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Abstract

The neural correlates of conscious awareness during successful memory retrieval were examined. In a recognition test, subjects
indicated whether they consciously recollected the event in which a word was earlier presented (Remembering), or whether they
recognized it on the basis that it was familiar in the absence of recollection (Knowing). An early EEG synchronization in the theta band
predicted knowing, and a later remembering. Moreover, early and late event-related potentials were also found to predict knowing and
remembering, respectively. The results indicate that the temporal dynamics of theta synchronization are related to the particular conscious
experiences associated with memory retrieval. [0 2001 Elsevier Science BYV. All rights reserved.
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1. Introduction

The search for neural correlates of conscious experience
represents one of the most challenging questions in
coghitive neuroscience. One common approach is to use
neuroimaging methods like positron emission tomography
to identify the brain regions that are activated when
subjects report specific conscious experiences such as
detecting an object or recalling a previous event [6]. These
methods have been useful in identifying the brain regions
that are associated with consciousness. However, because
of limitations in temporal sensitivity, these techniques have
provided very little information about the temporal dy-
namics of the relevant cortical activation. In the current
study, we take an alternative approach and measure scalp
EEGs in order to examine the temporal dynamics of
widespread neural synchronization in the theta bandwidth
that is associated with the conscious experience of memory
retrieval.

Animal research has provided good evidence that the
amplitudes (power) of theta oscillations in the hippocampal
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region increase during exploratory behavior and orienting
responses [16], but are virtually absent during automatic
behaviors, such as eating or drinking. Furthermore, theta
oscillations can be observed during REM-sleep where
dreaming episodes occur [21]. These findings provide
preliminary evidence for the hypothesis that an increase in
theta activity is related to states of increased awareness or
to an atered state of awareness as indicated by increased
theta during dreaming episodes. Moreover, there is con-
vincing evidence that an increase in hippocampal theta is
related to the encoding and retrieval of new episodic
information [8]. In human subjects, lesions of the medial
temporal lobe, including the hippocampus, are known to
cause a loss of the capacity for conscious recollection of
new events [4,15,23]. These findings suggest that hip-
pocampal thetais a promising neural correlate of conscious
awareness in memory. Although it has been questioned for
a long time, there is meanwhile converging evidence that
theta oscillations can also be observed in humans. This
evidence comes from studies with patients using depth [2]
and subdural [10] electrodes as well as from studies with
normal subjects using scalp electrodes [7] and the MEG
[19].

Results from our laboratory have shown that in human
scalp EEG, theta responds selectively (with an increase in
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band power) to the encoding and retrieval of episodic
information [11,12]. These findings are in accord with the
hypothesis that episodic processes are reflected by theta
oscillations in hippocampo-cortical reentrant loops. How-
ever, no studies have yet been carried out to demonstrate a
functional relationship between theta activity and con-
SCiOUS awareness in memory.

In the present study, we utilized the remember/know
paradigm to separate different forms of conscious aware-
ness during retrieval [20]. In the first phase of this
procedure, subjects are exposed to a series of ‘miniature
events': discrete visual or auditory items appearing one at
a time for a few seconds each. In the second phase,
subjects are presented with both target (old, previously
encountered) and distractor (new, not previously encoun-
tered) items, and asked to assign each such test item to one
of three mutually exclusive experiential categories: (i) they
recollect the event of the item’s presentation in the study
list (remembering), (ii) they know the item was in the
study list on the basis that it is familiar, but not recollected
(knowing), (iii) they have no awareness that the item was
presented in the earlier list (unawareness of the past) and,
thus, give a ‘new’ response. The aim was to determine
whether the conscious experiences of remembering and
knowing were associated with theta, and to examine the
time course of those neural responses. Because event-
related potentials (ERPS) have already been used to study
the neural correlates of conscious awareness during retriev-
a [5], an additional aim is to compare the theta with the
ERP response.

ERP studies indicate that voltages recorded over central
and parietal sites are more positive for targets than for
distractors [17]. In those ERP-studies where subjects had
to differentiate between ‘remembered’ words from those
they ‘know’ to be old, this old/new effect was larger for
remembered than for known items [5,17]. There is evi-
dence that the medial tempora lobe (with the hippocampal
formation as a crucial component of the distributed limbic-
cortical network), contributes to the generation of the ERP
old/new effect [9]. In a recent study using a standard
recognition paradigm, we have found that the ERP old/
new effect and a significant increase in theta power occur
within the same time window [14]. Thus, we have to
expect that a significant increase in theta power occurs
within the time window of the ERP old/new effect.

2. Materials and methods
2.1. Subjects

After informed consent, a sample of 13 right-handed
students (3 males, 10 females) participated voluntarily in
the present experiment. Their mean age was 23.5 years
with a range of 2038 years.

2.2 Materials

A set of 260 familiar words (120 targets, 120 distractors
and 20 ‘training’ words) was used as stimuli. They were
controlled for word length (number of syllables), familiari-
ty and word frequency.

2.3 Design

The recognition task was preceded by an incidenta
study task where subjects had to count syllables for 120
words. An incidental study task was used to increase the
probability of know judgments. Without prior warning,
subjects were then asked to recognize the previously
presented target words. They were instructed to respond
‘remember’ if the word is accompanied by the conscious
recollection of its prior occurrence or ‘know’ when a word
was presented, but failed to evoke any specific conscious
recollection from the study list. A ‘new’ judgment should
be made if subjects believe the word was not presented at
al, earlier in the list.

2.4. Procedure

As schematically depicted in the upper part of Fig. 1, a
single trial consisted of the following sequence: a blank
interval of 1.5 s, the presentation of a warning tone (0.25
9), a blank interval of 1.25 s, the presentation of a word
(05 9, a blank interval of 1 s, the presentation of a
question mark (2 ), which served as response signal, and a
blank interval of 1.75 s. The 120 target and 120 new
(distractor) words were presented on a computer monitor in
randomized order.

24.1. Apparatus

EEG-signals were amplified by a 32-channel biosigna
amplifier system (frequency response: 0.16—30 Hz), sub-
jected to an anti-aliasing filterbank (cut-off frequency: 30
Hz, 110 dB/octave) and were then converted to a digital
format. Sampling rate was 128 Hz.

24.2. EEG Recording

A set of 25 silver electrodes were placed according to
the International Electrode (10-20) Placement-system, at
F3, F4, Fz, FC1, FC2, FC5, FC6, C3, C4, Cz, T3, T4, CP1,
CP2, CP5, CP6, P3, P4, Pz, PO1, PO2, PO3, PO4, O1 and
02. In addition, two earlobe electrodes were attached to
the left and right ear. Data were recorded against a
common reference placed on the nose and off-line alge-
braically re-referenced to linked earlobes. The Elec-
trooculogram (EOG) was recorded from 2 pairs of leads in
order to register horizontal and vertical eye movements.
All epochs were carefully checked individually for arti-
facts. After rejecting artifacts and erroneous trids, an
average of 66 epochs remained for correctly identified
targets (35 for ‘remembering’; 31 for ‘knowing’) and 48
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Fig. 1. Time course of asingle trial, ERP and theta ERBP at CPL1 for the
three response types (remember and know responses to target items, and
new responses to distractor items). The time course of event related theta
band power (transformed to z-values) is shown below the respective ERP.
Extra bold lines indicate the limits of 99.99% confidence intervals with
respect to a reference interval (‘baseling’) at the beginning of each trial.
Remembered items are represented by bold lines, known items by dashed,
and new items by dotted lines.

epochs for correct rejections. For false aarms and incor-
rectly identified distractors, 11 and 26 epochs remained.
Statistical analyses were carried out only for hits and
correct rejections.

2.4.3 The calculation of event-related band power
(ERBP) and event-related potentials (ERPS)

Because we have shown repeatedly that the use of fixed
frequency bands leads to distorted results we define
frequency bands individually by using individual apha
frequency IAF(i) as cut off point, for 5 bands of 2 Hz
each. We distinguish between an upper apha band (falling
above IAF(i)), two lower apha bands (termed lower-1 and

lower-2 apha), a theta and delta band (falling below
IAF(i) in consecutive steps of 2 Hz). Averaged over the
sample of subjects, apha frequency was 10.63 Hz. The
standard deviation was 0.8 Hz.

It should be noted that all frequency bands are adjusted
to IAF. Because the present study focuses on theta, it
might be objected that adjusting the theta band to in-
dividual apha frequency is an unnecessary or even ques-
tionable method. However, when measuring that frequency
in the power spectra which marks the transition from theta
synchronization to alpha desynchronization we have found
(cf. the review in [11]) that this ‘transition frequency’ (TF)
— which is considered the boundary between theta and
lower apha — is significantly correlated with alpha peak
frequency. This finding indicates that theta frequency (as
measured by TF) varies as a function of alpha frequency
and suggests the use of apha frequency as a common
reference point for adjusting different frequency bands not
only for the apha, but theta range as well.

The steps for calculating ERBP are the following [13].
First, over the entire length of the experimental session, the
EEG data are band pass filtered and then the filtered data
are squared. Second, the obtained data are averaged over
the number of artifact free epochs. Third, within consecu-
tive time windows of 125 ms the squared data are
averaged. Starting with presentation onset for a word, these
time windows are termed t1, t2 ...t8. Fourth, z-values
were computed for each subject, recording site and ex-
perimental condition. In addition to the standard ERPs we
calculated theta ERPs from the band pass filtered data in
calculation step 1. For each sample point i of the band pass
filtered data, the mean (i) — representing the filtered
ERP — is calculated over the respective epochs for each
electrode site, experimental condition and subject. Stan-
dard ERPs were averaged stimulus synchronized and for a
time interval of 125 ms preceding the onset of a word and
1000 ms following the onset of a word.

244 Satigtical analyses

For the ERPs, the time interva in which recognition
positivity occurred was determined. Within this time
interval two different components with maximal positive
components, an early (for the know response) and a late
component (for the remember response) were determined.
The amplitudes of these components were used as the
dependent measures for a series of oneway ANOVA’s
with factor MEMORY (remember, know, new). These
ANOVA's were calculated for each of the 25 recording
Sites.

For ERBP, confidence intervals were caculated to
determine that time period, where a significant increase in
band power occurs with respect to a reference period
(defined as the interval of 0—1000 ms at the beginning of
each epoch). Over the sample of subjects the means and
standard deviations (for each lead and experimental con-
dition) of the respective values of these reference periods
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were used for the calculation of 99.99% confidence
intervals.

In order to test whether the order of the strength of
amplitudes (for ERPs and ERBP) for a know-remember-
and new-response is similar between recording sites, a
series of y*-tests was performed. The order of the strength
of ERP or ERBP amplitudes is coded by a sequence of
letters, such as ‘krn’ (i.e., ‘know’ greater than ‘remember’
greater than ‘new’).

3. Results

Analysis of the behavioral data showed that our sample
of 13 subjects performed quite well. From the 120 targets,
43% were judged ‘remembered’ and 41% ‘known'’. Of the
120 distractors, 63.5% were correctly judged new (3.5%
were judged ‘remembered’ and 31.0% ‘known’).

The ERP's indicate that within the time window of
recognition positivity (of about 300—-625 ms), two pro-
nounced positive ERP components can be observed for old
items. As an example, the ERP (averaged over the sample
of 13 subjects) is shown for recording site CP1 in Fig. 1.
Averaged over al respective sites, the early component
which is maxima for ‘know’ items peaks at 356.5 ms,
whereas the late component, which is maximal for ‘re-
member’ items peaks at 591.3 ms. The ERPs for known,
remembered, and new judgments are significantly different
from each other (at the respective peaks) for 13 out of the
25 recorded sites for the early component, and for 17 sites
for the late component (one-way ANOVA's (2,24); P<
0.05). At these sites the order of the strength of amplitudes
is krn (i.e., ‘know’ greater than remember’ greater than
‘new’) for the early and rnk for the late component (with
the exception of 3 locations, O1, O2 and Pz, where the
ordering is rkn). With respect to topography it is important
to note that only at centroparietal and parietal sites (CPL,

Table 1
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CP2, P3, P4) did both the early and late component show
significant effects over both hemispheres.

Analysis of the EEG theta band reveals that at al but
one site (correct new judgments at CP5), a significant
increase in theta power for correct remember, know, and
new judgments was found. The findings for the centro-
parietal site CP1 (grand average over all subjects) are
plotted in Fig. 1 (positive z-vaues reflecting an increase in
power are scaled downwards; cf. the Method section). The
onset and duration of theta synchronization, however, is
different for the three response types. At al of the 25 sites,
the duration of synchronization was shortest for new items
(x*(1)=25; P<0.001), and at 21 sites, remembered items
show the longest duration (y?*(1)=11.56; P<0.001).
Moreover, at 15 sites, significant increases in theta
synchronization were observed for the know items before
the remember items (y*(1)=1; n.s).

During the early post-stimulus interval, ‘known’ words
show the largest increase in theta band power, whereas
during a later period (particularly in interval t5, 500-625
ms) ‘remembered’ words show the largest amount of theta
power. Time interval t3 (250-375) corresponds to the
early ERP component, whereas t5 (500-625) corresponds
to the late component. As with the ERP's, during the early
interval (t3), the most frequent ordering is krn (13 from 25
locations; y?(5)=22.59; P<<0.001) and for the late interval
(t5) the most frequent ordering is rnk (19 from 25
locations, y*(5)=64.6; P<0.001).

Thus, the time course of theta ERBP and ERP reveals an
interesting convergence. For a better comparison, the
sequence of the ordering of the relative magnitude of
response type was determined for ERBP in the same way
as for the ERP's. The respective results are summarized in
Table 1 and show that during the time interval of the early
ERP-component, t3, the ‘know’ response is more positive
in ERPs and exhibits larger theta power at 16 of the 25
locations. From these 16 locations 13 show the sequence
krn. If for the ERP's and ERBP's the 6 possible sequences

A comparison of ERP’s at mean peak latency of the early (356.5 ms) and late component (591.3 ms) with theta ERBP at t3 (250—375 ms) and t5 (500-625
ms). The order of the strength of amplitudes or power of a remember-, know-, or new-response is coded by the sequence of the letters r*, k', n

Lead Left hemi Right hemi Midline

t3 t5 t3 t5 t3 t5

ERP ERBP ERP ERBP ERP ERBP ERP ERBP ERP ERBP ERP ERBP
F3/4/z krn rkn rnk rkn krn rkn rnk rnk krn krn rnk rnk
FC1/2 krn krn rnk rkn krn rkn rnk rnk
FC5/6 krn nkr - krn knr rkn — rnk
C3/4/z krn rkn rnk rnk knr krn rnk rnk krn rkn rnk rnk
CP1/2 krn krn rnk rnk krn krn rnk rnk
CP5/6 krn rnk rnk rnk krn knr rnk nrk
T3/4 - krn - rkn nrk rnk
P3/4/z krn krn rnk rnk krn krn rnk rnk krn krn rkn rnk
PO1/2 knr krn rnk rnk krn krn rnk rnk
PO3/4 knr knr rnk rnk nkr krn rnk rnk
01/2 rkn knr rkn rnk rnk krn rkn rkn
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(knr, krn, nkr, nrk, rkn, rnk) would combine by chance, we
would obtain 36 different cases (P=0.028; expected
frequency=0.7). For the eight combined cases of krn
during t3 (cf. Table 1), the respective y’- test yields a
highly significant effect (y*(35)=78.32; P<0.001). Dur-
ing interval t5 (the late component), for 16 of the 25
locations the ERBP shows the sequence rnk. For the 14
combined cases of krn, the respective y’-test yields a
highly significant result (y*(35)=259.97; P<0.001). With
respect to topography, a perfect match for both, the
ordering of the early and late component in the left and
right hemisphere was found at centro-parietal regions
(CP1, CP2, P3 and P4).

For CP1, a comparison of the standard ERP and the
theta ERP reflecting evoked theta activity is depicted in
Fig. 2. It isinteresting to note that ERP peaks show a close
relation to the positive and negative peaks of evoked theta
activity which is particularly strong for the know response

CP1
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Fig. 2. A comparison of the standard ERP and the theta ERP at CP1 for
the remember (a), know (b) and new response (c). Note that ERP peaks
show a close relation to the positive and negative peaks of evoked theta
activity (of about 4.6—6.6 Hz) which is particularly strong for the know
response. Vertical lines connecting the standard and theta ERP indicate
cases where ERP peaks show an obvious correspondence with evoked
theta. CP1 was selected because it is one of those sites that exhibit a close
association between an increase in theta ERBP and the occurrence of the
early and late ERP component for the know and remember response
respectively (cf. Table 1).

(cf. the vertical lines in Fig. 2 connecting the standard and
theta ERP).

The analyses of delta and apha bands show a complete-
ly different pattern of results. With a single exception
(lower-1 apha band during t5), only the theta band
produces a highly significant deviation from a random
distribution (with respect to the 6 possible sequences: knr,
krn, nkr, nrk, rkn, rnk). For the lower-1 alpha band,
significant effects were obtained for the frequent cases krn
(x*(5)=23.41; P<0.001) and rkn (x*(5)=24.38; P<
0.001) which were found during t5.

4. Discussion

The results of the present study demonstrate that two
different physiological correlates can be distinguished for
remembering and knowing. During an early retrieva
period (of about 300—450 ms), knowing (as compared to
remembering) is associated with larger theta power and
ERP positivity; whereas during a later period (450—625
ms), remembering is associated with larger theta power
and ERP positivity. Furthermore, the significant theta
synchronization was observed earlier for knowing than for
remembering, yet the duration of theta was longer for
remembered than for knowing.

The increase in theta associated with both the remem-
bering and knowing responses indicates that these two
types of conscious experience were preceded by massive
but cortically widespread synchronized neura firing. Fig. 2
shows that the increase in theta activity can already be
observed in the form of evoked theta activity that is
evident even in the standard ERP components. This finding
is consistent with an interesting coherence study which
indicates that working memory processes are reflected by
phase locked theta activity [18]. Moreover, that the onset
and duration of the respective periods of theta differed
indicates that the temporal dynamics of the neura
synchronization plays an important role in the experiential
characteristics associated with memory retrieval. The
results are consistent with behavioral data indicating that
recognition memory judgments based on familiarity can be
made more rapidly than those requiring recollection of
qualitative event information [22]. They are also consistent
with ERP results indicating early and late components
associated with familiarity and recollection respectively
[5].

In conclusion, the results indicate that conscious retriev-
al associated with both remembering and knowing were
preceded by an increase in theta synchronization. This
interpretation is in line with findings that indicate that
familiarity judgments do not depend on the hippocampal
system but instead on a distinct system involving the
perirhinal cortex and the media dorsa nucleus of the
thalamus [1]. Nonetheless, this latter brain circuit may very
well constitute an important ‘input’ component of the
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‘theta system’ because it is well known that theta oscilla-
tions can be observed in the entorhinal cortex [3] and in
the anterior thalamus as well.

Finaly, it should be noted that our findings do not show
a simple relationship between states of increased aware-
ness (during remembering) and an increase in the strength
of theta activity. Nonetheless, the reported findings support
the hypothesis that a late or prolonged increase in the
duration of theta activity is related to states of increased
conscious awareness. We speculate that the late increase in
theta during the remember response (cf. Table 1) is related
to theta oscillations in complex hippocampo-cortical reen-
trant loops. The early increase in theta during the know
response may reflect theta oscillations in a distinct system
involving the perirhinal cortex and the medial dorsal
nucleus of the thalamus [1]. Whatever the correct interpre-
tation, the present data demonstrate that even in the human
scalp EEG, memory processes are reflected by theta
oscillations in a similar way as was found in animal
research.
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