Laufs et al., 2003, 2006, de Munck et al.,
2007). Using MEG and fMRI in separate sessions, Brookes et al. (2005) demonstrated that
positive BOLD responses induced by visual stimulation in occipital cortex colocalized with
alpha decreases and gamma increases, providing further support for a general frequency
dependence in the relationship between oscillatory neuronal amplitude and the BOLD signal,
as predicted by a recent modeling study (Kilner et al., 2005). Nonetheless, empirical evidence
for a strict frequency dependence is equivocal, as some instances of positive correlation
between alpha oscillations and BOLD within individual subjects have been reported
(Goncalves et al., 2006, de Munck et al., 2007), and both positive and negative relationships
with theta rhythm have been reported at the group level (Sammer et al., 2006, Mizuhara et al.,
2004, Winterer et al., 2007).
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Unlike some previous studies that have employed simultaneous EEG-fMRI during states of
unconstrained rest or continuous mental arithmetic, we recorded EEG and fMRI in separate
sessions, using an event-related paradigm with strictly defined temporal epochs. Therefore,
several concerns must be addressed in order to interpret across-subject correlations derived
from EEG and fMRI measured in separate sessions. One potential problem is the presence of
a practice effect. Subjects may perform a task differently the second time compared with the
first time – as reflected by the slightly faster reaction times observed in the second session in
this study. For that reason, we elected not to counterbalance the order of the fMRI and EEG
sessions across subjects, but rather to consistently conduct the fMRI first. The presence of a
consistent practice effect is independent of inter-subject variability, and therefore does not
confound the finding of across-subject correlations. Variability in the extent of the practice
effect may exist across subjects, but this would simply add to other sources of variance in
decreasing the power of the study to find a significant effect, rather than invalidating effects
that are found.

A second concern is the reproducibility of fMRI and EEG measurements. Here again, the effect
of intra-subject variability between sessions does not confound the findings of this study, but
simply reduces its power to reveal stable inter-subject differences. The presence of significant
between-subjects correlations suggests that individual subjects do exhibit specific
physiological patterns that are robust enough to be detectable in multiple modalities measured
in separate sessions. Additionally, previous studies suggest that the reproducibility of
individual patterns of EEG spectral modulation is relatively high compared to inter-subject
variance (McKevoy et al., 2000, Fingelkurts, 2005), while test-retest fMRI studies have
reached shown reasonable repeatability in working-memory related activity (Manoach et al.,
2001, Wei et al., 2004, c.f. Marshall et al., 2004). In a pilot study using a slightly different
version of the Sternberg task, we observed consistent individualized patterns of alpha and theta
modulation in three subjects across two sessions (Meltzer et al., 2004), thus prompting us to
explore this variability further with the full-scale multimodal study that is reported here.

A third concern is that the individual differences approach can only reveal relationships
between effects that have a relatively high intersubject variance. In this study, for example,
only a minority of subjects exhibited load-dependent fMRI deactivation of medial prefrontal
cortex, and these same subjects tended to exhibit frontal theta power increases as well. Other
effects were much more consistent across the cohort, such as load-modulated positive BOLD
responses in premotor and parietal areas, and alpha desynchronization during the encoding
period. It is likely that inter-subject variation in these measures is not high enough to reveal
correlations, even if, in fact, physiological relationships do exist. Once again, this limitation
reflects a lack of power in this study to reveal certain relationships, not an invalidation of its
actual findings. An examination of between-subjects correlations such as this provides
complementary information to studies of effects that are more consistent across subjects. An
effect that is highly consistent across subjects may achieve statistical significance in both EEG
and fMRI modalities, but may not provide any information on the relationship between the two
forms of signal. A highly variable effect, on the other hand, may fail to reach statistical
significance on the cohort level, as is the case for the theta and alpha effects during the delay
period in this study, but may in fact yield a significant correlation between the two modalities,
providing insight into how they are related, as we have shown here. Therefore, it is our hope
that this finding may spur more interest in between-subject variability that is commonly
dismissed as “noise.”

As discussed in the introduction, theta oscillations have traditionally been viewed as indexing
an active state of cognitive demand, and thus it is somewhat surprising that they should be
anticorrelated with BOLD, which is also well established as an indicator of neuronal activity
of cognitive relevance. Our source localization estimates placed the generators of load-
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modulated Fm theta in the vicinity of the medial prefrontal cortex and anterior cingulate, in
agreement with many other studies of theta oscillations (Ishii et al., 1999, Tsujimoto et al.,
2006, Luu et al., 2004, Onton et al., 2005, Asada et al., 1999). This region forms part of the
default mode network, which is commonly deactivated in cognitive tasks. Notably, other
regions that were negatively correlated with theta modulation in this study included the bilateral
angular gyri, which are also components of the default mode network. These results suggest
that the Fm theta increases commonly observed in cognitive tasks may actually relate to the
“task-induced deactivation” of these regions, rather than to the “task-positive” regions that are
located more laterally.

Given that increased theta oscillation is associated with cognitive information processing, the
observed association with negative BOLD responses raises the possibility that negative BOLD
signals in default mode regions may reflect neuronal activity of cognitive relevance, rather
than a suppression of ongoing unrelated activity as is commonly thought. While evidence
suggests that some cases of negative BOLD may reflect non-neuronal processes such as
“vascular steal” (Harel et al., 2002), multimodal studies have indicated that, in many cases,
negative BOLD signals reflect genuine decreases in quantities associated with neuronal energy
use, including cerebral blood flow and oxygen metabolism (Stefanovic et al., 2004, Shmuel et
al., 2002). Furthermore, negative BOLD responses in visual cortex have been shown to
correspond directly to decreases in neuronal spike rates arising from lateral inhibition (Shmuel
et al., 2006) and to reflect specific stimulus-related properties (Bressler et al., 2007). In view
of these results, it is likely that the particular form of neuronal information processing that is
characterized by increased generation of theta oscillations is largely inhibitory in character,
resulting in a decrease in metabolic indices such as BOLD.

Numerous findings in the animal literature support such a negative link between theta and
metabolism. Two studies have demonstrated a negative correlation between theta power and
glucose metabolism as measured by autoradiographic techniques in rodents (Uecker et al.,
1997, Sanchez-Arroyos et al., 1993). Furthermore, several recent studies have examined the
relationship between spike timing and theta rhythm, showing that spike timing, but not
necessarily spike rate, in rodent medial prefrontal cortex is closely linked to hippocampal theta
rhythm, (Jones and Wilson, 2006, Siapas et al., 2005, Hyman et al., 2005). In the primate, Lee
et al. (2005) demonstrated that theta-locked spike timing occurs in the delay period of a working
memory task in the absence of increased firing rates, which occur rather during the encoding
and recall phases of the task. Finally, Wang et al. (2005), recording from the cortex of human
surgery patients, demonstrated theta increases in the anterior cingulate during a variety of
cognitive tasks, accompanied by decreased multi-unit spiking.

Reports of negative correlations between local field power and BOLD in low frequency ranges
may seem somewhat surprising, given the well-known finding of Logothetis et al. (2001), that
stimulus-induced increases in local field power match BOLD increases more closely than do
increases in multi-unit spiking. However, Logothetis et al. (2001) did not distinguish between
oscillatory power in the different frequency bands that comprise EEG. The multitude of
frequency-specific responses observed in scalp and invasive EEG experiments have
established that local field power is not a unitary phenomenon, and that the relationship between
power and metabolism is likely to be markedly frequency dependent. Findings of negative
correlations between theta power and metabolic indices suggest that theta oscillations may be
an electrophysiological index of inhibitory activity that plays a key role in cognition. Given
the wide array of cognitive tasks that have been shown to elicit theta oscillations (as well as
negative BOLD responses), the exact nature of the information processing role played by theta
remains to be elucidated, although numerous theoretical models have been proposed (e.g.
Lengyel et al., 2005, Hasselmo, 2005, Bland and Oddie, 2001).

Meltzer et al. Page 16

Clin Neurophysiol. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The high inter-subject variance of load-dependent deactivation in default mode regions, and
of the associated theta power increase, suggest that the two effects reflect the recruitment of a
neurocognitive system that is not essential for task performance in all subjects. This is
consistent with a recent report (Greicius and Menon, 2004) demonstrating that coordinated
default mode activity is often detectable through independent component analysis of fMRI
data, but is only anticorrelated with task-induced lateral activations some of the time. Presently,
it is not known whether this variability is correlated with other subject-specific characteristics,
which may reflect differences in cognitive strategy or even personality. Personality
characteristics such as extroversion/introversion and IQ have been observed to correlate with
activation in working memory tasks (Gray and Braver, 2002, Kumari et al., 2004, Habeck et
al., 2005), while associations between theta power and personality have also been reported
(Inanaga, 1998). In the current study, we did not observe any correlations between the
physiological measurements and behavioral variability between subjects. In informal
debriefing, all subjects reported using similar strategies of subvocal rehearsal to remember the
digits. However, it is important to note that the only observable behavior in this task is the
button-press response to the probe digit, and that the subjects did not perform any overt
responses during the encoding and delay phases that are the focus of this study. Consequently,
other tasks may be better suited to revealing a relationship between individual variability of
EEG dynamics and behavioral consequences.

The effects in the alpha band observed in this study are generally consistent with the prevailing
view of alpha oscillations as an indicator of cortical “idling.” As discussed above, alpha
amplitude typically decreases under conditions of greater stimulation and cognitive demand.
In this study, we observed a highly consistent pattern of load-dependent alpha suppression
during the encoding period, in that digit arrays with more digits in them suppressed alpha power
to a greater extent. Source localization estimates placed the locus of this effect in the vicinity
of the posterior cingulate and parieto-occipital junction. This localization agrees well with other
studies that have attempted to localize task-modulated alpha oscillations. While alpha is
thought to be generated in numerous regions of the cortex, this region is consistently identified
as one of its strongest generators (Ciulla et al., 1999, Yamagishi et al., 2003), and Vanni et al.
(1997) reported that only alpha from this source was strongly modulated by cognitive task
conditions. Similarly, Tuladhar et al. (2007), using beamforming analysis of MEG data,
detected memory load-dependent increases in alpha power during a Sternberg task with face
pictures as stimuli, and localized those increases to parietal-occipital midline cortex. This
power increase was interpreted as inhibitory suppression of this region, rather than
computational activity directly involved in memory retention. The present results support that
interpretation, in that memory load-dependent increases in alpha power arising from parietal-
occipital midline sources are seen to correlate negatively with the BOLD signal, which is
usually thought of as a direct indicator of increased neuronal information processing.

While our results serve to further generalize the pattern of observed negative correlations
between BOLD and alpha rhythm, we caution that they do not indicate any one-to-one
correspondence between BOLD activation and alpha suppression in cognitive tasks. In fact,
two salient dissociations between the two phenomena are observed in this study. First, we
observed extensive positive BOLD activation in bilateral frontal and parietal regions related
to increased working memory load, which is consistent with a large number of previous fMRI
studies. However, there was no evidence of any alpha power suppression arising from these
areas. It is possible that generation of task modulated alpha power is limited to a few areas of
the cortex, such as the parieto-occipital midline regions, or that alpha oscillations in other
regions are more subject to cancellation of extracranial electric fields due to the presence of
counteroriented dipoles, making them relatively invisible to EEG. In any case, these findings
suggest that the majority of positive BOLD activations may bear no relation to modulations of
oscillatory power detectable in EEG/MEG recordings. Second, the only memory load related
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effect in EEG that was consistent across the cohort of subjects was a suppression of alpha
power at posterior midline electrodes during the encoding period, which was localized to a
parieto-occipital midline source. While load-dependent BOLD modulation in this region was
correlated negatively with alpha power during the delay period, we did not observe any
consistent load modulation in that region’s BOLD signal for the encoding period. Thus, the
load-dependent alpha suppression during encoding appears to have no corresponding effect in
fMRI. The two examples discussed here thus emphasize the independence and
complementarity of EEG and fMRI measurements, with the first being an example of an fMRI
effect with no corresponding EEG correlate, and the second an EEG effect with no fMRI
correlate.

All together, the results of this study suggest that memory load induced increases in the theta
and alpha frequency ranges may correspond to negative BOLD responses in certain cases, but
that both EEG and fMRI effects may also occur independently of each other, such that the two
modalities provide complementary information. Furthermore, the findings of across-subject
correlations between the two modalities demonstrates the feasibility of using inter-subject
variability as a tool for probing the relationship between different kinds of signals in
multimodal brain imaging. This is particularly true for cases in which striking effects are seen
in some individual subjects but do not generalize to the population at large. In such cases,
examination of correlations with an independent variable can help to reveal information
relevant to understanding the nature of the effect. In this study, we have seen that Fm theta
increases induced by greater levels of memory load relate to deactivation in “default mode”
structures of the brain. While numerous studies have demonstrated increases in Fm theta that
are consistent across subjects, data on the relationship of such effects to the BOLD signal has
been difficult to obtain. In choosing a task with a high level of inter-subject variance for
multimodal exploration, quantitative relationships across modalities can be detected that would
not otherwise be apparent. Therefore, we hope that this study may spur greater interest in inter-
individual variations that are commonly observed, but seldom studied systematically.
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Fig. 1. The Sternberg task
A: Schematic of the trial design. The 4-digit condition is not shown.
B: Average reaction times for the three levels of working memory load in the two sessions,
fMRI and EEG. Error bars represent standard error of the mean.
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Fig. 2. FMRI of the Sternberg task
A: Load-dependent activity during encoding, 6 digits minus 2 digits. Voxel-wise threshold of
p<.005, p<.05 corrected. Extensive prefrontal and inferior parietal activation is seen, as in
previous studies of the Sternberg task. No deactivations were found.
B: Load-dependent activity during the delay period of the Sternberg task, 6-digits minus 2-
digits, thresholding identical to panel A. Activation is seen in many similar areas as during
encoding, although load-dependent decreases are also present.
C–F: Averaged BOLD timecourse in a functionally identified ROIs in left premotor cortex,
supplementary motor area (positively modulated by memory load), and in right inferior parietal
cortex, and left superior temporal cortex (negatively modulated). Delay period activity is
indicated by vertical bars (see text). These four areas are circled within figure 2B. Error bars
represent standard error of the mean for each timepoint.
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Figure 3. Theta power dynamics and relationship with BOLD
Note: Figure panels are organized to facilitate relevant visual comparisons and do not exactly
match the order in which they are discussed in the text.
A: ICA component scalp distribution for a component dominated by reactive theta activity, in
a subject showing a clear theta power increase with memory load. The values represent the
degree to which the component contributes to the signal at each electrode.
B: Timecourse of theta power for the component shown in panel B, showing the load-dependent
increase specific to the delay period.
C: Delay period power spectra for the example theta component.
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D. Group average topographic map of load effect (6-digit minus 2-digit) for delay period theta
power. The black ellipse is the region of interest used for computation of EEG-BOLD
correlations. Values represent power from 4–7 Hz subtracted between the two conditions,
divided by the total average power in all conditions from 0–30 Hz (in each subject), and then
averaged across subjects.
E: Posterior view of regions showing across-subjects correlation between frontal theta power
and BOLD load effects.
F: Theta power vs. BOLD load effects in the right angular gyrus.
G: LORETA source localization of theta power load effect, averaged across all subjects and
thresholded statistically at p<.01 voxel-wise.
H: Midline view of regions showing across-subjects correlation between delay period frontal
theta power and BOLD load effects.
I: Theta power vs. BOLD load effects in the medial prefrontal cortex.
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Fig. 4. Alpha power dynamics and relationship with BOLD
Note: Figure panels are organized to facilitate relevant visual comparisons and do not exactly
match the order in which they are discussed in the text.
A: Group average scalp map of alpha power difference (6 digits minus 2 digits) during the
encoding period (0–3 seconds after digit array presentation). Values computed as in figure 3D.
B: Group average power spectra in the posterior scalp ROI (indicated by the ellipse in panel
A), demonstrating load-dependent alpha power suppression. Values computed as in figure 3D.
A: ICA topographic map from one subject (Subject 1), showing the scalp distribution of a
posterior alpha rhythm component. Values computed as in figure 3A.
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B: Timecourse of alpha power for the alpha component in Subject 1, showing a load-dependent
decrease during the encoding period (0–3.10 seconds), followed by a sustained load-dependent
suppression throughout the delay period (3.10–13.95 seconds).
C: Power spectra during the delay period for the alpha of Subject 1, showing a load-dependent
suppression of alpha power.
D. ICA topographic map from a second subject (Subject 2), showing the scalp distribution of
a posterior alpha rhythm component. Values computed as in figure 3A.
E: Timecourse of alpha power for the alpha component in Subject 2, showing a load-dependent
alpha power decrease during the encoding period, followed by load-dependent power
increase during the delay period.
F: Power spectra during the delay period for the alpha component of Subject 2, showing a load-
dependent increase of alpha power.
G. Group average topographic map of load effect (6-digit minus 2-digit) for encoding period
alpha power. The black ellipse is the region of interest used for computation of EEG-BOLD
correlations.
H. Group average topographic map of load effect for delay period alpha power. The black
ellipse is the region of interest used for computation of EEG-BOLD correlations.
I: LORETA source localization of the alpha power load effect during the encoding period,
averaged across subjects and thresholded statistically at p<.01 voxelwise.
J: Midline view of regions showing across-subjects correlation between delay period posterior
alpha power and BOLD load effects.
K: Alpha power vs. BOLD load effects in the precuneus.
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