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Raghavachari, S., J. E. Lisman, M. Tully, J. R. Madsen, E. B.
Bromfield, and M. J. Kahana. Theta oscillations in human cortex
during a working-memory task: evidence for local generators. J
Neurophysiol 95: 1630—1638, 2006. First published October 5, 2005;
doi:10.1152/jn.00409.2005. Cortical theta appears important in sen-
sory processing and memory. Intracanial electrode recordings provide
a high spatial resolution method for studying such oscillations during
cognitive tasks. Recent work revealed sites at which oscillations in the
theta range (4—12 Hz) could be gated by a working-memory task:
theta power was increased at task onset and continued until task offset.
Using a large data set that has now been collected (10 participants/619
recording sites), we have sufficient sampling to determine how these
gated sites are distributed in the cortex and how they are synchro-
nized. A substantial fraction of sites in occipital/parietal (45/157) and
temporal (23/280) cortices were gated by the task. Surprisingly, this
aspect of working-memory function was virtually absent in frontal
cortex (2/182). Coherence measures were used to analyze the syn-
chronization of oscillations. We suspected that because of their
coordinate regulation by the working-memory task, gated sites would
have synchronized theta oscillations. We found that, whereas nearby
gated sites (<20 mm) were often but not always coherent, distant
gated sites were almost never coherent. Our results imply that there
are local mechanisms for the generation of cortical theta.

INTRODUCTION

It is now well accepted that the brain displays oscillations in
field potentials and that these oscillations reflect the synchro-
nized rhythmic activity of large groups of neurons. Oscillations
in the 4- to 12-Hz theta-frequency range have been most
extensively studied in the rat hippocampus (Buzsaki 2002),
where they play a role in the phase-dependent coding of
information (Jensen and Lisman 1998; O’Keefe and Recce
1993) and phase-dependent plasticity (Holscher et al. 1997;
Huerta and Lisman 1995; Pavlides et al. 1988). Procedures that
interfere with hippocampal theta produce strong deficits in
memory processes (Winson 1978). More recent work has made
it clear that theta oscillations in rat are not confined to the
hippocampus, but can also be recorded in many sensory re-
gions of the rat cortex (Leung and Borst 1987; Silva et al.
1991).

Multielectrode intracranial EEG (iEEG) recordings have
provided unequivocal evidence that theta oscillations also
occur in the human cortex (Caplan et al. 2001; Howard et al.
2003; Kahana et al. 1999; Kahana 2006; Rizzuto et al. 2003;
Sederberg et al. 2003), arising from the high signal-to-noise

ratio of this method. Of particular interest is the finding
(Raghavachari et al. 2001) that human theta can be engaged by
the Sternberg (1966) working-memory task. At many cortical
locations, theta oscillations are gated: theta power rises sharply
when working memory becomes required, is maintained
throughout the memory task, and decreases when working
memory is no longer required. Furthermore, in experiments
where successful retrieval depends on the long-term retention
of items, theta power during encoding predicts subsequent
recall (Sederberg et al. 2003). These results, which suggest that
there is an oscillatory basis to working memory, make it
important to determine the properties and locations of the gated
sites engaged by working memory demands. Because of the
limited number of patients studied and the small number of
electrode grids, our previous study (Raghavachari et al. 2001)
was unable to characterize the topography of theta gating. One
goal of the current work was to use the larger participant
sample now available to provide a description of the location of
gated sites.

A second goal of the current work was to determine how
brain regions that are jointly engaged by a task interact with
each other. Such interactions may provide crucial insights into
the ways in which oscillatory processes are generated within
the human brain and how such oscillations serve to organize
cognitive processes. Studies in the rat hippocampus showed
that theta oscillations are synchronized throughout this brain
structure (Bullock et al. 1990). An important unexplored ques-
tion is whether the gated sites in human cortex that are
commonly engaged while the participants performed the Stern-
berg task are similarly synchronized. Given their coordinated
regulation by the task, the various gated sites could be part of
a distributed network with strong synchronization between
regions. Previous work on human EEG has shown task-depen-
dent increases in theta synchronization (Sarnthein et al. 1998),
suggesting that intersite coherence may be important. How-
ever, as a result of the low signal-to-noise ratio in scalp EEG
recordings, it has not been possible to determine whether the
absolute level of synchronization between brain regions is high
or low. There are reasons to suspect that gated sites may not be
synchronized. Cellular and network analysis of cortical slices
(Bao and Wu 2003; Blatow et al. 2003; Flint and Connors
1996; Silva et al. 1991) suggest that small cortical regions have
the mechanisms to generate theta locally, making it possible
that even sites commonly engaged in working memory oscil-
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FIG. 1. Electrode locations. Topographic maps display electrode locations
on 4 views of a standard brain. Top left: right lateral view. Top right: left lateral
view. Bottom left: inferior view. Bottom right: axial slice through the hip-
pocampus depicting the locations of all depth electrodes. Only electrodes
included in subsequent analyses are shown (different shapes denote different
participants).

late independently. We used iEEG signals, which have high
signal-to-noise ratio, to determine the absolute level of theta
synchronization among gated cortical sites. The results clearly
show that distant gated sites are generally not synchronized.

METHODS
Farticipants

We tested ten participants who had implanted cortical surface
(subdural) and/or bilateral depth electrodes. The clinical team deter-
mined the placement of these electrodes so as to best localize epilep-
togenic regions. The location of the electrodes was determined using
coregistered postoperative computed tomograms (CTs) and preoper-
ative magnetic resonance images (MRIs) by an indirect stereotactic
technique. Across all ten participants, we analyzed iEEG data from
619 electrodes. Figure 1 illustrates the positions of the electrodes. All
participants had normal range personality and intelligence and were
able to perform the Sternberg task within normal limits (see Table 1).
Our research protocol was approved by the institutional review boards
at Children’s Hospital, Boston and Brigham and Women’s Hospital,
Boston and informed consent was obtained from the participants and
their guardians.

Procedure

The Sternberg task is a classic test of multiitem short-term memory
(Sternberg 1966). The participant pressed a key to initiate each trial.
An orienting stimulus (an asterisk) was then displayed in the center of
a computer screen and remained visible for 1 s. After a variable delay
of 200 = 75 ms (uniformly distributed), four consonants were se-
quentially displayed. The temporal jitter was introduced to ensure that
each stimulus arrived at a random phase with respect to ongoing
oscillations, thus ensuring that the prestimulus phase was uniformly
distributed. Each consonant was displayed for 700 ms followed by a
variable delay of 275 * 75 ms. Consonants were randomly selected,
subject to the constraint that a particular consonant not repeat within
three successive lists. The last (fourth) consonant was followed by a
retention interval of 500 = 75 ms, in turn followed by the presentation
of the memory probe. The participant was instructed to indicate as
quickly and accurately as possible whether the probe item either was
in the preceding list (a target) or was not in the preceding list (a lure)
by pressing the right control key to target items and the left control
key to lures. Targets and lures occurred with equal probability, and
target items were drawn equally from each of the list positions.
Participants in the hospital setting performed the task with reasonable
accuracy (see Table 1) and with a mean reaction time (<1 s) that was
not much longer than that for normal participants under standard
laboratory conditions (i.e., 550—750 ms). Because there were few
error trials during this task (<5%), we restricted our analysis to
correct trials. Participants 7 and 8 did a version of the task where the
stimulus was presented for 1 s and interstimulus delay was fixed at
400 ms. The retention interval was fixed at 2.2 s. Subjects exhibited
a modest serial position effect, with slightly faster responses and
lower error rates when probed with the most recent item (Rizzuto et
al. 2003).

iEEG recordings

The iEEG signal was recorded from platinum electrodes (3 mm
diameter) with an interelectrode spacing of 10 mm (for subdural
electrodes) or with a spacing of 8 mm (for depth electrodes). The
signals were amplified, sampled at 256 Hz (Children’s Hospital,
Bio-Logic apparatus: Participants 1-8) or 200 Hz (Brigham and
Women’s Hospital, Nicolet Biomedical apparatus: Participants 9 and
10), and band-pass filtered (Bio-Logic, 0:3-70 Hz; Nicolet Biomed-
ical, 0:5-60 Hz). For all participants, the locations of the electrodes
were determined using coregistered postoperative CTs and preopera-
tive MRIs by an indirect stereotactic technique (Caplan et al. 2003).
The raw iEEG signal was referred to a skull-fixed electrode and no
additional referencing was done. Electrodes showing artifacts were
excluded using criteria described in Raghavachari et al. (2001).

TABLE 1. Participant demographics and performance
Electrode Number of Number Accuracy, Mean RT,
Participant Age Gender Placement Resection Electrodes Excluded % ms
1 17 M Subdural L anterior temporal 80 20 98 1168
2 12 F Subdural R motor-sensory transection 104 12 94 970
3 14 M Depth No resection 19 2 99 1240
4 21 M Depth/subdural R temporal 76 17 85 1232
5 18 M Subdural Anterior/temporal 64 16 96 655
8 15 M Subdural R anterior temporal 128 31 92 1158
6 18 M Depth R temporal 20 10 90 800
7 22 F Subdural L occipital 96 18 95 620
9 41 M Subdural R temporal 64 12 97 954
10 38 M Subdural R temporal 94 4 98 1483
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Spectral analysis

Time-varying spectra (spectrograms) were computed using the
squared modulus of the complex demodulates of the iEEG data using
filters constructed from the Slepian windows of 1-s duration and 4-Hz
bandwidth (see Raghavachari et al. 2001 for details). Estimates from
different Slepian windows were averaged together to obtain the
spectrogram for each trial. The spectrograms for each trial were
aligned with the onset of the first list item and averaged together.

Tests for gating

Using a previously described test (Raghavachari et al. 2001), we
found that the iEEG signals showed significant nonstationarity in the
theta-frequency range, and that this nonstationarity corresponded to a
continuous elevation of theta power during a trial of the Sternberg task
with sharp onset and offset at the start and end of the trial, respectively
(which we termed theta gating). We thus devised a test to detect sites
that displayed gated theta during the Sternberg task (see Raghavachari
et al. 2001 for details). Briefly, gating of theta was tested by compar-
ing the spectral power in the 4- to 12-Hz range in the average
spectrogram in every overlapping 250-ms epoch during the trial to the
power in the intertrial period (1 s before the orienting stimulus).
Because the distribution of power in the spectrogram is non-Gaussian,
the values were log-transformed to reduce the effects of the tail of the
distribution and then a nonparametric method (Mann—Whitney U test,
P < 0.01) was used to compare the average power in each 250-ms
epoch during the trial with the power in the intertrial period. Because
the analysis windows were 1 s long, adjacent 250-ms bins were not
independent. Multiple comparisons were corrected for by a Bonfer-
roni correction for the number of independent time bins.

Coherence analysis

The coherence between signals is a Fourier transform of the
cross-correlation of two time-domain signals. An unbiased and con-
sistent estimate of the coherence can be obtained by first windowing
the data with K Slepian windows and then calculating

o XY
= Elxk(ﬁ\zln(f)lz

k=1

(1)

where y(f) is the coherence and X,(f) and Y,(f) are the Fourier
transforms of the data from two channels windowed by the K Slepian
windows. Using these windows results in K independent estimates of
coherence. We used a sliding window (50% overlap) with each
segment of data windowed by three 1-s windows, each of which has
a 4-Hz bandwidth (see Spectral analysis above). This choice of
window length resulted in an estimate of coherence averaged over 24
degrees of freedom (corrected for the overlap) for each trial. Because
of the large number of independent samples, our estimate of the
coherence was consistent in a statistical sense (Zaveri et al. 1999). For
Participants 7 and 8, the window length was increased to 1.3 s to
maintain the same number of degrees of freedom for estimating
coherence as that in other participants. The value of coherence lies
between 0 and 1, and its estimate from a single window is highly
skewed and non-Gaussian. However, first using a variance-stabilizing
transformation (tanh™') and averaging the transformed values over
different windows renders its distribution approximately normal
(Thomson and Chave 1991). Thus for approximately Gaussian data,
the SD of the coherence in the transformed units is about 1, allowing
us to obtain tight confidence intervals. The median value of magni-
tude-squared coherence for uncorrelated Gaussian data sets calculated
using 24 degrees of freedom is about 0.05.
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Significance tests for coherence

The distribution of coherence estimates for uncorrelated, Gaussian
data has been shown to be

2\m—2
ply) = LT @
m—1

where m is the number of independent samples used in the estimate
(Thomson and Chave 1991). This forms a useful benchmark to
compare values of coherence calculated using Eq. /. However, iEEG
data are best described as oscillatory activity in a red noise back-
ground (Mitra and Pesaran 1999). Thus we developed a nonparametric
test for significance using a bootstrap technique. We permuted each
data set randomly in time, but applied the same permutation to both
time series. This procedure whitens the data set, but maintains any
spatial relationships that are independent of frequency. We then
estimated the coherence for this randomized data set. We repeated this
procedure 1,000 times to obtain an empirical null distribution. The
trial-averaged true coherence was judged to be significant if it exceeds
the 99.9th percentile of the null distribution (P = 0.001).

RESULTS

The iEEG signal was recorded from 619 electrodes across
ten participants as they performed a Sternberg working-mem-
ory task (see Fig. 2A, metHODS)'. Electrodes were either ar-
rayed on grids, which were implanted subdurally on the corti-
cal surface, or along depth probes that penetrated medial
temporal cortex from a posterior approach (Fig. 1). Electrode
placement was entirely determined by clinical considerations
and generally involved multiple grids and/or depth electrodes
implanted in various brain regions of a given patient.

Of the 619 electrodes, 72 met our criteria for theta gating
(see METHODS). At these sites, oscillatory power in the theta-
frequency range sharply rose at the beginning of the trial,
remained elevated throughout the trial, and returned to baseline
after the participant’s response. In Fig. 2B, we show an exam-
ple of theta gating at a site in the parietal cortex from Partic-
ipant 1. The peak frequency of theta oscillations at this site was
8 Hz. We found no tendency for theta frequency to gradually
change during the gated period (Fig. 2B). We also observed
that superimposed on the overall gating effect was a tendency
for the theta power to transiently increase as each list item was
presented. The peak frequency of theta oscillations across all
gated sites from all subjects was 8 = 1 Hz.

As previously found (Raghavachari et al. 2001) with a more
limited sample, gated sites are widespread across brain regions
(Fig. 2C). We found 33 gated sites (out of 115) in the occipital
cortex, 14 (out of 42) in the parietal lobe, 12 (out of 200) in the
temporal lobe, 11 (out of 80) in the hippocampal and parahip-
pocampal regions, and two (out of 182) in the frontal cortex. Of
particular note is the higher probability of gated sites in
occipital cortex as well as parietal cortex compared with other
cortical regions (x; = 76, P < 0.001). The occipital sites
included those near the midline that would include early visual
areas. Also of note is the very small percentage of gated sites
in prefrontal cortex, a region implicated in working memory.

! The Supplementary Material for this article (three figures) is available
online at http://jn.physiology.org/cgi/content/full/00409.2005/DC1.

« MARCH 2006 « WWW.jn.org

9002 ‘/T |Udy uo Bio ABojoisAyd-ul wouy papeojumoq



http://jn.physiology.org

THETA OSCILLATIONS IN HUMAN CORTEX

A Probe
Response
Y Y Next trial
Dela Y
o] T ] L
IIII
— Key
Feedback

Frequency [Hz]

FIG. 2. Sternberg item recognition task gates human theta oscillations. A:
illustration of the experimental design. Orienting stimulus (asterisk) appears
first, followed by the 4 list items (consonants) and a delay. After the delay a
probe is presented and the participant makes a response indicating whether the
probe item was in the preceding list. B: average spectrogram for all electrodes
that met our gating criteria. White bar shows the mean extent of a trial. C:
symbols indicate the locations of sites exhibiting gated theta activity (different
shapes denote different participants).

Synchronization between sites

A central question of the present study was whether the
coordinated phenomenon of theta gating reflects the coherent
action of a large oscillating network that supports working
memory. Such an oscillatory network would be seen as syn-
chronous oscillations between gated sites within a given par-
ticipant. We first considered the synchrony of oscillatory ac-
tivity between different electrode sites, irrespective of whether
they exhibited gating. Computing the spectral coherence, a
measure of shared variance between two signals, we examined
coherence among different recording sites during the interval
from onset of the first list item until the response. We found
that the spectral coherence decreased as the Talairach distance
between recording sites increased (Fig. 3A). The coherence had
a peak in the theta-frequency (4—12 Hz) range. We similarly
found increased theta coherence in all participants. To estimate
the distances over which the iEEG coherence was significant,
we developed a nonparametric estimate of spectral coherence
using a bootstrap technique (see METHODs). We found that
within the theta band, spectral coherence decayed to chance
values at distances >40 mm (Fig. 3B). More specifically, sites
separated by distances >60 mm have coherence values clus-

1633

tered around the median coherence values for two artificial,
Gaussian-distributed time series. Across the entire data set,
theta coherence decayed as a shallow function (power law) of
interelectrode separation, as distance %-*'*%% (Fig. 3C). How-
ever, because Talairach distance is not a measure of the actual
cortical distance between recording sites because of the highly
convoluted nature of the cortex, the actual decay might be even
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FIG. 3. Theta coherence decreases with interelectrode separation. A: sur-

face plot showing coherence (| y(f) |*) as a function of distance and frequency
averaged across all 1,800 electrode pairs for Participant 1. Theta coherence
appears as the most prominent peak. B: theta coherence as a function of
Talairach distance for Participant 1. Left axis: actual values. Right axis: tanh™"
transformed, standardized values. Error bars denote 1 SD (in standardized
units). Dashed line indicates the 99th percentile of coherence distribution for
2 independent Gaussian data sets (see METHODS). C: averaged theta coherence
for all participants. Red line shows power-law fit, with exponent —0.33. Axes
are as in B. Coherence values at large distances are at the median values of
coherence for independent Gaussian data sets calculated using df (degrees of
freedom) = 24 (see METHODS).
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shallower. We also noted that theta coherence was quite
variable at a given distance and that the largest variability of
coherence occurred at neighboring electrode locations that
were <20 mm apart [F(; 540y = 154.1; P << 0.001]. We
conclude for the average cortical site pair (including both gated
and nongated sites), theta did not display significant synchro-
nization over distances >40 mm and it is highly variable at
distances <20 mm.

We next analyzed the specific subset of sites that are
gated by the working-memory task, expecting to see a very
different picture. However as seen in Fig. 4, which is a
scatterplot of intersite coherence for all gated sites in all
participants, the mean coherence for gated sites again tended
to decay with distance, whereas the mean levels are higher
than the corresponding levels of coherence at a given
distance between nongated sites. Indeed, this decay is stron-
ger (distance™ *7°*%9) than that for the nongated sites. As
can be seen from the scatterplot, the coherence between
gated sites also showed large variability. At the smallest
interelectrode spacing (<10 mm) some pairs showed high
coherence, significantly different from chance (P <
0.00001; see MmETHODS), Whereas others exhibited low coher-
ence similar to that expected by chance (P > 0.1). The
variability for pairs of gated sites at separations <20 mm
was similar to that of nongated sites.

We show an example of pairs of nearby gated sites, recorded
using depth electrodes that exhibit spatial differences in spec-
tral coherence (Fig. 5). Figure 5A shows the trial-averaged
spectrograms calculated at three depth electrodes in the para-
hippocampal gyrus from Participant 1, with an interelectrode
spacing of 8 mm. Figure 5B shows the location of these sites.
All three sites show clear gating. Figure 5C shows the coher-
ence between electrodes 1 and 2 (black and blue symbols) as
well as the coherence between electrodes 2 and 3 (blue and red
symbols). The former pair shows a very high degree of coher-
ence (P < 0.0001 compared with Gaussian data, P < 0:001
compared with the null distribution from the bootstrap),
whereas the coherence of the latter pair is very low and close
to that expected by chance (P > 0.5).

Talairach distance [mm]

0.81

O coherence

0 20 40 60 80 100

FIG. 4. Gated sites generally do not show long-range coherence. A: scat-
terplot showing in-task coherence in the theta band (4—12 Hz) for gated sites
in all participants. Left axis: actual values. Right axis: tanh™' transformed,
standardized values. Black line is a power-law fit with an exponent of —0.71.
Note the large variability at short length scales. Dashed line indicates the 99th
percentile of the distribution of coherence of 2 independent Gaussian data sets.
Most of the coherence values at larger distances are clustered around the
median value of coherence for independent Gaussian data calculated using
df = 24 (see METHODS).
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FIG. 5. Theta coherence shows local variability between depth electrode
recordings. A: spectrogram of iEEG during the trial (from the onset of first list
item until presentation of probe item) shows gated theta activity at all 3 sites
in Participant 1. B: inferior view of a standardized brain showing the location
of 3 representative depth electrodes with task-modulated theta oscillations
[Talairach coordinates: (L-R, A-P, I-S) = (24; —43; —8), (23; —48; —4), and
(24; —37; —11); blue, red, and black symbols, respectively]. Colored symbols
denoting the location of the 3 electrodes correspond to the colored symbol on
each spectrogram. C: coherence of the 2 pairs of sites separated by 7 mm
(dashed lines indicates 99% level of the distribution of coherence of indepen-
dent Gaussian data). Right axis: corresponding value of coherence in trans-
formed units. Black line is the spectral coherence between the electrode in blue
and the electrode in black, whereas the red line corresponds to the spectral
coherence between the electrode in blue and the electrode in red. Whereas the
first pair exhibits high coherence in the theta band (and high overall coherence)
during the entire trial, the second pair shows reduced coherence in the theta
band during the same epoch.

This high variability in coherence was observed not only
between depth electrodes but also between surface electrodes
(Fig. 6). Figure 6A shows the trial-averaged spectrograms
calculated at three surface electrodes in the temporal cortex
from Participant 10. Again, all three sites show clear gating.
Figure 6B shows the location of these three sites. Although
sites marked in red and black are about 17 mm from the site
marked in blue, the two pairs show a substantial difference in
their coherence in the theta band (Fig. 6C). The above analysis
suggests that gated sites, although coordinately regulated by
the task, do not generally show significant coherence (Fig. 4).
Thus theta oscillations can be local in character. However,
examination of the pairwise coherence between gated sites
suggests that in some cases, small but significant coherence can
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FIG. 6. Theta coherence shows local variability between surface electrodes.
A: spectrogram of iEEG during the trial (from the onset of first list item until
presentation of probe item) shows gated theta activity at all 3 sites from
Participant 10. B: inferior view of a standardized brain showing the location of
3 representative surface electrodes with task-modulated theta oscillations
[Talairach coordinates: (L-R, A-P, I-S) = (4; —63; 14), (3; —79; 19), and (5;
—80; 12); blue, red, and black symbols, respectively]. Colored symbols
denoting the location of the 3 electrodes correspond to the colored symbol on
each spectrogram. C: coherence of the 2 pairs of sites separated by about 17
mm (dashed lines indicates 99% level of the distribution of coherence of
independent Gaussian data). Right axis: corresponding value of coherence in
transformed units. Black line is the spectral coherence between the electrode in
blue and the one in black, whereas the red line corresponds to the spectral
coherence between the electrode in blue and the electrode in red. Although the
first pair exhibits high coherence in the theta band during the entire trial, the
second pair shows reduced coherence in the theta band during the same epoch.
Note that the coherence for the 2 electrode pairs is similar for frequencies >10
Hz.

be observed even at distances >50 mm (Fig. 4). Although we
observed significant coherence of gated sites at large distances
in only a single subject, the absolute levels of coherence were
quite high, suggesting that the possible synchronization of the
iEEG at these sites was robust.

DISCUSSION

Data recorded from 619 sites across ten participants allowed
for a detailed characterization of the spatial distribution of theta
gating in the human cortex. We demonstrate that gated sites are
widespread over the temporal, parietal, and occipital cortex and
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limbic regions. On the other hand, gated theta appears to be
nearly absent in the prefrontal cortex.

The strong presence of theta gating in regions of visual
processing was unanticipated based on scalp EEG work (but
see Vogel and Machizawa 2004), although this may be ex-
plained given the lack of synchronization of sites (see follow-
ing text) and the limited spatial resolution of scalp EEG. On the
other hand, recent work in monkeys using local recordings
directly from V4 also indicates the occurrence of theta during
a working-memory task (Lee et al. 2005; Rainer et al. 2004).
The involvement of theta in sensory processing is also sup-
ported by work in rats. Whisking and sniffing both occur in the
theta range and result in corresponding oscillations in the
somatosensory and olfactory cortices (Ahrens and Kleinfeld
2004; Fee et al. 1997; Kleinfeld et al. 2002). Taken together the
results across species make a strong case that theta oscillations
in the sensory cortex play an important role in working mem-
ory. The fact that theta oscillations in occipital cortex are gated
by contingencies of the task make the further point that early
sensory processing is not driven exclusively by the visual
input, but also depends on preestablished task requirements,
such as attention (Fries et al. 2001) or, in this case, working
memory. It will also be important to establish whether these
findings are particular to the visual working-memory paradigm
that we have used, or are more generally involved in memory
tasks with multiple modalities, using either intracranial or scalp
EEG recordings.

Although we sampled a total of 182 sites in the frontal
cortex, we found only two clear examples (in two subjects
total) of gated theta in this region. This may seem surprising in
view of the extensive evidence for the role of prefrontal cortex
in working memory. Consistent with our lack of finding of
prefrontal theta in the Sternberg task, Rizzuto et al. (2003)
observed that stimulus-induced reset of theta phase was ob-
served in many brain regions, but not in the prefrontal cortex.
In considering the possible interpretations of these findings, we
note that theta oscillations may make possible the coding of
multiple items into short-term memory by a phase-coding
scheme (see below). It is thus instructive to consider specifi-
cally the regions implicated in tasks where the fundamental
capacity limit of short-term memory can be explicitly exam-
ined. Neuropsychological work implicates the parietal lobe as
the principal brain region where lesions affect the capacity
limit of short-term memory (D’Esposito and Postle 1999;
Postle et al. 2004; Shallice and Vallar 1990). Consistent with
these lesion data, scalp EEG components recorded over pari-
etal cortex have recently been shown to vary with memory load
(Vogel and Machizawa 2004). Thus one possible interpretation
of our results is that a posterior network, which includes the
parietal lobe, uses a theta-organized system to maintain infor-
mation over short delays, and that the role of the prefrontal
cortex is to provide executive control of the task, for instance
in setting up stimulus response contingencies (Miller and
Cohen 2001).

Although widespread throughout the cortex, gated sites did
not generally exhibit significant coherence even though they
were jointly engaged by the task (Fig. 4). This finding suggests
that local networks coordinately engaged by the working-
memory tasks can independently generate theta activity. As a
general measure of how synchronization depends on interelec-
trode separation, we plotted coherence as a function of the
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distance between electrodes (Figs. 3 and 4). When we consid-
ered all sites, irrespective of whether they were gated, we
found that coherence decreases as a power-law function of
distance (Bullock et al. 1995; Menon et al. 1996). Our expec-
tation was that the degree of long-range coherence would be
much higher when we considered only gated sites because
these sites are clearly jointly regulated by the task. We found,
however, that the falloff of coherence with distance was similar
to that for all sites, and that distant gated sites were generally
incoherent. On the other hand, closely spaced gated sites are
often, but not necessarily, coherent. The absolute level of
coherence at nearby sites was substantially higher during the
task. We emphasize that, although our results strongly point to
the fact that distant sites are generally not synchronized, the
results do not rule out the possibility of long-range synchroni-
zation in rare cases. In Fig. 4, there are a few distant locations
(separated by as much as 50 mm) that are synchronized.
Because these happen to be all from the same participant, we
cannot speak to the generality of this finding. Additionally, it
may be possible that some of the synchronized pairs of sites
that appear to be close in Talairach space may actually be quite
distant in cortical space, i.e., when the cortex is unfolded.
Because of technical limitations, we did not have high-resolu-
tion MR images that could be used to construct an inflated map
of the cortex and obtain frue cortical distances between differ-
ent electrodes.

The general lack of coherence implies that cortex is quite
different from the hippocampus in terms of theta synchroniza-
tion. The rodent hippocampus receives a rhythmic input from
the medial septal nucleus that oscillates at theta (Buzsaki
2002). In addition, intrahippocampal circuitry also appears to
generate theta-frequency oscillations (Buzsaki 2002; Kocsis et
al. 1999). The large-scale synchronization of theta oscillations
in the hippocampus seems to arise from the interplay of these
extrinsic and intrinsic oscillators. In contrast, it appears that
cortical subregions generally oscillate independently.

The ability of cortical sites to locally generate theta is
supported by work on cortical slices demonstrating the capa-
bility of local theta generation. Connors and colleagues made
cortical slices in which layer 5 was isolated and showed that
facilitating N-methyl-p-aspartate transmission by lowering
Mg** concentration resulted in theta-frequency oscillations in
the field potential (Flint and Connors 1996; Silva et al. 1991).
A recent study showed the existence of a population of inter-
neurons that generate synchronous theta-frequency activity on
cholinergic activation and pace pyramidal cell output (Blatow
et al. 2003). Imaging studies of neocortical slices using volt-
age-sensitive dyes during carbachol application show that the
local field potential (LFP) oscillates in the theta-frequency
range (Bao and Wu 2003). Interestingly, these oscillations are
synchronous across only a 300-wm range, suggesting that the
generation mechanism is local. Based on these results, the idea
that the theta oscillations we have observed in human cortex
are locally generated seems quite plausible. Such local oscil-
lations would explain the observed lack of long-range synchro-
nization.

The rapid decay of coherence with interelectrode distance
(Bullock et al. 1995; Menon et al. 1996) and high variability
(Shen et al. 1999) is typical of intracranial recordings from
humans. However, in all of these studies, the coherence was
not calculated while the participant performed a cognitive task,
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which might be expected to enhance the coherence between
different regions that participate in the task. Moreover, these
earlier studies did not report a spectral peak (signifying a
large-amplitude oscillation) in any frequency band. In our
study, the iEEG is characterized by a large spectral peak in the
theta-frequency range, which is tightly linked to the task. Thus
one might expect a priori that such task-related oscillations
might be synchronized across cortical regions. However, we
found that the overall pattern of coherence was similar to that
observed in the earlier studies. On the other hand, there have
been previous indications of long-range theta synchronization
in scalp EEG during memory tasks (Mima et al. 2001; Sarn-
thein et al. 1998). In particular, Sarnthein et al. (1998) found
increased coherence in the theta-frequency range between
frontal and parietal electrodes during a memory period over a
control period during a working-memory task. However, the
absolute levels of coherence were rather low and the authors
did not test whether spectrally matched random Gaussian noise
would lead to similar levels of coherence. Moreover, some of
this coherence could be explained by the fact that scalp EEG
recordings sample larger areas of the cortical surface arising
from volume conduction and blurring attributed to the skull
(Nunez et al. 1997; Srinivasan et al. 1998). Thus sensors
several centimeters apart on the scalp can become partially
synchronized, even though the underlying cortical sources are
not. However, although our work indicates that distant sites are
generally not synchronized in the theta-frequency range, such
synchronization may well occur in rare cases and contribute to
the changes in long-range synchronization changes observed in
scalp EEG recordings. Moreover, our study had only two
subjects with simultaneous electrode placement in both frontal
and parietal cortex and synchronization between special sites in
these cortical areas could have been missed as a result of
insufficient spatial sampling.

Possible function of theta

The clearest evidence regarding the function of theta comes
from recordings of hippocampal place cells in rat. As a rat runs
through the place field, the average phase of spikes on each
progressive theta cycle shifts forward (O’Keefe and Recce
1993; Skaggs et al. 1996). The information content of this
phase coding is demonstrated by the ability to reconstruct
position from ensembles of simultaneously recorded cells; the
accuracy of reconstruction is much better when phase is taken
into consideration than when only rate information is used
(Jensen and Lisman 1998). One interpretation of the phase
precession is that it represents cued recall of the coming
positions along the track, based on sequence information stored
in hippocampal synapses (Jensen and Lisman 1998; Lisman
1999; Tsodyks et al. 1996). From the perspective of the present
discussion, the key idea here is that theta provides an absolute
phase reference; thus the earlier the phase of a neuron’s
spiking, the closer the position represented by that cell. This
concept of theta phase coding could also be important for the
cortical theta that occurs during the Sternberg task. The cells
representing different items stored in working memory during
the Sternberg task could be active at different phases (Jensen
and Lisman 2005; Lisman and Idiart 1995). Moreover, the
existence of an absolute phase reference could provide the
basis for recall of list items in order (Lisman 2005). Recent
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evidence for theta-frequency oscillatory in monkey V4 during
a working-memory task (Lee et al. 2005; Rainer et al. 2004)
suggests that these speculative ideas may soon be experimen-
tally testable. An alternative interpretation of our finding of
gated theta combined with local coherence of these gated sites
would be that gated theta reflects a disengagement with the
ongoing task. However, this interpretation is unlikely given the
study of Sederberg et al. (2003), which showed that theta
oscillations predicted subsequent recall of words in a list,
indicating the importance of theta for memory.

Our results rule out the hypothesis that theta-gated sites are
synchronized throughout the working-memory period. How-
ever, a model not ruled out by our data is that such sites are
transiently synchronized for a short period relative to the task
duration (about 1 s). Such brief synchronization would not be
detected by our measure of coherence, which averages over the
entire task duration. Indeed several lines of evidence point to
the existence of short periods of theta (Caplan et al. 2001;
Kahana et al. 1999) and of changes in theta coherence (Mac-
rides et al. 1982). Additionally, the faster decay of coherence
as a function of spatial separation among gated sites in our data
set might arise from brief periods of high synchronization in an
otherwise weakly correlated background. Thus theoretical and
experimental work will be needed to explore the idea that
distant cortical regions function independently except during
brief periods of information transfer.
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