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Abstract: The prefrontal cortex and hippocampus function in tight coordination during multiple
cognitive processes. During spatial navigation, prefrontal neurons are linked to hippocampal theta
oscillations, presumably in order to enhance communication. Hippocampal ripples have been
suggested to reflect spatial memory processes. Whether prefrontal-hippocampal-interaction also
takes place within the ripple band is unknown. This intracranial EEG study aimed to investigate
whether ripple band coherences can also be used to show this communication. Twelve patients
with epilepsy and intracranial EEG evaluation completed a virtual spatial navigation task. We
calculated ordinary coherence between prefrontal and temporal electrodes during retrieval, re-
encoding, and pre-task rest. Coherences were compared between the conditions via permutation
testing. Additionally, ripples events were automatically detected and changes in occurrence rates
were investigated excluding ripples on epileptic spikes. Ripple-band coherences yielded no general
effect of the task on coherences across all patients. Furthermore, we did not find significant effects of
task conditions on ripple rates. Subsequent analyses pointed to rather short periods of synchrony as
opposed to general task-related changes in ripple-band coherence. Specifically designed tasks and
adopted measures might be necessary in order to map these interactions in future studies.

Keywords: high-frequency oscillations (HFOs); spatial navigation; stereo EEG; functional connectiv-
ity; EEG-coherence

1. Introduction

Throughout the last decades, EEG research has increasingly focused on frequencies
above the gamma band range. The so-called high-frequency EEG components have predom-
inantly gained interest as a surrogate marker for epileptogeneity (e.g., References [1-3]).
In this context these oscillations have been studied extensively as distinctive events within
the EEG signal, so-called high frequency oscillations (HFOs), defined as spontaneous
oscillatory events of at least four periods in a frequency range from 80 to 500 Hz that dis-
tinctively stand out from the background signal [4]. Furthermore, HFOs are distinguished
according to their frequencies and divided into the ‘slower” ripples with frequencies be-
tween 80 and 250 Hz, fast ripples with frequencies between 250 and 500 Hz [5], and very
fast ripples exceeding frequencies of 500 Hz [6,7].
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While being most extensively researched in the context of epilepsy, where HFOs have
been proposed as a possible surrogate marker for epileptogenesis (e.g., References [2,4,8]),
in some brain regions HFOs have been observed in connection with cognitive processing,
such as during sensorimotor [9-11], visual [12,13], or memory processes [14,15]. Especially,
hippocampal HFO occurrences have been closely linked to memory consolidation in
several studies with animals [16-18] and human subjects [14,15,19]. Kunii et al. [15]
for instance used high frequency activity recorded in the parahippocampal gyri during
a memory task to calculate a laterality quotient for memory dominance. They found
epilepsy patients undergoing resective surgery on the so-defined memory-dominant side
to experience subsequent memory decline [15]. Just recently, Pu et al. [19] recorded HFOs
in the hippocampal region in healthy human subjects using magnetoencephalography
during the inter-trial resting period of a virtual navigation task. Not only did they find
HFOs, but the high frequency activity could further be linked to a subsequent performance
improvement, suggesting these HFOs to reflect hippocampal reactivation [19]. Taking
these findings into consideration, HFOs appear to be an interesting marker to document
memory performance.

However, there have also been contradicting findings regarding the physiological
meaning of spontaneously occurring ripples, especially when recorded in epilepsy pa-
tients [20]. Furthermore, the criteria for distinguishing physiologic and pathologic HFOs
still remain disputed. This constitutes an ongoing challenge [21], especially since patho-
logic ripples might have a negative effect on cognition, as observed for other interictal
epileptiform discharges (e.g., References [22-24]). One suggestion though has been that
physiologic HFOs, unlike epilepsy-related HFOs, may appear less distinct from the back-
ground or even as continuous high frequency activity within the EEG signal [25,26]. This
notion indicates that it might be worthwhile to consider not only single events, but also the
high frequency band itself to reflect physiologic processes. Furthermore, it has been pointed
out that coupling of ripples between the medial temporal lobe and association cortices
might constitute an underlying mechanism of memory retrieval [27]. Taken these thoughts
together with the idea of evoking physiologic HFOs by certain tasks, one approach to
further investigate physiologic HFO activity may lie in considering connectivity measures
derived from these high frequencies.

It is well established that the hippocampi are very much involved in memory and
spatial navigation [28-30]. Besides them, prefrontal regions have also been identified to be
immanent for successful encoding and retrieval of spatial contents [31-33]. During tasks,
such as those involving spatial navigation, prefrontal neurons lock to the hippocampal
theta oscillations, presumably reflecting communication between both structures [34-36].
Building on the presumed prefrontal-hippocampal-interaction, we investigated the connec-
tivity between these sites in the invasive EEG of patients performing a virtual-reality-based
spatial navigation task. Based on the existing literature we expected to find increased con-
nectivity between hippocampal and prefrontal regions during retrieval and re-encoding of
spatial information, not only in measures derived from the theta and gamma band [37-39],
but also from the ripple-band. In addition, we investigated whether ripple event occurrence
rates changed throughout the task, and whether changes in both the event rates and the
high-frequency derived connectivity measure could be associated similarly to cognitive
processes underlying the task.

2. Materials and Methods
2.1. Participants

Subjects were recruited amongst epilepsy patients who were undergoing invasive
EEG recordings for presurgical evaluation in three epilepsy centers: Beijing (CN), Bielefeld
(GER), and Freiburg (GER). In order to explore the prefrontal-hippocampal interaction we
only included patients, who had invasive recordings from both within the frontal lobe
and the hippocampal region. Since March 2017, a total of 27 patients had been recruited
to participate in the study. Based on the iEEG electrodes’ localization, we were able to
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identify 12 patients suitable to be included into this analysis. The sample’s age ranged
from to 19 to 33 years (mean age = 25.17, SD = 4.09) and six included patients (50%) were
female. All patients were implanted with iEEG electrodes that amounted to an average of
118 recorded channels (between 50 and 192). Written informed consent was obtained from
all subjects prior to the experiment and ethical approval was received at all three locations
prior to enrollment.

2.2. Experimental Design

The paradigm was adapted from Doeller et al. [40] and has been described previ-
ously [41-43]. While being under continuous video-EEG-monitoring for diagnostic pur-
poses, participating patients performed a cue-location memory task navigating freely in
a circular virtual arena. The virtual arena comprised a grassy plane (diameter of 9500
virtual units) bounded by a cylindrical cliff. Patients completed the task on a laptop using
the arrow keys for moving forward, turning left and right, and the spacebar to indicate
their response.

At the very beginning of the first session, participants collected eight everyday objects
(randomly drawn from a total number of 12 potential objects) from different locations
in the arena (“initial learning phase”). This time period (variable duration of approxi-
mately two minutes, as the whole task was self-paced) was excluded from all analyses.
Several constraints ensured that the object positions were not too close to the cylindrical
cliff, the center, and other objects. Afterwards, participants completed a variable num-
bers of trials, depending on individual movement speed. Each trial consisted of four
different phases.

First, one of the eight cues was presented for 2 s. Afterwards, participants were
asked to navigate to the assumed corresponding location within the virtual environment
(“retrieval”). During the retrieval period, the cue was not presented anymore but had
to be kept in mind by the subject. After participants had indicated their response via a
button press, they received feedback depending on response accuracy. Finally, the cue
was presented at the correct location and participants had to collect the cue, allowing
them to gradually improve their memory for the cue-location associations (“re-encoding”).
After each trial, a fixation crosshair cursor was shown for a variable duration of 3to 5 s
(uniformly distributed).

To align behavioral and EEG data, experimental triggers were either detected using
a phototransistor attached to the screen, marking onsets and offsets of the cue-phase,
or using an independent custom MATLAB program that sent triggers both to the paradigm
and to the EEG recording software with randomly jittered intervals between 0.5 and 5 s.
Patients were asked to complete up to 160 trials but were instructed to pause or quit the
task whenever they wanted. Experimental events were written to a log file.

2.3. iEEG Analyses

All included patients had been implanted with intracranial stereo EEG electrodes for
purposes of pre-surgical evaluation. Sampling rates for iEEG data were 2000 Hz except
for patient 3, whose recording was sampled at 1000 Hz. All iEEG data were visually
inspected to exclude channels with bad signal quality due to either technical or material
issues. Further, only iEEG channels situated within the grey matter and in the regions of
interest were considered for analysis.

To identify the channel locations, individual MRI and CT scans served as reference.
For patients recorded in Freiburg or Bielefeld, pre- and post-implantation MRIs were co-
registered, skull-stripped, and normalized to MNI space using FSL (https:/ /fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FSL). Then, we used PyLocator (http://pylocator.thorstenkranz.de/) in
order to manually mark channels within the normalized post-implantation images. Chan-
nels recorded in patients from Beijing were localized to MNI space via pre-implantation
MRI and post-implantation CT scans, using a custom toolbox [44]. Within FreeSurfer,
(https:/ /surfernmr.mgh.harvard.edu/) cortical/subcortical labels were assigned to each


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
http://pylocator.thorstenkranz.de/
https://surfer.nmr.mgh.harvard.edu/

Brain Sci. 2021, 11, 162

40f17

MNI coordinate of the average structural template from FSL. Based on these labels the in-
dividual channel coordinates were categorized according to the closest cortical /subcortical
labels, enabling the identification of the respective regions of interest for each patient’s
iEEG channels.

EEG analysis comprised two different strategies. (i) An analysis of ripple event rates
during the different experimental conditions and (ii) an analysis of inter-channel coherence.
On the basis of the assigned closest cortical /subcortical regions, we grouped the implanted
channels within the frontal and temporal lobes, in order to align sample sizes between
patients for the subsequent coherence analyses. Six regions of interest were predefined
this way: inferior-frontal, medial-orbitofrontal, superior-frontal, and lateral-orbitofrontal
within in the frontal lobe, as well as hippocampus and parahippocampus as temporal
regions. As the iEEG channels were differently referenced across the three centers, we
re-referenced all iEEG channels to a common average reference before further analyses,
as suggested by previous studies using a similar approach [45]. All iEEG analyses were
performed using MATLAB (release R2018b, The Mathworks, Natick, MA, USA).

2.3.1. Ripple Event Analysis

For event analysis, we used the code packages contained in MOSSDET, a software
developed by Reference [46], for automatic detection of EEG elements. MOSSDET is based
on kernelized support-vector-machines (SVM) and enables not only the detection of HFOs,
but also of epileptiform spikes in the data. Using the implemented algorithms we detected
ripples and ripples-on-spikes in each patient. The criteria for ripple detection implemented
within the algorithm defined ripples as events of not longer than 250 ms that contained at
least four consecutive oscillations within the respective frequencies. The classification of
selected events was based on several features derived from the Morlet Wavelet Transform of
25 ms-long overlapping epochs, including power, line length, amplitude range, symmetry,
mobility, and complexity [46].

Detected events were exported as a .csv file, and the number of events were counted
for each retrieval and re-encoding trial, as well as the resting phase before. The absolute
values were then divided by the number of channels and time samples for each condition
in order to receive one relative index of ripple and ripple-on-spike occurrence rates for
each participant and condition. Event occurrence rates were compared between the three
conditions (resting, retrieval, and re-encoding), as well as the two main regions of interest
(frontal, and (para-)hippocampal), using a repeated measures ANOVA in SPSS Statistics
(Version 21; IBM Corp.; Armonk, NY, USA). Condition, event-type (ripple or ripple-on-
spike) and region of interest were entered as within-subject factors. As dependent variable
we entered the event rate per condition relative to the conditions” duration and number of
channels per main region. Mauchly’s test for sphericity suggested a violation of unequal
variances for event rates across conditions only ()(%2) =8.9, p = 0.012), so we adjusted the

degrees of freedom using the Greenhouse-Geisser method.

2.3.2. iEEG Connectivity Analysis

For the further iEEG analysis, we first segmented the obtained signals according
to the experimental log files. Retrieval and re-encoding phases were separated and the
resting period before the virtual reality task was segmented into equally sized segments
for each participant. Second, autoregressive models were calculated for each segment
using the mvfreqz.m and mvar.m functions implemented within the BioSig toolbox [47].
A multivariate autoregressive model was calculated for all channel x channel combinations
and with a model order of 474, chosen in order to account for the high number of frequency
components. For each calculation with the given model order, we excluded segments that
were too short for the suggested ratio of 3:1 between given samples and the number of
estimates [48]. The resting period segment sizes were individually fixed beforehand in
order to adhere to this ratio.
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From the results we derived real valued coherence, an undirected measure of connec-
tivity, which is taking into account only the real part of the complex coherence [49] and
which has been suggested to be a reliable (in terms of stability over time) marker in neuro-
logical conditions, such as epilepsy [50]. Both measures were computed for 1 Hz frequency
steps between 1 and 249 Hz. Frequencies within the line noise range, as well as their
exponential harmonics, were not considered. The coherence measures were then averaged
according to the respective frequency bands of interest: theta from 4 to 7 Hz [51], gamma
from 40 to 79 Hz, and the ripple band from 80 to 249 Hz. The resulting coherence-matrices
for each trial of the three conditions and for each patient were then statistically analyzed.

In order to help interpret the coherence results we additionally compared the frequency
contents derived from each subject’s iEEG signal between the three conditions (retrieval
vs. resting, re-encoding vs. resting, retrieval vs. re-encoding). For this purpose, we
Fourier-transformed the signals of each segment for frequencies between 1 and 250 Hz.
Subsequently, the so-obtained spectra for each iEEG channel were averaged according to
the channels’ locations, allowing for a group-comparison later on. Finally, the spectra were
averaged across the single trials for each subject.

For the assessment of possible changes in the inter-channel connectivity, we compared
markers derived from experimental conditions” EEG segments with the resting EEG co-
herence using permutation t-tests for each patient individually. Permutation testing was
performed using the permtest.m function in MATLAB [52] with 1000 iterations. The result
is a matrix of test statistics for each individual patient hinting to differences between the
conditions and the resting segments for specific frequency bands and channel x channel
pairs. Similarly, permutation testing was used to compare the averaged Fourier spectra of
each patient between the three conditions resulting in test statistics that indicate differences
between the conditions in all computed frequencies and the six brain regions of interest.

Absolute p-values were interpreted, though keeping in mind that due to family-wise
error cumulation the alpha level would have to be adjusted when interpreting the results
dichotomously as being significant or not. While the permutation testing was corrected
for multiple comparisons (i.e. number of channel pairs and frequency steps), performed
within each subject, we did not correct for the number of subjects. With one statistical
test for the event analysis, three comparisons between the Fourier spectra, as well as 24
tests for the connectivity analyses (one test each for both conditions times 12 patients),
a conservative correction using the Bonferroni method would result in a further adjusted
p-threshold of 0.0018 (p/28; Reference [53]).

2.3.3. Further iEEG Investigation

After retrieving the results from the described analyses, we decided to further investi-
gate possible short-term changes in coherence that were not strictly locked to paradigm
trials. For this purpose, we again calculated the autoregressive model as described above,
but with a moving window of 47 s, a length chosen in order to adhere to the above-
mentioned criteria. The autoregressive model and the extracted coherence measure were
calculated for the entire iEEG recording with the window being shifted for one second
(1000 or 2000 samples), in order to observe changes in coherences at a resolution of seconds.
The resulting coherences can be viewed in a timeline taking into account the beginning of
each trial’s conditions in the paradigm, indicating changes in interaction strengths between
each channel pair and frequency band of interest.

3. Results
3.1. Ripple Event Analysis

Table 1 shows the number of channels within the six regions of interest, the overall rip-
ple rates per second (for all regions), and the mean distance of the collected items’ recalled
positions during retrieval from their actual positions within the virtual arena. The data do
not suggest an effect of the task being performed on the ripple rates across the patients,
also being reflected by the test results revealing no effect for condition (F; 2 1384) = 0.5,
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p = 0.533). Due to the small number and high variance in event rates we were only able to
test an effect on the basis of average trials for each condition and not on a single-trial level.

Table 1. Ripple events per second.

Patient# #ROI Channels  Ripples/Sec. Rest Ripples/Sec. Retrieval Ripples/Sec. Re-Encoding ~ Mean Distance Retrieval
1 7 0.303 0.322 0.198 2612
2 17 0.317 0.324 0.445 3511
3 10 0.352 0.287 0.316 2962
4 13 1.332 1.232 1.614 769
5 64 0.987 1.393 1.211 1266
6 24 0.891 0.705 0.786 2212
7 40 0.857 0.786 0.827 3046
8 26 0.877 1.063 1.006 1774
9 39 0.649 0.588 0.233 1945
10 44 1.175 1.122 1.03 2656
11 23 0.854 0.818 0.793 1082
12 18 0.66 0.712 0.306 1794

Analysis, however, revealed lower event rates for ripples-on-spikes as compared to
spikes (F1,11) = 48.55, p <0.001), an effect that can also be appreciated when looking at the
mean event rates (see Figure 1). Furthermore, analysis revealed a trend for an interaction
between the region of interest and the type of measure (F( 11) =3.75, p = 0.079). However,
no other interaction effects between the factors were revealed. What becomes apparent
when considering event occurrence rates for each region of interest, is a high variability
between the patients, with mean ripple rates between 0.171 and 0.266, and standard
deviations between 0.046 and 0.19. Similar variations can be observed for ripples on
spikes with means between 0.027 and 0.114, and standard deviations between 0.017 and
0.142. This variance between patients appears even more remarkable in the context of
inter-channel coherence.

0.8
—&—temporal ripples
temporal rip/spk
—& frontal ripples
0.7 - ¥ frontal rip/spk
06
05
[ -
- T e -
0.4
L ]
0.3
|
0.2
A % .............................................
0 : * :
resting retrieval re-encoding

Figure 1. Mean ripple and ripple-on-spike (rip/spk) rates per second during the three conditions
for frontal and temporal regions, relative to the conditions’ duration and each patients” number of
channels. Error bars represent 95%-confidence intervals.
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3.2. iEEG Coherence Results

iEEG analysis regarding connectivity did not reveal any general effects across pa-
tients. Table 2 shows the number of patients revealing statistically noticeable differences
in coherences between task conditions and pre-task resting. It also indicates the number
of patients with localized electrodes in each brain region pairs. As can be seen, only a
proportion of patients revealed statistically significant differences in coherence matrices at
all. Furthermore, some patients revealed higher coherences, while others elicited lower
coherences during the task conditions in comparison to pre-task resting. This incongruence
can be further appreciated when considering the spectral power densities derived from the
conditions’ iEEG segments.

Table 2. Number of patients with trends of differences (p <0.05) in ripple-band coherence between conditions.

Re-Encoding vs. Resting

Hip. Inf. Lat. Med. Par. Sup.
Hippocampus 411] (12) 27 (12) 21 (10) 11 (9) -(8) 111 (4) 1111 (8)
Inferior-frontal 21 (10) 21 (10) - (10) 11 (7) 11 (7) -2 11 (7)
Lat.-orbitofr. 111 (9) 11 (7) 11 (9) 11 (9) -(7) 11 (4) -(7)
Med.-orbitofr. 11 (8) -(7) -(7) 11 (8) -(8) -(2) -(8)
Parahip. 1114 (4) 11(2) 11 (4) -(2) 114 111 4) -(2)
Superior-fr. 1121 (8) 11 (7) -(7) 11 (8) -(2) 20 (8) 11 2] (8)

Hip. Inf. Lat. Med. Par. Sup.

retrieval vs. resting

Upward arrows indicate higher coherence during task condition, downward arrows indicated higher coherence during pre-task resting.
The number in brackets indicate how many patients had iEEG electrodes within both structures at question. Hip.: Hippocampus; Inf.:
Inferior-frontal; Lat./Lat.-orbitofr.: Lateral-orbitofrontal; Med./Med.-orbitofr.: Medial-orbitofrontal; Par./Parahip.: Parahippocampus;
Sup./Superior-fr.: Superior-frontal.

Hippocampus
Parahippocampal
Inferior-frontal
Medial-orbitofrontal
Superior-frontal
Lateral-orbitofrontal

Hippocampus
Parahippocampal
Inferior-frontal
Medial-orbitofrontal [
Superior-frontal r
Lateral -orbitofrontal

Hippocampus
Parahippocampal n
Inferior-frontal
Medial-orbitofrontal
Superior-frontal
Lateral-orbitofrontal -

b0 a 8

Figure 2 shows the test statistics for these comparisons, revealing no noticeable trends
of differences between the power density spectra. Statistical significance testing concurred
with this observation. Interestingly, the results suggest that parahippocampal regions are
not greatly involved in the retrieval phase of the spatial navigation task. However, only
one-third of the patients had electrodes implanted within this region. Furthermore, power
spectra suggest higher task-involvement of all regions of interest during re-encoding than
during retrieval when compared to the resting period.

@

n

o

R

o ripple-band

Figure 2. Test statistics for the comparisons between the Fourier spectra. The subfigures show one comparison each for the

six brain regions of interest. The abscissae indicate the compared frequency bins from 1 to 250 Hz.
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In contrast, coherences during retrieval seem to differ more strikingly from resting
than coherences during re-encoding. As can be seen in the individual coherence matrices
for each single patient, most patients did not reveal a significant effect of different ripple-
band coherences (see Figures 3 and 4). Additionally, differences in coherences usually
applied to certain channel x channel comparisons only, and did not encompass brain
regions in general. On an individual level, three patients revealed higher coherences
between hippocampal and frontal regions during retrieval than during rest (patients 1,
11, and 12). As depicted in the figures, this effect can also be seen for the comparison
of re-encoding and resting, however, in fewer channel pairs. In contrast, some patients,
especially patient 2, show less ripple-band coherence between hippocampal and frontal
areas during retrieval. Interestingly, patient 2 was also the least accurate in the spatial
memory task.

Resting Retrieval Re-encoding p-Values < 0.05
Pat 1.
Hip Inf Hip Inf Hip Inf Hip Inf
Pat 2.
Hip
| 5 E
g |
Par
| -
£ ki g £ k] g £ k] g £ k] 8
Pat 3.
Hip
Inf
&8 &
Pat 4.
Hip
Lat
Med
Par
Sup
£ W @
Pat 5. Hip 1
0.8
Inf
0.6
Lat
0.4
Med
Sup 02
]
o
g X 3 33
0.0s
Q
-
-005
[

E @ H

Figure 3. Coherences for patients 1-6 within the ripple band. Absolute coherence values in channel x channel matrices for
both experimental conditions, as well as resting, are displayed (columns 1-3). Column 4 shows the respective contrasts
between retrieval versus resting in the bottom left triangle under the diagonal, and re-encoding versus rest in the upper right
triangle. Red (positive) p-values represent higher connectivity in the experimental condition, and blue (negative) values
represent higher connectivity during the resting. Brain regions of interest are abbreviated as follows: Hip = hippocampus,
Inf = inferior-frontal, Lat = lateral-orbitofrontal, Med = medial-orbitofrontal, Par = parahippocampus, Sup = superior-frontal.
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Resting Retrieval Re-encoding p-Values < 0.05

Pat. 7 Hip

Hip |

0.05

0.05

[

2 t a t a
T —g a -E @

Figure 4. Coherences for patients 7-12 within the ripple band. Absolute coherence values in channel x channel matrices for
both experimental conditions, as well as resting, are displayed (columns 1-3). Column 4 shows the respective contrasts
between retrieval versus resting in the bottom left triangle under the diagonal, and re-encoding versus rest in the upper right
triangle. Red (positive) p-values represent higher connectivity in the experimental condition, and blue (negative) values
represent higher connectivity during the resting. Brain regions of interest are abbreviated as follows: Hip = hippocampus,
Inf = inferior-frontal, Lat = lateral-orbitofrontal, Med = medial-orbitofrontal, Par = parahippocampus, Sup = superior-frontal.

In general, coherences are most pronounced between channels within the same regions,
and especially within the whole frontal lobe there is high inter-channel coherence in many
patients and each analysed frequency band. Coherence results for the theta and gamma
band can be found in the Supplementary Material (Figures S1-54). In other frequencies than
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the ripple band, there was also no general trend towards an effect of the task conditions on
patients’ inter-channel coherences. Mainly patients 1 and 2 revealed different coherences
between the conditions; however, these were rather mixed, and no generalized pattern
was discernible.

Patient 4, who was most accurate in the spatial memory task, revealed high coherences
within the frontal structures across all frequency bands. While this is seen in many patients,
the coherence within the frontal regions appears most striking in patient 4. Patient 4
furthermore revealed lower coherences during retrieval as compared to resting within the
hippocampal channels, as well as between the parahippocampi and orbitofrontal regions,
in the theta band. In other patients, especially the parahippocampal regions did not yield
any differences between conditions and in one patient parahippocampal channels even
appeared to yield no coherences with other regions at all (patient 9).

In frequency bands other than the ripple-band, most pronounced differences between
resting and the conditions are seen in one-third of the patients within the theta band. In the
gamma band coherences, especially patients 1 and 2 revealed coherence changes between
experimental conditions and resting, but directionalities of these effects were inconsistent
across patients. Overall, coherence matrices for the three conditions appear to be very
similar for each patient, as can be seen in Figures 3 and 4, as well as in Supplementary
Figures S51-54.

3.3. iEEG Coherence Changes over Time

The coherence timelines in the different frequency bands obtained from these analyses
were viewed for each electrode pair either as an entire timeline (over the complete record-
ing) or locked to stimuli onsets across averaged retrieval and re-encoding trials. Given the
amount of channel x channel combinations, figures were again built on the averages of
region-specific channels. The second analysis did not reveal changes in coherences locked
to stimuli across retrieval or re-encoding trials for any of the patients. An example figure is
provided in the supplementary material (Figure S5).

Considering coherence changes during the entire recording period, results, however,
did reveal short changes in ripple-band coherences for most patients. These changes
mainly pertained to interactions involving frontal channels but also the hippocampus.
An example is given in Figure 5, showing the coherence changes within the gamma, theta,
and ripple-band. Finally, the drop error from the single retrieval trials is plotted at the
bottom. Based on the plotted graphs, these changes in ripple-band coherence seem to
be unrelated to single trials represented by the x-axis ticks, or the performance accuracy,
as changes sometimes lasted for more than one trial and appeared to not be locked to either
specifically good or poor performance trials in terms of retrieval accuracy. Eight of our
subjects presented such short and rapid changes observable in the timeline plots. In the
remaining four, at least hints of these changes could be observed. Further examples are
provided within the supplementary material (Figures S6-510).

Judging from the retrieved timeline figures, ripple-band coherence changes seem to
co-occur with changes in the gamma-band coherence, in the example of patient 9. Similar
expressions were gained from other patients” data, however, more subtle, and in no patients
were changes in the gamma-band coherence as striking as in the ripple-band. Similarly,
the theta-band coherences do not yield as apparent changes, either. The depicted patient is
an exception in this regard, as in other patients the gamma-band coherence stays stable
over the recording. A further exception to this is presented by patient 12, revealing very
rapid and frequent changes in the theta-band coherence, as well (see Figure 510).
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coherance

rpple

o 2 gamma

2 min.

Figure 5. Coherences for patient 9 over the entire recording of 70.57 min within the gamma, theta, and ripple-band.

Coherences between channels of the medial-orbitofrontal and the superior-frontal cortex are displayed at the top (A). One

data point corresponds to a shift of one second, with each coherence value stemming from a moving window of 47 s. At the

bottom (B), the drop error is depicted for all retrieval trials. Ticks on the abscissa are based on the beginning of each retrieval

and re-encoding trial.

4. Discussion

The study at hand aimed at investigating the relationship between cognitive processes
related to spatial navigation and ripple-band EEG activity. Literature suggests interplay
between lower and faster brain oscillations within frontal and hippocampal structures to
reflect such processes [34-36,54]. We, therefore, investigated frequency band coherence
within and between frontal and (para-) hippocampal structures in the intracranial EEG
during a virtual navigation task. We neither found a significant increase in ripple occurrence
rates from resting to the experimental task conditions, nor did we observe an overall effect
of increased coherences within the suspected frequency bands. Thus, the findings do not
support the notion of a general effect discernible across the entire patient group enrolled in
the experiment.

Regarding the ripple event rates, we suspected an increase in (at least) temporal
ripples from resting to both retrieval and re-encoding of objects’ positions within a virtual
environment, given the association between HFOs observed in these regions and memory
consolidation [14,15]. Surprisingly, we found slightly more ripples in frontal regions in
comparison to ripples on spikes, yielding similar occurrence rates overall. Furthermore,
ripple rates did not seem to be impacted by the task condition. A reason for both of these
observations could lie in physiologic ripples not playing too great a role in retrieval of
information but instead in consolidation. This explanation is supported by most studies
revealing a connection between memory and physiological ripples in humans during
the consolidation phase while subjects were resting [14,19], giving rise to the notion of
hippocampal HFOs to reflect spontaneous reactivation that is thought to promote plasticity
and stabilize fresh memory contents [55,56]. Contradicting results, however, caution
that different memory tasks and recording settings might lead to ripples, both being
detected even during the retrieval phase and also being successfully linked to memory
performance [57], stressing that complexity and nature of replayed memory contents might
affect the neural response during retrieval.

Another explanation for the lack of an increase in ripple rate could be an uneven
proportion of artifacts contaminating the signal, with more artifacts during the pre-task
period, when subjects did not need to concentrate on the paradigm. Though we did
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exclude channels that were contaminated with artifacts, we did not perform a general
artifacts correction given the nature of the recordings and the findings from the detection
algorithm during development. However, more artifacts during the resting period could
result in a higher amount of falsely detected ripples due to filtered sharp transients in the
process of automatic detection [58,59]. A possible solution would be to manually detect
possible ripples. However, manually marking HFOs is problematic in its own respect, as the
process is highly subjective and even highly trained EEG specialists seldom consent when it
comes to clearly identifying ripples [60]. Furthermore, automated HFO detection becomes
necessary when analyzing huge amounts of data simply due to the time-consuming nature
of manually detecting HFOs described at length in literature (e.g., Reference [61]).

With regard to the coherence analysis, our findings support isolated task-dependent
effects in single subjects, rather than a general effect in coherence changes from resting to
experimental conditions across the patient group. There are several possible explanations
for our findings. For instance, the selection of reference might constitute a technical issue.
Especially, reference channels with high amplitudes were shown to increase correlation
between iEEG channels, thus inducing falsely high coherences [62]. Using a common
average, however, should prevent this issue as high amplitudes on the reference could only
result from a general problem of globally recorded unusually high amplitudes, which seems
unlikely given the exclusion of problematic channels before the analysis and the nature
of invasive stereo EEG recording. Still, using a common average reference could induce
coherences simply by adding a similarity to the signals in the subtraction process [63].
If this induced inter-channel similarity were greater than task-related changes in coherences,
a detection of small effects could be prevented. The same problem might occur when
using a bipolar-reference, resulting in further similarities on re-referenced channels from
the same iEEG electrode, thus increasing possible volume conduction effects. However,
Rappelsberger [63] pointed out that an average reference offers some advantages, especially
when compared to a common reference.

A further issue stems from the segments we entered into the analysis. The number
of segments per patient and condition varied, as well as their length. This is because
experimental trials had no fixed duration and for the coherence analysis only segments
with long enough duration to reach a sufficient ratio between samples and extracted
estimates could be selected [48], being even more severe for high frequencies that require a
higher model order for the MVAR model [64]. Since we could only enter sufficiently long
segments, we ended up with a selection of long and entire trials only, inducing a possible
selection bias. Furthermore, calculating coherences on these whole trials is less sensitive to
detecting small and time-restricted changes in frequency-specific coherences, as reported
by Raghavachari et al. [65,66]. Investigating changes in theta power and theta connectivity
during the course of a working memory task, they found a general increase in theta power
but not in coherence during the task [66]. Therefore they suspected that short periods of
synchronization had gone amiss due to the measure of coherence over large segments.

This would explain why, whilst finding comparably high theta coherences in general,
we did not find effects of changed coherences from resting to retrieval or re-encoding in
most patients. In line with our results, suggesting high coherences within specific regions in
general, however, with no task-dependent changes over entire periods of encoding and re-
trieval, scalp EEG studies revealed theta as a rather unstable correlate of memory processes,
depending on novelty and repetition effects [67]. Noteworthy is that it has been pointed
out that results from scalp EEG studies can differ considerably from findings obtained with
intracranial EEG recordings when it comes to theta oscillations and memory [68]. However,
the authors also pointed out that the discrepancy might result from iEEG recordings being
analyzed using bipolar montages in the majority of studies [68], and there is furthermore
no reason to assume that repetition and stimuli parameters differently impact iEEG or scalp
EEG-recorded theta activity.

In addition, similar stimuli-dependent impacts might apply to faster frequencies,
coupled to slower frequencies [39,67,69,70]. As such, Graetz et al. [67] also found the
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coupling between gamma and theta oscillations to be unstable. Similar dependences from
stimuli parameters have also been reported for the gamma band itself [71], while, in some
studies, no correlate of gamma oscillations to cognitive function could be revealed at all [72].
In other examples, gamma oscillations, as well as their coupling with lower frequencies,
have further been shown to constitute short periods of synchrony, reflecting early encoding
and reactivation within the working memory across different modalities [69,73,74]. Fur-
thermore, the coupling of oscillations has been shown to not uniformly shift in strength
during working memory processes, but to heterogeneously strengthen and weaken in
time [75].

Taken together, these findings draw a picture of modulatory coupling between fre-
quencies, as well as highly variable involvements of different frequencies, during specific
stages of memory processes (i.e., learning, encoding, and retrieval) that speculatively elicit
changes in coherences across brain regions for short periods of synchronization only. If this
is the case for frequencies up to and including the gamma band, it can also be inferred
that similar restrictions apply to the ripple band. This picture might partially explain our
results, not showing a general change in coherences, and it is exactly reflected within the
results of our additional analysis. Ripple-band coherences appear to increase for short
periods throughout the task, but with no obvious relation to single trials, respective condi-
tions, or the performance accuracy. This may further point to a more general activation or
reactivation of fronto-temporal networks that is not related to or generalizable across the
presentation of stimuli or specific phases of spatial navigation.

Such an interpretation is also backed by the results obtained from the Fourier-spectra
comparisons, suggesting no statistically significant differences in power densities between
the given task conditions and rest. Furthermore, what becomes apparent from these
analyses, is the need to investigate such EEG responses on a single-subject level, as general-
izable effects are seldom observed across a patient group and thus might go amiss when
conducting group comparisons. This issue is even more problematic in the intracranial
EEG, as spatial sampling is incongruent between subjects. One example for this is our
finding that parahippocampal regions seem to contribute little to the task-related processes,
especially retrieval, as power spectra suggest higher power over all frequencies during
resting. However, parahippocampal electrodes had only been recorded in a small portion
of patients, and individual results even suggested higher coherences between parahip-
pocampal regions and the hippocampus during retrieval as compared to pre-task resting
in one subject.

Another important issue arises from the large width of the ripple band. Averaging
coherences from 80 to 249 Hz could cancel out synchronization effects that are isolated
to certain frequencies within this band. Although coherences have been reported to be
observable over wide frequency ranges (e.g., References [76-78]), these studies did not
investigate frequency bands quite that large. A possible solution would be to consider
smaller frequency bins within the ripple band. However, this would lead to yet another
source of variance between the patients, as it is highly unlikely that small effects could be
found within the same sub-frequencies across the patient group.

On a final note, the possibility that physiological processes might require or lead to
short periods of synchronization within the ripple band instead of generalizable changes
occurring over entire epochs of cognition cautions the use of broader measures as exclusive
markers for cognition. Similarly, it is questionable whether HFOs as single events can
be used as a clinical marker to assess cognitive functioning of brain areas. It has been
suggested to use measures derived from higher frequencies within the EEG recordings of
patients with epilepsy as a marker to map the eloquent cortex prior to surgery [15]. Our
results indicate, however, that different measures, even when derived from one frequency
band, can lead to contradicting findings, showcasing the lack in reliability of any given
measures in these higher frequencies.
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5. Conclusions

We were not able to show a general effect of virtual-navigation-related spatial memory
performance on iEEG coherences between frontal and (para-)hippocampal regions in any
of the observed frequency bands. While some patients elicited trends towards coherence
changes from resting to retrieval and re-encoding, these trends varied considerably and do
not allow for a well-founded interpretation. These results, however, reflect the debate and
uncertainty regarding the specific meaning and function of specific oscillations for mem-
ory processes, especially within the higher frequencies (see for example, Reference [79]).
Further analysis suggested that rather short periods of interaction within fronto-temporal
networks might be at play. The exact timing of these changes, however, is hard to pin
down to single events, given the width of segments necessary for calculating coherences
derived from these high frequencies. Specifically designed tasks may shed more light on
the high-frequency response’s timing within spatial navigation in future works. These
short periods, however, may represent a good point to start from in future analysis and sug-
gest high frequencies to be an interesting addition to the common frequency bands for
studying cognition.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
425/11/2/162/s1, Figure S1: Coherences for patients 1-6 within the 8 band, Figure S2: Coherences
for patients 7-12 within the 6 band, Figure S3: Coherences for patients 1-6 within the ¢ band,
Figure S4: Coherences for patients 7-12 within the 7y band, Figure S5: condition-locked coherences of
patient 5, Figure S6: Coherences over time of patient 1, Figure S7: Coherences over time for patient
3, Figure S8: Coherences over time for patient 4, Figure S9: Coherences over time for patient 6,
Figure 510: Coherences over time for patient 12.
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