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Mediotemporal EEG characteristics are closely related to long-termmemory formation. It has been reported that
rhinal and hippocampal EEG measures reflecting the stability of phases across trials are better suited to distin-
guish subsequently remembered from forgotten trials than event-related potentials or amplitude-based mea-
sures. Theoretical models suggest that the phase of EEG oscillations reflects neural excitability and influences
cellular plasticity. However, while previous studies have shown that the stability of phase values across trials is
indeed a relevant predictor of subsequent memory performance, the effect of absolute single-trial phase values
has been little explored. Here, we reanalyzed intracranial EEG recordings from themediotemporal lobe of 27 ep-
ilepsy patients performing a continuousword recognition paradigm. Two-class classification using a support vec-
tor machine was performed to predict subsequently remembered vs. forgotten trials based on individually
selected frequencies and time points. We demonstrate that it is possible to successfully predict single-trial mem-
ory formation in the majority of patients (23 out of 27) based on only three single-trial phase values given by a
rhinal phase, a hippocampal phase, and a rhinal-hippocampal phase difference. Overall classification accuracy
across all subjects was 69.2% choosing frequencies from the range between 0.5 and 50 Hz and time points
from the interval between −0.5 s and 2 s. For 19 patients, above chance prediction of subsequent memory
was possible even when choosing only time points from the prestimulus interval (overall accuracy: 65.2%). Fur-
thermore, prediction accuracies based on single-trial phase surpassed those based on single-trial power. Our re-
sults confirm the functional relevance of mediotemporal EEG phase for long-term memory operations and
suggest that phase information may be utilized for memory enhancement applications based on deep brain
stimulation.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

During recent years a growingbodyof studies has provided evidence
for the impact of oscillatory phases of local field potentials (LFPs) and
electroencephalographic (EEG) signals on neural processing. LFP/EEG
phases interactwith neuralmembrane potentials and therebymodulate
the degree of excitability of neurons and influence their discharge times
(Elbert and Rockstroh, 1987; Fröhlich and McCormick, 2010;
Anastassiou et al., 2010). In this sense, LFP/EEG phases can be thought
of as facilitating or impeding the occurrence of neural activity within a
required time window or processing stage (e.g. Fell and Axmacher,
2011).
, University of Bonn, Sigmund-
Indeed, several investigations have shown that LFP/EEG phases af-
fect perceptual and cognitive operations. For instance, the phases of
alpha oscillations of scalp EEG were reported to be predictive for visual
perception of stimuli close to the detection threshold (Busch et al.,
2009; Mathewson et al., 2009). Importantly, it has been demonstrated
that transcranial alternating current stimulation modulates visual and
acoustic detection thresholds depending on local phases and phase dif-
ferences between regions suggesting a causal role of phase dynamics
(Neuling et al., 2012; Helfrich et al., 2014).

With regard to memory operations it is well-known that the phase
of theta oscillations within the hippocampus determines the direction
and magnitude of synaptic plasticity. In rats, electrical stimulation at
the peak of hippocampal theta oscillations facilitates long-termpotenti-
ation, whereas stimulation at the trough induces long-term depression
(Pavlides et al., 1988; Huerta and Lisman, 1993). Moreover, stimulus-
related phase reset of low-frequency oscillations has been reported to
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Fig. 1. Results of the Rayleigh tests. The figure shows the Fisher combined p-values of Rayleigh tests for the phase values within rhinal cortex (A) and hippocampus (B) as well as for the
phase differences between rhinal cortex and hippocampus (C) under the conditions “later remembered” (left column) and “later forgotten” (right). Colors indicate p-values according to a
logarithmic scale, with all values N0.05 colored in dark blue.
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be an essential characteristic of memory operations (e.g. Rizzuto et al.,
2003;Mormann et al., 2005; Haque et al., 2015). Furthermore, phase in-
formation derived from mediotemporal lobe (MTL) recordings in epi-
lepsy patients was found to be superior to amplitude information for a
classification of correct versus incorrect trials in a card-matching task
(Lopour et al., 2013).

In a previous study, we have investigated how closely different
mediotemporal EEG measures are related to memory formation (Fell
et al., 2008). For this purpose, we analyzed intracranial data from 31 ep-
ilepsy patients performing a continuous word recognition paradigm.
EEG measures comprised traditional average event-related potential
(ERP) characteristics, rhinal and hippocampal power changes within
different frequency bands, as well as inter-trial phase locking and
rhinal-hippocampal phase synchronization. This analysis revealed that
phase-based measures (i.e. inter-trial phase-locking and phase-
synchronization), which reflect the stability of phase values and phase
differences across trials, are better suited to distinguish subsequently
remembered from forgotten trials than ERP or amplitude-based mea-
sures. Based on theoretical considerations there should be an optimal
phase, aswell as less optimal or unsuitable phaseswith regard to the fa-
cilitation of neural communication and plasticity (e.g. Fell and
Axmacher, 2011). This suggests that phases for subsequently remem-
bered compared to forgotten trials may be centered around different
values, which, however, cannot be deduced from the previous finding
that phases are more strongly accumulated for later remembered trials
(they nevertheless could be centered around the same value). Thus, it
remained an open question whether single-trial phase values per se
are predictive for memory encoding.

For the present study, we therefore reanalyzed encoding-related re-
sponses for subsequently remembered and forgottenwords in the same
paradigm (Fell et al., 2008, 2011). In a first step, we identified timewin-
dows and frequencies with statistically significant phase clustering
across patients. Then we determined for each patient time periods and
frequencies for which the absolute phases and inter-electrode phase
differences differ between the remembered and forgotten condition. Fi-
nally, a support vector machine (SVM) was trained by using the phases
and phase differences from the most significant time windows and fre-
quencies. Importantly, we aimed to employ a minimal set of features to
predict subsequentmemory, on the one hand, for ease of exposition, on
the other hand, because such an approach ismost closely related to pos-
sible practical applications (e.g. controlling one of the features by deep
brain stimulation). Furthermore, we investigated whether prediction



Fig. 2. Results of the testing for differences between the conditions “later remembered”
and “later forgotten” for one exemplary subject (pat 13). The figure shows the p-values
of the tests for frequencies up to 13 Hz for the phase values within rhinal cortex (A) and
hippocampus (B) as well as for rhinal-hippocampal phase differences (C).

Fig. 3. Mean phase differences between the conditions “later remembered” and “later
forgotten” over time for one exemplary subject (pat13). The phase differences are
averaged over trials for the rhinal phase (A) and hippocampal phase (B) as well as
rhinal-hippocampal phase difference (C) at the frequency that was selected for
classification. Line width shows circular variance reduced by factor 5. The colored line at
the bottom indicates the p-values of the tests for differences between conditions. Green
lines mark zero and ±pi.
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based on single-trial power outperformsprediction based on single-trial
phase, as suggested by our previous findings (Fell et al., 2008). Our data
reveal that in the majority of patients successful single-trial memory
encoding can be predicted based on only three single-trial phase values
given by a rhinal phase, a hippocampal phase, and a rhinal-hippocampal
phase difference and that prediction accuracies based on single-trial
phase surpass those based on single-trial power.

Materials and methods

Patients

We investigated data from 31 right-handed patients (14 females)
with an average age of 40 years (from 16 to 61) who suffered since 4
to 57 years (mean 23 years) from pharmacoresistant unilateral tempo-
ral lobe epilepsies (see also Fell et al., 2008). Patients had been im-
planted with bilateral depth electrodes along the longitudinal axis of
the hippocampus during presurgical evaluation. All patients had at
least one electrode contact in the rhinal cortex and one in the hippo-
campus. The word recognition test was performed as part of the
presurgical routine and all patients received anticonvulsive medication
(plasma levels within the therapeutic range) at the time of the record-
ings. Each patient provided informed consent to participate in the
study, which was approved by the ethics committee of the Medical
Faculty at the University of Bonn. Post-surgical histological examina-
tions or magnetic resonance imaging (MRI) scans indicated unilateral
hippocampal sclerosis in 16 patients (left: 5; right: 11), unilateral
extrahippocampal lesions without signs of hippocampal sclerosis in 9
patients (left: 3; right: 6), unilateral hippocampal sclerosis with
additional extrahippocampal lesions on the same side in 3 patients
(left: 2; right: 1) and no clear lesion in 3 patients. All but two patients
underwent subsequent epilepsy surgery after implantation.

Experimental paradigm

The stimuli of the continuous word recognition paradigm consisted
of 300 frequent German nouns and were consecutively presented
with a duration of 300 ms per word. A total of 450 words were



Table 1
Frequencies and time points chosen as features for classification in each patient (for at least 4 of 5 folds). The listed timepoints specify the starting point of the used10ms time interval. The
left part of the table lists the selection for frequencies up to 13 Hz, the right part up to 50 Hz. Abbreviations: RH (rhinal cortex), HI (hippocampus), diff (difference).

Up to 13 Hz Up to 50 Hz

Pat Freq RH Time RH Freq HI Time HI Freq diff Time diff Freq RH Time RH Freq HI Time HI Freq diff Time diff

1 9,5 150 7 530 4 1870 34 −290 27,5 1300 27 1180
2 7 290 7,5 460 8,5 120 28,5 400 48 1050 19 1130
3 7 1100 8 1910 5 1740 22,5 730 19,5 −130 45,5 1440
4 12 390 11 820 6,5 −90 12 390 33,5 1050 41 270
5 5,5 40 8 80 10 990 5,5 40 22 −280 10 990
6 7 1510 6,5 1950 0,5 1040 29 1420 16 690 13,5 −290
7 8 210 12 350 5 −360 48 1210 45 940 41 170
8 1,5 −370 3 640 6 1370 27 1340 37,5 −370 40 1230
9 11,5 −160 13 −320 0,5 1360 11,5 −160 13 −320 0,5 1360
10 10 770 6,5 −200 10 130 49 −120 24,5 380 10 130
11 0,5 1650 1,5 480 0,5 1630 0,5 1650 1,5 480 44,5 60
12 0,5 1200 3,5 −20 7 −80 24 100 3,5 −20 45,5 1360
13 4,5 1420 2,5 640 11,5 920 41,5 520 2,5 640 27 −130
14 2 1000 0,5 1220 13 1300 35 580 0,5 1220 13,5 310
15 13 1740 1,5 −410 6,5 −270 45 620 30 −440 29,5 550
16 11,5 890 0,5 1040 2,5 1730 11,5 890 0,5 1040 23,5 100
17 2 580 0,5 1920 2 1240 2 580 45,5 980 2 1240
18 9 30 0,5 −440 3,5 760 9 30 40,5 1270 43 1750
19 3 1320 9,5 −220 1,5 1420 47 280 9,5 −220 29,5 870
20 0,5 900 1,5 −330 5 1680 0,5 900 44 360 23 320
21 4,5 −150 10,5 −300 8 1670 4,5 −150 10,5 −300 15 1490
22 2 880 1,5 −410 13 1880 33 370 29,5 1780 13 1880
23 12 1870 10,5 1240 1,5 −50 12 1870 10,5 1240 1,5 −50
24 4 1660 4 1020 3 −440 39,5 1650 13,5 1020 23,5 510
25 9 550 5,5 1130 4,5 −170 45 570 40 1240 46,5 1890
26 9 1190 0,5 770 2,5 1850 49 540 0,5 770 29,5 620
27 12,5 420 1,5 950 10 110 15 540 1,5 950 25 1310
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presented in white color on a black background. One hundred and fifty
stimuli were presented twice and the other 150 words were only
shown once. Between the first and the second presentation in 50% of
the trials there was a short lag of 3 to 6 words and in 50% a long lag of
10 to 30 words. The length of the inter-stimulus interval was adjusted
to the subjects' abilities (assessed from the responses in a few pilot tri-
als) and was either short (1600 ± 200 ms; n = 6), middle (2000 ±
200 ms; n = 16) or long (2700± 200 ms; n = 9). After each presenta-
tion, subjects had to decide if they had seen the word before or not
using one of two buttons which they pressed with their right (old)
and left (new) forefingers. If performance was bad with only a small
amount (b30 correctly recognized “old” or “new” words) of evaluable
trials or if ERPswere contaminated by spikes or sharpwaves, recordings
were repeated with a parallel version of the recognition task on the fol-
lowing day. In these cases, the data of the second recordings were used
for the analyses.

EEG recordings

Datawere recorded at a sampling frequency of 200 Hz, referenced to
linked mastoids and bandpass-filtered from 0.01 Hz (6 dB/octave) to
70 Hz (12 dB/octave). The placement of electrode contacts was
ascertained based on the individual MRIs and comparison with stan-
dardized anatomical atlases (e.g. Duvernoy, 1988). Only recordings
from the non-pathological MTL were included in the analysis. The hip-
pocampal electrodewas defined as the electrode locatedwithin the hip-
pocampus (based on the MRI data) with the largest mean amplitude
(new words) of the positive component between 300 and 1500 ms
(e.g. Fernández et al., 1999). The rhinal electrode was defined as the
electrode located within the anterior parahippocampal gyrus (based
on the MRI data) with the largest N400 mean amplitude (new words)
between 200 and 600 ms (e.g. Grunwald et al., 1999). Because laterali-
zation of verbal memory in MTL epilepsy patients is variable due to
functional shifts (e.g. Helmstaedter et al., 2006), EEG measures from
right and left hemisphere were combined for statistical analyses and
figures.
Artifact rejection

Trials that included abnormally high amplitudes as well as abrupt
rises or falls were removed by an automated artifact rejection algorithm
implemented in MATLAB (Mathworks, MATLAB 7.1). The segments of
both contacts (rhinal and hippocampal) were eliminated if at least
one segment showed data points or gradients (differences between
two consecutive data points) diverging more than five standard devia-
tions from the mean. On average, this resulted in removing 14% of the
trials. Four patients were excluded from further analysis because their
data still showed artifacts (observed by visual inspection) after the au-
tomatic artifact rejection leaving 27 patients for classification.

Categorization of trials

We analyzed the EEG responses to the first presentation of words
shown with one repetition. Responses were classified into “later re-
membered” or “later forgotten” depending on whether the word was
subsequently (i.e. at the second presentation) correctly identified
(i.e. correctly recognized as “old”) or not (i.e.wrongly labeled as “new”).

Extraction of phase and power values and analysis of phase effects

The free FieldTrip toolbox forMATLABwas used for the extraction of
phase values (Oostenveld et al., 2011). EEG responses were filtered in
the frequency range from 0.5 Hz to 50 Hz (0.5 Hz steps) by a second
order Butterworth filter with a bandwidth of 1 Hz. The complex
discrete-time analytic signal was determined by the Hilbert transform
of the signals to obtain the phase values. In order to avoid edge effects,
EEG responses were segmented from −1000 ms to 2500 ms with re-
spect to stimulus onset, and after Hilbert-transform 500 ms at both
sides were discarded.

Based on the complex signals wj,k, the phasesΦj,k = arctan(Im(wj,k)/
Re(wj,k)) and the phase differences between rhinal cortex and hippocam-
pusΔj,k=Φj,k(RH)−Φj,k(HI)were extracted for each timepoint j of each
trial k. The phases spanned the range [0, 2π) with zero representing the



Fig. 4. Phase values from the rhinal cortex (A) and the hippocampus (B) as well as the
rhinal-hippocampal phase difference (C) used for the training of the classifier for one
exemplary subject (pat13). The figure shows rose diagrams of the values for the features
selected for frequencies up to 13 Hz. The values of the condition “later remembered”
can be found in the left column and “later forgotten” in the right one. Mean phases are
marked with a red line; the angular deviation is displayed by shaded areas.
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peak and π the trough of the oscillation. Additionally, rhinal and hippo-
campal power values Powj,k = (Re(wj,k)2 + Im(wj,k)2) were extracted.
Phase and power values were averaged for non-overlapping successive
timewindows of 10ms duration from−500 to 2000ms (250windows
in total) for each trial and frequency.

For circular statistics the free CircStat toolbox for MATLAB was used
(Berens, 2009). First a Rayleigh test (function circ_rtest) was performed
for each timewindow and each filter frequency separately for “later re-
membered” and “later forgotten” trials. A significant Rayleigh test indi-
cates that phases are not uniformly distributed but exhibit significant
phase accumulations. To identify overall effects Rayleigh testswere per-
formed for each patient individually and were then combined with
Fisher's method (Neuhäuser, 2011). This is a statistical procedure test-
ing a hypothesis for a collective based on the results of independent sta-
tistical tests for the individuals of the collective.

Prediction of subsequent memory

To identify frequencies and time intervals with significant differ-
ences of rhinal and hippocampal phase values and of rhinal-
hippocampal inter-electrode phase differences between “later remem-
bered” and “later forgotten” trials, for each patient a non-parametric
multi-sample test for equal circular medians similar to a Kruskal-
Wallis test for linear data was performed on the training data set (60%
randomly selected trials; 20% validation trials; 20% test trials; five-fold
cross-validation; function circ_cmtest). In other words, only 60% of the
data were used for testing for differences in median phase direction
and these data had no overlap with the test data used for classification.
Two frequency ranges were considered for classification and their re-
sults were compared. First the frequencies from 0.5 to 13 Hz were
used based on the overall result of the Rayleigh test (most pronounced
phase accumulations were found for the frequency range between 0.5
and 13Hz, see Fig. 1). Second, all frequencies up to 50 Hzwere included.
For each patient the frequencies and time windows with the 10 most
significant differences between conditionswere preselected as features.
Alternatively, the considered time windows were restricted to the
prestimulus interval (−500 to 0 ms) and features were selected
accordingly.

To further reduce the number of preselected features a support vec-
tor machine with a linear kernel was applied to a validation data set
(20% trials) classifying the trials into the categories “later remembered”
and “later forgotten”. Based on the highest prediction accuracies in the
validation data one rhinal phase value, one hippocampal phase value
and one rhinal-hippocampal phase differencewere selected as final fea-
tures for classification of the test data (remaining 20% trials). Because
phase is a circular quantity, the real and imaginary part Re(φ(t)) and
Im(φ(t)) of the complex representation of the phases were entered as
features instead of the phaseφ(t), resulting in a doubling of the number
of features.

Because of the unbalanced and small trial numbers the classification
procedurewas performedusingfive-fold cross-validationwith adjusted
numbers of randomly chosen training trials, i.e. for the condition with
the higher number of trials n training trials were randomly chosen
with n being the number of trials in the other condition. Average accu-
racies from these five cross-validations are reported.

Classification efficiency was evaluated by a non-parametric label
permutation approach. Group labels were randomly shuffled 1000
times and then these surrogate trials were classified again for all five-
folds. The statistical significance of above chance classification perfor-
mance was evaluated by ranking the mean accuracy of the real data
within the accuracies obtained from the label shuffled data. Addi-
tionally, to investigate whether prediction based on single-trial phase
outperforms prediction based on power, the same procedures which
were applied to rhinal and hippocampal phase values and phase differ-
ences were independently applied to rhinal and hippocampal power
values.

Results

Behavioral responses

On average, presented words were successfully remembered in
66.7 ± 21.3% (mean ± s.d.) of all cases, i.e. 66.7% of the repeated
words were correctly recognized as old (hits). 23.8% ± 30.7% of all
new words were wrongly categorized as old (false alarms). Hit minus
false alarm rate was significantly above zero (paired t-test; p b 10−7).
Reaction times at the time of encoding did not differ between subse-
quently remembered and forgotten words (remembered: 878 ±
161 ms; forgotten: 882 ± 232 ms; paired t-test t30 = 0.175, p = 0.86).

Phase accumulation

First, we located the frequency bandswhere phase accumulation oc-
curred across subjects. Phase valueswithin rhinal cortex and hippocam-
pus and phase differences between the rhinal cortex and hippocampus
were calculated for all frequencies from 0.5 Hz to 50 Hz (0.5 Hz steps)
and for non-overlapping 10 ms time windows. Phase accumulations
were identified by conducting a Rayleigh test for each patient individu-
ally and combining p-values with Fisher's method (Neuhäuser, 2011).
For both, phase values and phase differences, the most pronounced ac-
cumulations were found for the low frequency range up to 13 Hz, pre-
dominantly in the time range between −200 ms and 800 ms (see Fig.
1). For phase differences additional accumulations were observed in



Table 2
Frequencies and time points chosen as features for classification in each patient limited to prestimulus time range (for at least 4 of 5 folds). The listed time points specify the starting point
of the used 10ms time interval. The left part of the table lists the selection for frequencies up to 13 Hz, the right part up to 50 Hz. Abbreviations: RH (rhinal cortex), HI (hippocampus), diff
(difference).

Up to 13 Hz Up to 50 Hz

Pat Freq
RH

Time
RH

Freq
HI

Time
HI

Freq
diff

Time
Diff

Freq
RH

Time
RH

Freq
HI

Time
HI

Freq
diff

Time
diff

1 5,5 −240 3 −290 6,5 −50 34 −290 34 −230 29 −130
2 0,5 −410 8 −130 8,5 −10 0,5 −410 8 −130 20,5 −10
3 12,5 −50 9 −220 12 −60 31,5 −30 19,5 −130 50 −50
4 2 −290 13 −390 6,5 −90 30,5 −120 14,5 −400 20 −230
5 5,5 −10 10,5 −280 11 −70 5,5 −10 22 −280 11 −70
6 2 −230 4 −330 3,5 −180 48,5 −410 23 −220 13,5 −290
7 4 −430 11,5 −360 5 −360 4 −430 17,5 −350 5 −360
8 1,5 −370 11 −30 9,5 −190 1,5 −370 37,5 −370 43,5 −270
9 11,5 −160 13 −320 0,5 −320 11,5 −160 13 −320 0,5 −320
10 2 −290 6,5 −200 10,5 −200 49 −120 6,5 −200 39 −420
11 2 −50 9,5 −320 5 −110 2 −50 34,5 −230 18,5 −440
12 10,5 −390 3,5 −20 7 −80 44 −190 3,5 −20 7 −80
13 12 −380 2 −350 1,5 −80 20 −180 40 −10 27 −130
14 9,5 −50 1,5 −20 3,5 −440 19,5 −300 15,5 −10 41,5 −310
15 7,5 −360 1,5 −410 6,5 −270 26,5 −80 30 −440 26 −10
16 10,5 −80 4 −270 4 −330 17 −230 49,5 −320 49,5 −440
17 8 −70 1,5 −40 5,5 −270 22 −330 36,5 −420 16,5 −320
18 9 −30 0,5 −440 4,5 −420 9 −30 0,5 −440 37,5 −200
19 8,5 −400 9,5 −220 8,5 −90 8,5 −400 9,5 −220 46,5 −290
20 3,5 −60 1,5 −330 8,5 −150 46,5 −300 39 −40 45,5 −20
21 4,5 −150 10,5 −300 13 −30 4,5 −150 10,5 −300 13 −30
22 11 −240 1,5 −410 5 −140 19,5 −160 1,5 −410 25 −340
23 2,5 −180 2,5 −130 1,5 −50 21 −10 2,5 −130 1,5 −50
24 4 −320 5,5 −100 3 −440 48,5 −420 37 −320 3 −440
25 9 −210 2,5 −160 4,5 −170 49,5 −360 50 −150 34,5 −270
26 3,5 −290 5,5 −170 3,5 −380 24,5 −370 5,5 −170 39 −80
27 1,5 −20 8,5 −180 5 −370 1,5 −20 42,5 −90 14,5 −200
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the gamma range between 40 Hz and 50 Hz indicating synchronization
between rhinal cortex and hippocampus with a consistent coupling
phase (phase lags were clustered around zero; see Supplementary ma-
terial for data and control analyses addressing a possible influence of
volume conduction).
Differences between conditions

Next, we used a nonparametric multi-sample test for equal medians
(circular version of the Kruskal-Wallis test) to identify the frequencies
and time intervals (width 10 ms) with significant differences between
the conditions “later remembered” and “later forgotten” for each pa-
tient. On average, patients show significant differences between condi-
tions (p b 0.05) in 2.9 ± 1.9 frequencies per measure (rhinal and
hippocampal phase values, rhinal-hippocampal differences) with a
mean length of significant intervals of 36±24ms regarding frequencies
up to 13 Hz and in 8.9 ± 6.1 frequencies with a mean length of 38 ±
14 ms regarding the frequency range up to 50 Hz.

The test results for one exemplary patient are shown in Fig. 2 (fre-
quency range up to 13 Hz). For this patient the most significant differ-
ences between conditions were detected at a frequency of 4.5 Hz for
rhinal phase, at a frequency of 2.5 Hz for hippocampal phase, and at a
frequency of 11.5 Hz for the rhinal-hippocampal phase difference
(please see Supplementary material for exemplary results of two
other patients, one with more pronounced condition differences and
one with less pronounced differences).

Fig. 3 shows the differences between conditions averaged across tri-
als for these three frequencies (please see Supplementary material for
two other examples). In this example, the rhinal phase difference is
slightly negative for times up to 600 ms and then drifts to increasingly
positive values up to π. For the hippocampus, the phase difference drifts
from close to zero during the prestimulus time range towards −π and
further to −2π in the poststimulus range. The condition difference of
rhinal-hippocampal phase differences starts from slightly negative
values in the prestimulus range and then drifts to values up to π and af-
terwards back to zero in the poststimulus range.

Classification results

Based on the results of the Rayleigh tests, features for classification
were first chosen from the frequency range up to 13 Hz and alterna-
tively from the extended frequency range up to 50 Hz. For each mea-
sure, i.e. hippocampal phase, rhinal phase and rhinal-hippocampal
phase difference, one frequency and time interval was selected based
on the most significant differences between conditions in the circular
version of the Kruskal-Wallis test and based on the highest classification
accuracies in the validation data. Table 1 gives a list of the frequencies
and time points chosen as features for each patient considering the
whole time range. The selected phase values for the exemplary patient
are shown in Fig. 4 (frequencies as above; please see supplementary
material for two other examples). The rhinal phases concentrate at an
angle of 2.37 ± 1.37 (average angle in radians ± angular deviation)
for the “later remembered” and at 1.84 ± 1.12 for the “later forgotten”
condition. Hippocampal phases concentrate at 5.62 ± 1.14 versus
3.61 ± 1.32 and rhinal-hippocampal phase differences at 6.07 ± 1.25
versus 0.65 ± 1.30. Table 2 gives a list of selected frequencies and
time points with timewindows considered for feature selection limited
to the prestimulus range. We cannot exclude that the Butterworth fil-
teringmay have caused some temporal smearing of poststimulus activ-
ity into the prestimulus domain. For the chosen filter characteristics,
based on tests with simulated signals, such temporal smearing may ex-
tend up to half the cycle length of the filter frequency (e.g. 100 ms for
5 Hz). Accordingly, this consideration applies to 39 (24.1%) of the
6 × 27 = 162 values listed in Table 2.

The individual accuracies of correct classifications into the categories
“later remembered” and “later forgotten” with a support vector ma-
chine (see methods) are shown in Fig. 5. By using features from the fre-
quency range up to 13 Hz the overall classification accuracy (averaged
over all 27 subjects) achieved 66.2%. Based on comparison with label



Fig. 5. Individual classification accuracies for each patient. Red lines mark the individual
95% thresholds; the green line marks the 50% accuracy. (A) Included frequencies up to
13 Hz. (B) Included frequencies up to 50 Hz.

Fig. 6. Individual classification accuracies for each patient for prestimulus intervals. Red
lines mark the individual 95% thresholds; the green line marks the 50% accuracy.
(A) Included frequencies up to 13 Hz. (B) Included frequencies up to 50 Hz.
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shuffled surrogate data (see methods) the classifier gave individual
classification results significantly above chance for 21 subjects. Includ-
ing the frequencies up to 50 Hz for feature selection, above chance re-
sults were achieved for 23 subjects with an overall classification
accuracy of 69.2%. Regarding only subjects with above chance classifica-
tion, the average accuracy for frequencies up to 13 Hzwas 67.9% and for
frequencies up to 50 Hz it was 70.6%.

When the time range for feature selection was limited to the
prestimulus interval, the average classification accuracy for the fre-
quency range up to 13 Hz was 61.2% with above chance classification
for 15 subjects and accuracy reached 65.2% for frequencies up to 50 Hz
with above chance results for 19 subjects. The corresponding individual
accuracies are shown in Fig. 6.

To assess the predictive capabilities of the three different measures
we performed classifications based on inclusion of only onemeasure se-
lected from the complete time range. For the frequency range up to
13 Hz, the ranking of classification accuracies revealed rhinal-
hippocampal phase difference as most predictive measure (63.7%),
followed byhippocampal phase (62.2%) and rhinal phase (61.9%). How-
ever, across subjects these accuracies are not significantly different from
each other (repeated measures ANOVA: F2,52 = 0.545; p N 0.5). For the
frequency range up to 50 Hz, hippocampal phase predicted successful
memory performance most accurately (64.5%), followed by rhinal-
hippocampal phase difference (63.6%) and rhinal phase (63.3%).
Again, these accuracies are not significantly different from each other
(repeated measures ANOVA: F2,52 = 0.254; p N 0.70). In accordance to
previous results (e.g. Fell et al., 2001) rhinal-hippocampal phase differ-
ences were distributed around zero (see supplementary material for
data and control analyses addressing a possible influence of volume
conduction). For the selected frequency and time intervals the phase
differences on average were slightly negative for later remembered tri-
als (−0.25 ± 1.02) and slightly positive for later forgotten trials
(0.35 ± 0.86, circular Kruskal-Wallis: p = 0.057).

Finally, we investigated the classification performance of single-trial
power values by applying the same procedures as for the phase values.
For the frequency range up to 50 Hz, overall classification accuracy was
60.4% for rhinal power (vs. 63.3% for rhinal phase) and 61.5% for hippo-
campal power (vs. 64.5% for hippocampal phase). Across subjects pre-
diction accuracies for classification based on single-trial phase were
significantly higher than those based on single-trial power (two-way
repeated measures ANOVA, main effect for measure (phase/power),
F1,52 = 6.865; p= 0.012; no main effect for locus (rhinal cortex/hippo-
campus) and no interaction measure × locus). Prediction accuracy
surpassed chance level in 13 subjects for rhinal power (vs. 18 subjects
for rhinal phase) and in 15 subjects for hippocampal power (vs. 18 sub-
jects for hippocampal phase). Combining the two single-trial power-
based features (rhinal and hippocampal power) and the three phase-
based features (rhinal and hippocampal phase plus rhinal-
hippocampal phase difference) resulted in an overall prediction accu-
racy of 71.2% compared to 69.2% for only the phase-based features (no
significant difference across subjects; paired t-test, p N 0.25).
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Discussion

In a prior investigation, we had analyzed the relation of different
mediotemporal EEG measures to memory formation and had found
that phase-based measures quantifying the stability of phases and of
phase differences across trials outperform other measures in
distinguishing subsequently remembered from forgotten trials (Fell
et al., 2008). It remained open, however, whether single-trial phase
values per se are predictive for memory encoding. The present data
show that in 23 out of 27 patients (85%) single-trial memory formation
can be predicted above chance based on only one rhinal phase value,
one hippocampal phase value and a rhinal-hippocampal phase differ-
ence. Moreover, in the majority of patients (19 out of 27) prediction of
successfulmemory encodingwas even possiblewhen only phase values
from the prestimulus interval were used. As a note of caution, we can
not exclude that the Butterworth filtering may have caused some tem-
poral smearing of poststimulus activity into the prestimulus domain
(see Classification results).

In accordance with our findings, several studies have shown that
prestimulus electrophysiological activity predestinates memory forma-
tion. For instance, increased hippocampal theta activity before stimulus
presentation is associated with successful memory encoding (Fell et al.,
2011; Guderian et al., 2009). Other studies have demonstrated that
prestimulus ERP measures are related to subsequent memory perfor-
mance (for an overview, see Cohen et al., 2015). Recently, Haque et al.
(2015) have reported based on intracranial EEG recordings that
prestimulus power increases in the 2–4 Hz range and concomitant
phase synchronization enhancements precede successful memory
encoding. This activity pattern especially involved the temporo-
parietal junction, bilateral prefrontal cortex and the medial temporal
lobe.

Applying single-trial based classification methods, Noh et al. (2014)
recently attempted to predict subsequent memory performance based
on high-resolution surface EEG recordings. Data from an object recogni-
tion experiment using pictures of cars and birds as stimuli were ana-
lyzed. Features entering classification were pre- and peristimulus
event-related potentials and EEG power in nine different frequency
bands. Applying linear and SVM classifiers Noh et al. (2014) reported
an average classification accuracy of 59.6% across 18 subjects (with a
chance level of 50%). Here, we demonstrate an average accuracy of
69.2% across 27 subjects based on SVM classification using only rhinal
and hippocampal phase values as features. Furthermore, in accordance
with previous findings related to inter-trial phase-stability (Fell et al.,
2008), we observed that prediction of subsequent memory based on
single-trial phase significantly outperformed prediction based on
single-trial power. Hence, our results confirm the importance of
mediotemporal EEG phase for long-term memory operations.

But what might be the functional relevance of rhinal and hippocam-
pal phase values formemory formation? First of all, EEG phases reflect –
and potentially even influence – neural membrane potentials and are
thus related to the amount of neural excitability (Elbert and
Rockstroh, 1987; Fröhlich and McCormick, 2010; Anastassiou et al.,
2010). In this sense, an optimal EEG phase may indicate that neural ac-
tivity occurs within the time window required for a certain perceptual
or cognitive processing step. In case of a non-optimal phase, processing
may be hampered, as for instance has been shown for visual perception
of stimuli close to the detection threshold (Busch et al., 2009;
Mathewson et al., 2009).

With regard to memory operations there are other additional puta-
tive functions of EEG phase, in particular within the MTL. It has been
demonstrated in rodents that the phase of low-frequency hippocampal
oscillations correlates with the direction of synaptic changes (Pavlides
et al., 1988; Huerta and Lisman, 1993). Furthermore, the synchroniza-
tion of phases between rhinal cortex and hippocampus is closely related
to long-term memory formation (Fell et al., 2001, 2008). Two comple-
mentary mechanisms may contribute to this phenomenon. Rhinal-
hippocampal phase differencesmaymodulate communication between
rhinal cortex and hippocampus, as well as initiate spike-timing depen-
dent plasticity via spike-field coupling (Fries, 2005; Fell and
Axmacher, 2011).

Recently, the prospects of memory enhancement by deep brain
stimulation have gained increasing interest (e.g. Lee et al., 2013;
Suthana and Fried, 2014; Reardon, 2015). Can the notion of the rele-
vance of rhinal and hippocampal EEG phases be utilized for the purpose
of memory enhancement? Since oscillatory phases continuously prog-
ress, the control of rhinal and hippocampal EEG phases requires knowl-
edge of the exact time point at which a stimulus occurs. Hence,
controlling rhinal or hippocampal EEG phase in a stimulus-relatedman-
ner is only feasible in experimental settings, but not in ecologically real-
istic situations, where the exact time point of stimulus appearance is
uncertain. Controlling the rhinal-hippocampal phase difference is a
more viable option, because phase differencemay remain relatively sta-
ble for longer time intervals. Indeed, we have shown that memory for-
mation can be modulated by controlling the phase differences
between rhinal cortex and hippocampus via deep brain stimulation
(Fell et al., 2013). However, the same frequency (40 Hz) and phase dif-
ferences (zero vs. 180 degree) were chosen for all subjects in this study.
The present findings suggest that memory enhancement and inhibition
effects may be augmented by classification analyses enabling the
individual selection of optimal stimulation frequencies and phase
differences.
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