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High frequency oscillations are associated with normal brain function, but also increasingly recognized as potential biomarkers

of the epileptogenic brain. Their role in human cognition has been predominantly studied in classical gamma frequencies (30–

100 Hz), which reflect neuronal network coordination involved in attention, learning and memory. Invasive brain recordings in

animals and humans demonstrate that physiological oscillations extend beyond the gamma frequency range, but their function

in human cognitive processing has not been fully elucidated. Here we investigate high frequency oscillations spanning the high

gamma (50–125 Hz), ripple (125–250 Hz) and fast ripple (250–500 Hz) frequency bands using intracranial recordings from 12

patients (five males and seven females, age 21–63 years) during memory encoding and recall of a series of affectively charged

images. Presentation of the images induced high frequency oscillations in all three studied bands within the primary visual,

limbic and higher order cortical regions in a sequence consistent with the visual processing stream. These induced oscillations

were detected on individual electrodes localized in the amygdala, hippocampus and specific neocortical areas, revealing discrete

oscillations of characteristic frequency, duration and latency from image presentation. Memory encoding and recall significantly

modulated the number of induced high gamma, ripple and fast ripple detections in the studied structures, which was greater in

the primary sensory areas during the encoding (Wilcoxon rank sum test, P = 0.002) and in the higher-order cortical association

areas during the recall (Wilcoxon rank sum test, P = 0.001) of memorized images. Furthermore, the induced high gamma, ripple

and fast ripple responses discriminated the encoded and the affectively charged images. In summary, our results show that high

frequency oscillations, spanning a wide range of frequencies, are associated with memory processing and generated along

distributed cortical and limbic brain regions. These findings support an important role for fast network synchronization in human

cognition and extend our understanding of normal physiological brain activity during memory processing.
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Introduction
Direct electrophysiological recordings from the human brain offer

a unique opportunity to investigate the neural correlates of our

perception, memory and higher brain functions. These cognitive

phenomena are thought to be orchestrated by widespread cortical

and subcortical neuronal networks, coordinated into synchronous

oscillations spanning a wide spectrum of frequencies (Buzsáki,

2006). High frequency oscillations (HFOs) extend beyond the

limits of gamma band activity and recently have been the focus

of animal and human studies of the neurophysiology of cognition

and epilepsy (for a review see Le Van Quyen, 2012). Data col-

lected from multiple intracranial cortical surface and penetrating

electrodes provide unique technology for sampling the network

activity in the high frequency bands in humans (Worrell et al.,

2012) and comparing the roles of HFOs in health and disease

(Crone et al., 2006; Jerbi et al., 2009; Lachaux et al., 2012).

Studies of HFOs in normal cognition have largely focused on

gamma frequencies up to 100 Hz. Initially implicated in synchro-

nizing the activity of neurons encoding sensory features of exter-

nal stimuli in the cat visual cortex, gamma oscillations were

subsequently proposed to subserve a general mechanism for bind-

ing coherent object representations in the brain (Singer and Gray,

1995). They are induced in the sensory as well as in the higher

order cortical processing areas, driven by bottom–up and top–

down mechanisms (Mumford, 1992), respectively, and have

been associated with formation of perceptual and memory repre-

sentations in humans (Tallon-Baudry and Bertrand, 1999; Jensen

et al., 2007; Tallon-Baudry, 2009). Hence, network oscillations in

gamma frequency band and beyond were proposed to coordinate

fundamental neuronal processes underlying cognition (Fries,

2009).

Much less is known about the physiological role of HFOs

beyond the gamma band. These ultra-fast neuronal oscillations—

averaging hundreds of cycles per second—were primarily docu-

mented in the rodent hippocampus as part of sharp-wave ripple

complexes, known as ‘ripples’. Ripples are brief discharges of syn-

chronized firing of neuronal ensembles, mainly occurring during

states of rest and sleep (Buzsáki et al., 1992). In sleep, ripples

have been associated with replay of activity among specific hip-

pocampal neurons that were active during preceding behaviour in

rats (Wilson and McNauhgton, 1994; Foster and Wilson, 2006).

Ripple activity has been linked to learning and memory consolida-

tion, but recent evidence also suggests an active role in planning

(Dragoi and Tonegawa, 2011) and decision-making (Jadhav et al.,

2012; Singer et al., 2013). Whether the human ripple-frequency

HFOs support the same function as the hippocampal ripples in

rodents remains to be established, as well as their role in the

neocortex. At least two studies suggest involvement of rhinal cor-

tical ripples and high gamma oscillations in human memory con-

solidation (Axmacher et al., 2008; Le Van Quyen et al., 2010).

Human HFOs of frequencies faster than the ripples, called ‘fast

ripples’ (250–500 Hz), were initially associated with pathological

network activity in epilepsy (Bragin et al., 1999; Staba et al.,

2002). Subsequently, interictal gamma (Worrell et al., 2004) and

ripple (Worrell et al., 2008) HFOs were also reported to be

increased in the seizure onset zone in patients with focal epilepsy

(Worrell and Gotman, 2011). In addition, oscillations in the fast

frequency range have been associated with normal physiological

functions (Curio, 2000; Baker et al., 2003; Barth, 2003; Traub,

2010). Hence, the frequency of a HFO does not seem to distin-

guish whether it is pathological or physiological. Nonetheless, as

HFOs are increased in focal epileptogenic brain, the possibility that

they could be used as a clinical biomarker has received consider-

able interest (Staba, 2010; Engel, 2011; Worrell and Gotman,

2011). Distinguishing between epileptiform HFOs and physio-

logical HFOs involved in cognitive processes remains a challenge

(Matsumoto et al., 2013a). Here we investigated and character-

ized gamma, ripple and fast ripple HFOs recorded directly from

human brain during memory encoding and recall.

Materials and methods

Subjects
Twelve patients (five males and seven females) undergoing intracranial

seizure monitoring for surgical treatment of epilepsy agreed to partici-

pate in this Mayo Clinic Institutional Review Board approved study

(Table 1). Each patient was informed about the study aims by the

experimenter and provided with a written consent form for more de-

tails. Target locations of the implanted electrodes were determined

solely by the clinical requirements, with net unequal distribution of

implanted electrodes in the cortical and subcortical structures studied

(Supplementary Table 1).

Electrode localization
After surgical implantation patients underwent a high-resolution CT

and MRI scan to determine the localization of the electrodes. The

scans were fitted to a Talairach brain atlas and the derived coordinates

were mapped onto Mayo 3D Brain Atlas (Mayo Clinic) using Analyze

software (Analyze Direct Inc.). Data from the electrodes implanted in

the limbic and neocortical structures were categorized into six groups:

hippocampus, amygdala and parahippocampal, temporal, frontal and

occipital neocortex. These six brain structures are consistently colour

coded throughout the study: the occipital cortex (red), parahippocam-

pal cortex (orange), hippocampus (green), amygdala (cyan), temporal

cortex (blue) and frontal cortex (magenta).

Electrophysiological recordings
Various combinations of penetrating depth electrodes and subdural

electrode grids (AD-Tech Inc.) were surgically implanted for prolonged

seizure monitoring (Table 1) according to the clinical requirements.

Subgaleal or mastoid electrode was used as a recording reference.

Data were continuously acquired at 32 kHz from up to 128 channels

(Digital Lynx, Neuralynx Inc.) and stored as a custom format for com-

pression and storage (Brinkmann et al., 2009).

Visual recognition memory task
Implanted patients were first presented with a set of 80 images from

the International Affective Picture Set on a laptop computer screen

(Lang et al., 1997) and were asked to rate the affective charge of

each picture and remember it for subsequent recall 24 h later
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(Matsumoto et al., 2013b). In every trial, an image was displayed for

6 s followed by 2 s of blank screen. After that the patient was

prompted to rate the picture’s affective charge on a 5-point scale,

ranging from ‘very unpleasant’ to ‘very pleasant’, by pressing a

labelled key. The key press initiated an intertrial interval of 6 s preced-

ing the next trial of this encoding stage of the task.

The recall stage of the task was analogous to the encoding, only this

time 140 images were presented including the 80 pictures shown 24 h

earlier mixed with 60 new pictures not shown previously. Images were

presented for 6 s, followed by 2 s of blank screen and then a screen

prompt asking the patient to indicate whether the image was ‘old’ or

‘new’ by pressing a labelled key. The key press triggered a second

question asking the subject to rate their level of certainty on a

3-point scale, which ranged from ‘very certain’ to ‘very uncertain’.

The key press initiated the 6 s intertrial interval preceding the next

recall trial. The subject’s key presses were synchronized with the elec-

trophysiological recordings through a parallel input port using transis-

tor-transistor logic (Digital Lynx, Neuralynx Inc.). The task was run in

Presentation software (Neuro behavioral systems Inc.), which addition-

ally logged the time of patient’s behavioural responses.

Data preparation
The acquired electrophysiological data, sampled at 32 kHz, were fil-

tered between 0.1–1000 Hz before decimating the data to 5 kHz sam-

pling rate for the analysis of oscillations up to 500 Hz. Bipolar

differential signals were derived by differentiating neighbouring elec-

trode pairs to remove any confounds from the common reference

signal (Burke et al., 2013) including any non-cerebral artefacts.

These were minimized by comparing selected data epochs with simul-

taneous scalp EEG recordings (Ball et al., 2009) to identify muscle

artefacts associated with grimacing, chewing, ocular movements and

microsaccades (Yuval-Greenberg et al., 2008; Jerbi et al., 2009;

Kovach et al., 2011). It is critical to remove these artefacts and any

epileptiform spikes and sharp transients to prevent false positive HFO

detections (Worrell et al., 2012). A narrow band filter will also gener-

ate spurious oscillations in the vicinity of a sharp transient, but can be

differentiated from true oscillation by correlating the filtered and the

raw signals. Hence, the bipolar signals were first normalized by their

standard deviation (SD) and cut into 18 s segments (from 6 s before to

12 s after image presentation), followed by visual inspection of the raw

signal and spectrogram of every single trial epoch. Trials with 60 Hz

line noise (increased 60 Hz power in the spectrogram), epileptiform

spikes, or muscle artefacts (complex pattern of high-frequency

power increase, verified in the scalp EEG recording) were removed

from the analysis. Electrodes with 430% of epochs containing epilep-

tiform spikes were excluded from the study (Supplementary Table 1)

to minimize the potential confound of epilepsy pathophysiology on the

results. Electrodes localized in the clinically diagnosed ‘seizure onset

zone’ were not used in the study at all. In total, 28% (125/444) of

all implanted electrodes during the task encoding and 32% (142/444)

during the recall stage were used in this study (Supplementary Table 1

and Supplementary Fig. 5).

Data analysis
All analyses were performed in Matlab using custom-made and

adapted codes (Mathworks Inc.) and the results are presented as

mean � standard error of the mean (SEM), unless stated otherwise.

Time–frequency spectrograms of trial-averaged oscillatory activity

were computed with Chronux toolbox for multi-taper Fast Fourier

Transform analysis (Chronux, www.chronux.org; see Bokil et al.,

2010). Multi-taper analysis was used to take advantage of more pre-

cise frequency resolution as compared to other methods of spectral

analysis (van Vugt et al., 2007). Hilbert transform was chosen for

precise temporal resolution of significant power changes (see below).

The multi-taper method calculates power density with a specified

number of tapers, in a moving window of specified frequency and

time duration. The taper parameters chosen for the analysis of HFOs

were: two tapers, 4 Hz bandwidth, 1 s sliding time window advanced

by 100 ms steps [params.tapers = (4 1 6), 1–500 Hz range, no pad-

ding]. Error bars of the calculated power were estimated with a

Chronux in-built Jackknife function, i.e. resampling the available data

sets and estimating confidence intervals at 0.01 significance level. The

output spectrogram matrix was log transformed to normalize for the

power law differences between the low and high frequencies and was

divided by mean power along the frequency axis to obtain power

change across the 18 s of the task trial. These time–frequency power

change values were collected from all of the electrodes used in the

study and mapped onto a universal 3D brain surface by the electrodes’

Table 1 Details of the intracranial patient recordings

Patient ID Sex Age Clinical
condition

Task data Electrodes Brain structures Total implanted electrodes,
n

1 M 36 TLE Encoding + recall Bilateral depth OC, PH, HP 14

2 F 28 TLE Encoding + recall Bilateral depth OC, PH, HP, AM 14

3 F 21 TLE Encoding + recall Left depth and surface OC, PH, AM, HP, TC 63

4 F 22 TLE Encoding Left depth and surface PH, HP, TC, FC 28

5 F 25 TLE Encoding + recall Left depth PH, HP 9

6 F 34 TLE Encoding + recall Bilateral depth OC, PH, HP 22

7 M 63 TLE Encoding + recall Bilateral depth, right surface OC, HP, FC 50

8 M 40 TLE Encoding + recall Bilateral depth, left surface OC, PH, HP, AM, TC 50

9 M 45 TLE Recall Bilateral depth PH, HP 18

10 F 22 TLE Encoding + recall Bilateral depth OC, PH, HP 14

11 M 44 TLE Encoding + recall Bilateral depth OC, PH, HP, AM 14

12 F 23 TLE, FLE Encoding + recall Bilateral depth and surface HP, AM, TC, FC 132

TLE = intractable temporal lobe epilepsy; FLE = intractable frontal lobe epilepsy; OC = occipital cortex; PH = parahippocampal cortex; HP = hippocampus; AM = amygdala;
TC = temporal cortex; FC = frontal cortex.
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Talairach coordinates (Freesurfer, www.surfer.nmr.mgh.harvard.edu/)

to compare task-induced activity across the different brain structures.

Videos were made by taking the average power change value in a

given frequency band in 500 ms steps and interpolating the obtained

values between the neighbouring recording sites with respect to the

3D brain surface.

Significant increases in the HFO power were detected trial-by-trial

using a method based on Hilbert transform applied across independ-

ently filtered bands of normalized data segments (Canolty et al.,

2006). First, the 18 s data segment (corresponding to one trial) was

Butterworth band-pass filtered (third order) for every 1 Hz band step

of the 50 to 500 Hz frequency range. Then, the filtered data bands

were independently z-scored and plotted together on a time–

frequency spectrogram (Canolty et al., 2006; Matsumoto et al.,

2013a, b; see Fig. 3). Incidences of significantly increased power

were determined by transforming the time–frequency power changes

into a binary image thresholded at the z-score of 3.0 (ones) and thus

separated from subthreshold power fluctuations (zeroes). The 3.0

threshold for significant power increase was set even higher than in

a recent report using analogous method for detecting high gamma

and ripple events in rats (z-score4 2.0 of normalized power)

(Sullivan et al., 2011). Only the detections with minimum of one

complete cycle above this conservative threshold were included in

the analysis to ensure that the detected events are not mere instant-

aneous power fluctuations but actual oscillations of defined durations

(Figs 4C and 5). Duration of each detected HFO event was estimated

between two local minima surrounding the detected peak in the

power envelope. Peak frequency, onset latency from image presenta-

tion and the peak z-score amplitude were also determined for every

HFO detection. Cumulative plots of the resultant trial-by-trial HFO

detections closely overlapped the trial-averaged power changes ob-

tained using the multi-taper analysis method, mutually corroborating

the two independently obtained results (Fig. 2). Due to the power

change normalization both methods were very sensitive in detecting

low-amplitude power changes at the cost of being susceptible to large

amplitude power changes associated with epileptiform and non-cere-

bral artefacts (e.g. epileptiform spikes or sharp-waves). Therefore, the

raw signal and spectrogram of each data segment used in the study

was individually inspected (see ‘Data preparation’ section).

Electrodes with significantly increased number of the trial-by-trial

HFO detections in response to image presentations were assessed

with Kruskal-Wallis non-parametric ANOVA, which tested for the

effect of 1 s time bins around the image presentation (five ‘baseline’

bins before and three bins after) on the number of HFO counts in a

given set of trials (Figs 2 and 7B). The bins with significantly increased

number of HFO counts per trial were determined using paired non-

parametric Wilcoxon signed-rank comparison with their trial-matched

average counts from the five baseline bins (Fig. 7) preceding image

presentation. Comparison between trials with encoded versus novel

and affective versus neutral images was verified using the non-

parametric Friedman ANOVA with Bonferroni correction for multiple

comparisons. The population properties of induced HFOs (detected

from 0–1 s after image presentation on the electrodes that showed

significant HFO responses) in different brain structures were tested

with unpaired non-parametric Wilcoxon rank sum comparisons sum-

ming up all detections from the study. These comparisons included the

onset latencies from the image presentation, durations, peak frequen-

cies, amplitude and the trial counts during encoding and recall stages

of the task (Figs 4–6). The Kruskal-Wallis test was used to assess the

effect of the frequency band on the induced HFO count (normalized

by the total number of detections in any one structure) in the first

100 ms following image presentation.

Results

Cognitive processing induces high
frequency oscillations in distributed
network of cortical and limbic structures
Twelve patients undergoing intracranial EEG monitoring for evalu-

ation of drug resistant epilepsy performed a visual recognition

memory task (Table 1) using the International Affective Picture

System (Lang et al., 1997). Cognitive processing associated with

the encoding and recall of the visual images induced focal in-

creases in high gamma, ripple and fast ripple frequency spectral

power (Fig. 1; 27 bipolar electrodes; Supplementary Videos 1–3).

This induced high frequency response was found in all of the

cortical and limbic structures studied (Fig. 1: temporal cortex;

Fig. 2: hippocampus, occipital and parahippocampal cortices; Fig.

3 and Supplementary Fig. 2: prefrontal cortex; Fig. 6: hippocam-

pus; amygdala) using both penetrating depth electrode and sub-

dural grid electrodes, and was observed in 11 of 12 patients

studied, in at least two patients for any one structure

(Supplementary Fig. 5). In contrast to the multi-focal pattern of

power induction in the high frequency bands, low frequency

theta/alpha/beta (4–15 Hz) power showed widespread global re-

duction in response to image presentation. These observations are

congruent with the evidence for asynchronous multi-focal gamma

oscillations in memory processing, contrasted by synchronous

global attenuation of the theta/alpha oscillations (Burke et al.,

2013; Supplementary Video 4), in agreement with the general

notion of global state modulation by the latter and localized in-

formation encoding by the former (Silva, 2013).

Looking more closely at the high frequency band power in-

duction in a trial-by-trial analysis we isolated individual discrete

HFO events (Fig. 2) using a Hilbert transform-based method

(Fig. 3; see ‘Materials and Methods’ section). We detected all

instances of significant HFO discharges in the 50–500 Hz range

(z-score4 3.0) and determined their peak frequency, amplitude,

duration and latency from the time of image presentation.

Picture presentation induced HFOs in high gamma, ripple and

fast ripple bands, which closely overlapped with the trial-aver-

aged power changes obtained with a different method of multi-

taper spectral analysis (Fig. 2). These discrete HFO detections

were observed in the high gamma, ripple and fast ripple fre-

quency ranges in agreement with the trial-averaged multi-taper

power changes (Figs 2 and 3), corroborating the Hilbert-trans-

form method detections for quantification of the induced HFO

responses. The induced HFO response reached the highest

frequencies of �600 Hz (Supplementary Fig. 2; see Gaona

et al., 2011). Each detection had a discrete duration and a sig-

nature frequency (Fig. 3; see Supplementary Fig.1 for compari-

son with a wide-band power increase produced by a sharp

transient artefact). HFO detections were binned every 1 s from

5 s before image presentation to 3 s after and their counts were

compared across the task trials to isolate electrodes showing sig-

nificant HFO inductions (Fig. 2; Kruskal-Wallis test, seven bipolar

electrodes, P50.01).
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Properties of the induced high frequency
oscillations parallel the sequence of the
visual processing stream
If the induced discrete HFOs reflected processing of the presented

images, one would expect them to emerge in a sequence of the

theoretical model of the ventral visual stream (Mishkin et al.,

1983; Fig. 4A). We found that the number of detections from

the electrodes with the significant HFO response (Kruskal-Wallis

test, P50.01; Supplementary Table 1) were first rapidly increased

in the occipital cortex (between 100–300 ms after image presen-

tation), then in the parahippocampal cortex (200–500 ms) and

Figure 1 Cognitive processing induces widespread power decrease in low frequency oscillations and focal increases in high frequency

bands. The 3D brain views show normalized spectral power changes recorded from temporal cortical surface electrodes (4 � 6 grid) in

Patient 8. The power changes are displayed for four frequency bands of oscillations, snapshot at four time-points of trial-averaged image

encoding (time 0 corresponds to image presentation). Notice the diffuse loss of low frequency power and emergent multifocal activation in

the inferior temporal cortex in all HFO bands, including gamma, ripple and fast ripple frequencies (arrowhead on the power scale points to

Jack knifed upper error estimate at P5 0.01 significance level). Note, the power values were interpolated between the electrodes of the

grid (spaced 1 cm from each other). See Supplementary Videos 1–4 to view these power changes in real-time of the task trials.
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lastly in the hippocampus, amygdala and the temporal and pre-

frontal cortex (300 ms + ; Fig. 4B). Latencies of these induced

HFOs were significantly different between the primary visual

cortex, i.e. occipital, and the higher associational areas, including

parahippocampal, hippocampus, amygdala and temporal and fron-

tal cortices (Wilcoxon rank sum test, P50.01) and their distribu-

tion peaks followed the sequence consistent with the ventral visual

processing stream both during the encoding (Fig. 4B) and the

recall stages (Supplementary Fig. 3B). This sequential activation

pattern was observed in all three HFO frequency bands studied,

which showed consistent pattern of high gamma, ripple and fast

ripple detection latencies (Fig. 5). These results also agree with the

hierarchical processing latencies reported for single-unit activity in

the medial temporal lobe structures (Mormann et al., 2008).

Figure 2 Quantification of cognitively induced HFOs. (A) Sketch of the experimental setup for intracranial patient recordings during the

visual recognition memory task. (B) MRI scans show localization of seven bipolar depth-electrode recording sites (reconstructed from a

high resolution CT images of the original eight contact points; see Burke et al., 2013) in the right occipital cortex (red), parahippocampal

cortex (orange), and the hippocampus (green) from Patient 10. (C, top) Spectrograms of normalized trial-averaged power changes

(n = 140 trials; obtained with the multi-taper spectral analysis) were obtained from the seven bipolar recording sites in B (colour-coded)

during memory encoding (image presentation time indicated by the horizontal black bar; arrowhead on the power scale points to Jack-

knifed upper error estimate at P50.01 significance level); (C, middle) cumulative scatterplots show HFO detections from individual trials

(140 trials; detected with the Hilbert spectral analysis method—each black dot is one detection – see Fig. 3 and ‘Materials and methods’

section for more details) aligned to the time axis of the spectrograms (notice the close overlap between the activation pattern in trial-

averaged power spectrograms and the cumulative HFO scatterplots obtained with the multi-taper and Hilbert transform spectral analyses,

respectively); (C, bottom) the HFO detections from the middle panel were summarized as mean trial counts and binned across the same

time-axis (dashed line indicates 3 SD above the mean of the five ‘baseline’ bins preceding the image onset). The mean counts from these

five baseline bins and the following three bins that overlapped with image presentation (indicated by black significance bar) were used to

quantify significant induction of HFO detections (Kruskal-Wallis test, eight time bins, 140 trials, *P50.01). Notice that in this example all

of the electrodes from the three structures showed significant inductions of HFO discharges, overlapping with the profile of significant

induction in the trial-averaged power spectrograms (see Supplementary Fig. 2 for another example of prefrontal cortical electrode

response).
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The discrete HFOs were significantly longer in the hippocampus,

amygdala and the parahippocampal cortex than in the other cor-

tical regions (Fig. 4C; Wilcoxon rank sum test, P5 0.01). The high

gamma, ripple and fast ripple HFOs revealed consistent distribu-

tions and significant differences of the detected durations across

the studied regions and the task stages (Fig. 5; Wilcoxon rank sum

test, P50.01). On average a gamma, ripple or fast ripple HFO

event had between 4–10 cycles and the majority lasted 10–30 ms

(Fig. 5)—the critical time-window for synaptic interactions be-

tween neuronal assemblies (Harris et al., 2003). Furthermore,

the relative proportion of gamma, ripple and fast ripple HFO de-

tections was different across the studied structures (Fig. 4D); the

ratio of gamma to fast ripple HFO distribution peaks was

the highest in the occipital cortex and gradually decreased along

the processing stream, i.e. the relative number of the gamma and

fast ripple HFOs was more balanced in the higher associational

areas. Additionally, we observed significantly more ripple and

fast ripple than gamma HFOs induced in the first 100 ms after

stimulus presentation (Kruskal-Wallis non-parametric ANOVA,

P = 0.002 and P = 0.001 in the encoding and recall stage,

Figure 3 Detection of individual HFO discharges using Hilbert transform of filtered z-scored data. (Top) The upper panels show an

example 2 s stretch of broadband and filtered data signal (Butterworth bandpass filters, third order) recorded from a prefrontal cortical

surface electrode in Patient 7 around the time of image presentation (black vertical lines). Red rectangles correspond to the detections

marked in the bottom spectrogram. (Bottom) Power spectrogram (50–500 Hz) of the data epoch from the top panel was obtained by

applying Hilbert transform to 1 Hz filtered bands of z-scored signal (Canolty et al., 2006; Matsumoto et al., 2013a, b), calculated from 18 s

of the full trial epoch from 6 s before to 12 s after image presentation (note, only 2 s are shown in this figure). Significant HFO power

increases were determined at z-score = 3.0 threshold (black arrowhead on the power scale; see ‘Materials and methods’ section) and three

representative HFO detections are highlighted by the red rectangles on the spectrogram, as well as on the corresponding filtered data

signal above (close up in view in the red rectangle attached from the dashed lines). Notice that the three detections have discrete durations

around specific HFO frequencies congruent with the quantification method in Fig. 2 (see Supplementary Fig. 1 for an artefact com-

parison). See Figs 4 and 5 for the summary of all the detected HFO properties.
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respectively; Fig. 5), suggesting that ripple frequency oscillations

precede induced gamma HFOs. There were no significant differ-

ences between the normalized amplitudes of the detected events

(Fig. 4E). Taken together, these results show that the induced

HFO detections in the three studied bands have characteristic

properties that parallel the hypothetical stream of cognitive pro-

cessing and satisfy the temporal limits for neuronal interactions.

Induced high frequency oscillations are
modulated by memory processing
To test the hypothesis that HFOs are involved in memory process-

ing, we compared the mean HFO trial counts in the studied struc-

tures during the task encoding versus recall. There were significant

differences in the trial counts for the two conditions along the

sequence of the visual processing stream (Fig. 6)—encoding of

images induced more HFOs than memory recall in the occipital

and parahippocampal cortex (Wilcoxon rank sum test, P = 0.002

in both structures). On the other hand, memory recall induced

significantly more HFOs than image encoding in the temporal

and frontal cortex (Wilcoxon rank sum test, P50.001 in both

structures). These changes are congruent with the early sensory

engagement during image encoding (‘bottom–up’) and late asso-

ciational engagement during memory recall (‘top–down’;

Mumford, 1992). Moreover, this pattern held and was still signifi-

cant when limited to the ripple and fast ripple HFO bands (Fig. 6;

Wilcoxon rank sum test, P50.001 for all four structures), mean-

ing that memory modulation in the high frequencies is still valid

when gamma HFOs were excluded from the comparison.

Additionally, we observed that the latencies of HFOs induced in

the temporal and frontal cortex are significantly shorter during

Figure 4 Induced HFOs follow the sequence of visual processing stream in the studied cortical and subcortical structures. (A) Diagram

shows the model sequence of hypothetical visual processing stream starting in the occipital cortex (OC, red) through the parahippocampal

cortex (PH, orange), hippocampus (HP, green), amygdala (AM, cyan), ending on the temporal (TC, blue) and frontal (FC, magenta)

cortices. (B–E) These panels summarize the properties of all induced HFOs (from 0–1 s post-stimulus presentation during the encoding

stage) detected on the electrodes with significant HFO responses (see Supplementary Table 1 and Fig. 2; n = 8028 occipital, 5294

parahippocampal, 4400 hippocampal, 2213 amygdala, 4186 temporal cortex, 3456 frontal cortex detections). (B) Distributions of the

induced HFO latencies from image presentation (Time 0) are presented as histogram counts averaged for all electrodes in the studied

structures (colour-coded vertical lines indicate the peak latency in the studied structures). Notice that the sequence of the distribution

peaks follows the model processing stream (Wilcoxon rank sum test, P5 0.01). (C) Distributions of the mean HFO durations across the

processing stream structures are plotted as in B, with values of durations corresponding to the peak HFO count summarized in the insert

diagram. Notice that most HFOs in the hippocampus amygdala and parahippocampal cortex were longer than in the other cortical regions

(Wilcoxon rank sum test, P50.01). (D, left) Mean HFO frequency distribution across the gamma, ripple and fast ripple bands are plotted

as in B and C; (right) mean trial peak values from the frequency distributions are plotted for each frequency band and the gamma-to-fast

ripple peak ratio is summarized in the insert diagram. Notice the differences in relative proportions of gamma and fast ripple ratios along

the visual stream structures. (E) Mean HFO amplitudes in all structures show uniform, closely overlapping distributions. Plots in the figure

were smoothed using a moving sliding average of 10 samples to facilitate data interpretation.
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memory encoding than during recall (Wilcoxon rank sum test,

P5 0.001; see Fig. 5). No significant differences were detected

in the other structures suggesting selective memory modulation of

HFO induction latencies in the associational cortical areas involved

in higher order visual processing.

The remaining question is whether HFOs reflect cognitive pro-

cessing of particular memorized items? There is growing evidence

implicating gamma oscillations in selective binding of object rep-

resentations (Singer and Gray, 1995; Tallon-Baudry and Bertrand,

1999; Fries, 2009; Lachaux et al., 2012) but little is known about

the role of ripple and fast ripple frequencies in these cognitive

processes. First of all, HFOs were significantly induced in all

three bands as assessed by modulation of the mean HFO count

variance (Kruskal-Wallis test, P5 0.01; Fig. 2) and by significant

difference in the trial count before and after image presentation

(Fig. 7A and B; see ‘Materials and methods’ section). These

induced HFO responses to image presentation were found to be

significantly different on the recall trials, and hence discriminate

the trials with encoded images (i.e. previously seen by the subject

during the encoding stage), than on the trials with novel images

(not presented to the subject during the encoding stage)—the

effect was significant even in the highest fast ripple frequency

band (Fig. 7B; verified with Friedman ANOVA for the effect of

trial type, fast ripple: P = 0.013, ripple: P = 0.40, gamma: P = 0.65;

Bonferroni correction to P50.0167). Analogous differences were

observed between the encoding trials with affectively charged

Figure 5 The high gamma, ripple and fast ripple induced HFOs have distinct durations and consistent latencies from image presentation.

Distributions of all induced HFO detections from Fig. 4 (from the encoding stage of the task) were broken down into the high gamma,

ripple and fast ripple bands and presented together with all the detections from the recall stage [n = 18 095 occipital (OC), 13 755

parahippocampal (PH), 9317 hippocampal (HP), 4965 amygdala (AM), 7706 temporal cortex (TC), 6729 frontal cortex (FC) detections].

(A) Histogram counts of gamma, ripple and fast ripple HFO durations reveal distinct population distributions with significantly different

means in every color-coded structure (gamma4 ripple4 fast ripple, Wilcoxon rank sum test, P50.01). The average HFO duration in

each band corresponds to �4–10 cycles of oscillation. (B) The three HFO bands show overlapping distributions of the mean latency trial

counts from image presentation and show the same progression along the visual processing stream as in Fig. 4—the sharp induction of the

occipital HFOs early after image presentation, followed by gradual accumulation in subsequent structures of the visual stream with late

peaks in the temporal and frontal cortices. Plots in the figure were smoothed using a moving sliding average of 10 samples to facilitate

data interpretation. Notice that the durations and latencies were consistent in the encoding and recall stage of the task in all structures

except for temporal and frontal cortex, where HFO latencies were significantly longer during memory recall (see Fig. 6 for memory

modulation of the HFO counts in the six structures during the two task stages).
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versus neutral images, distinguishing the emotional valence of the

presented images (Supplementary Fig. 4). Correct versus incorrect

trials were not compared due to low number of recognition errors.

There was no discernible pattern of significant HFO responses to

specific images. The predictive responses to general stimulus prop-

erties that we describe (encoded versus novel and affective versus

neutral) are reminiscent of selective evoked field responses to

object categories, and not to specific items (Liu et al., 2009).

We summarized the total number of electrodes, which showed

significant HFO responses, and the proportion of these that re-

sponded differentially to the encoded and to the affectively

charged images in at least one of the studied HFO bands

(Supplementary Table 1 and Fig. 7C). There were at least 23%

of electrodes revealing discriminative HFO responses to affective

charge and to memory of the presented images in every structure

of the processing stream. The highest proportions of such

electrodes were found in the temporal lobe structures of the hippo-

campus, amygdala and the temporal cortex, ranging from 60–85%

of the electrodes with significantly induced HFOs (Fig. 7C).

Discussion

Cognitively-induced high frequency
oscillations extend beyond the gamma
frequencies
Increasing numbers of reports from the animal and human elec-

trophysiological studies have demonstrated network oscillations in

frequencies up to 600 Hz (for review see Buzsáki and Silva, 2012).

In humans, fast ripple HFOs spanning 250–500 Hz were initially

associated with the pathophysiology of epilepsy (Bragin et al.,

1999; Staba et al., 2002). Fast ripples were predominantly

found in the epileptogenic hippocampus, where they selectively

outnumbered the ripples as quantified by fast ripple-to-ripple

ratio (Staba et al., 2002). Subsequent studies demonstrated that

gamma (Worrell et al., 2004) and ripple (Worrell et al., 2008), as

well as fast ripple HFOs were also increased in human epileptic

brain (Worrell and Gotman, 2011). It is therefore critical for any

study of physiological HFOs to control for the possible confound

of pathological activities in patients with epilepsy. Here we took a

conservative methodological approach to minimize this confound

(see ‘Materials and methods’ section and Supplementary Table 1)

and selected only electrodes without any evidence of epileptiform

spikes, sharp waves, or seizure activity in the prolonged continu-

ous recording. In contrast to what has been reported in epilepto-

genic brain (Staba et al., 2002), in these selected electrodes we

observed a decreasing number of induced HFOs with increasing

frequencies (as in Figs 2, 6). Additionally, we have shown that the

HFOs induced by image presentation in our task have significantly

different properties compared to pathological HFOs, primarily,

lower amplitude and shorter duration (Matsumoto et al.,

2013a). Although the possibility of the disease-related processes

interfering with the reported oscillations cannot be completely

ruled out in epilepsy patient recordings, the spatiotemporal profile

of the HFOs induced in specific brain areas with latencies of the

visual processing stream, as well as the non-pathological properties

(Matsumoto et al., 2013a), support a physiological origin.

Other studies using intracranial recordings from epilepsy pa-

tients reported physiological oscillations in the high frequency

ranges during behavioural tasks. Hippocampal and rhinal cortical

ripples in the 80–140 Hz were demonstrated during resting nap

time of a memory consolidation task, with the latter associated

with successful memory performance (Axmacher et al., 2008).

Another study showed power changes in distinct narrow-band

frequencies from 50 to 600 Hz that were induced in a word repe-

tition task and predicted the task stage and activation of specific

brain areas (Gaona et al., 2011). The reported narrow-band power

changes between different task phases were shown to vary inde-

pendently across distinct gamma, ripple and fast ripple frequen-

cies—an interesting finding that received controversial

interpretations from others (see response to Gaona et al., 2011).

Our results demonstrate cognitive induction of individual HFO

events, trial-by-trial, each having discrete duration and specific

frequency signature in gamma, ripple, or fast ripple range up to

600 Hz. Furthermore, ripple frequency oscillations often preceded

induced gamma HFOs raising the possibility of temporal relation-

ship between the two HFO classes.

The induced HFO events were detected by two independent

spectral analysis methods: multi-taper Fast Fourier Transform ana-

lysis (Bokil et al., 2010), and normalized Hilbert transform (as in

Canolty et al., 2006), that yielded closely overlapping patterns

(Fig. 2; see Matsumoto et al., 2013b). A similar detection ap-

proach was employed in a recent study of high gamma and

ripple HFOs in rodents (Sullivan et al., 2011). The authors, using

a lower z-score threshold of 2.0 for detection, recorded

Figure 6 Human memory encoding and recall reveals bottom-

up and top-down modulation of the induced HFOs. Bar plots

compare mean trial counts of all induced HFOs (Fig. 4) during

image encoding versus recall across the structures of the model

visual processing stream. Memory encoding induced signifi-

cantly more HFOs per trial in the early ‘sensory’ stream areas

contrasted by the ‘association’ areas, which noted significantly

more HFOs during memory recall [Wilcoxon rank sum test;

**P50.01, ***P50.001; n = 5450 occipital (OC), 3504

parahippocampal (PH), 2947 hippocampal (HC), 1541 amygdala

(AM), 2930 temporal cortex (TC), 2659 frontal cortex (FC) de-

tections in the encoding stage and n = 11 931 occipital, 8784

parahippocampal, 6086 hippocampal, 3334 amygdala, 5545

temporal cortex, 5028 frontal cortex in the recall stage). Notice

that this effect was still significant when limited to the 125–

500 Hz ripple and fast ripple bands, excluding gamma HFOs

(right).
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hippocampal sharp-wave associated events in the two frequency

ranges occurring spontaneously in freely-moving rats. They re-

ported distinct spectral and anatomical properties of the ripple

and high gamma HFOs, albeit common neuronal networks and

mechanisms. This finding was explained in terms of different res-

onant properties of networks responding to a synchronizing event

like hippocampal sharp-waves. Evoked response to stimuli presen-

tation could be the synchronizing event in case of our experiment,

Figure 7 Induced HFOs reveal discriminative responses to the encoded images. (A, top) Examples of two similar pictures (analogous to

the International Affective Picture System (IAPS) set of images used in the study, which were not allowed for publication)—one previously

seen during encoding (black code) and the other novel (red code); (A, bottom) cumulative scatterplot of all HFO detections in the three

frequency bands recorded from an example amygdala electrode in Patient 8 during his memory recall—black dots were detected from

trials with encoded images and the red dots from trials with novel images of the same session (black bar indicates the time-course of image

presentation). (B, top) Spectrograms summarize trial-averaged power changes (plotted as in Fig. 2) in the two trial types from the

scatterplot in A, (B, bottom) the mean trial counts for the scatterplot in A (see Fig. 2) are summarized separately for the gamma, ripple and

fast ripple detections, aligned to the trial time-course of the spectrograms. Notice significant induction of the HFOs in individual bins as

compared to matched average count from the five ‘baseline’ bins (Wilcoxon signed-rank test, *P50.01, encoded: 77 trials; novel: 55

trials), which is not present in the fast ripple response to novel images and was significantly different from the fast ripple response to

encoded images (Friedman ANOVA, eight time bins, 55 trials, P = 0.013; see Fig. 2). (C) Proportion of all electrodes that showed

discriminative HFO responses (as in B) to affectively charged images during encoding (left) and to the encoded images during recall (right)

are summarized across the studied structures (the total black bar indicates number of electrodes with significantly induced HFOs and its red

part indicates fraction of these electrodes that showed significant differences; see Supplementary Table 1). Notice that the highest fraction

of electrodes with the discriminative HFO responses is reported in the hippocampus, amygdala and the temporal cortex, consistently

exceeding 50% (marked with asterisk).
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given the evidence for common mechanisms underlying the

evoked and induced responses (David et al., 2006). In agreement

with the results of Sullivan et al. (2011), our induced ripple HFOs

were significantly shorter than high gamma events showing dif-

ferent distributions of durations (Fig. 5); even though, both were

in general shorter than the rodent hippocampal sharp-wave ripples

averaging between 10–30 ms, the HFOs detected in the medial

temporal lobe structures were still significantly longer than in the

neocortex (Fig. 4C).

The relationship between the cognitively-induced HFOs and the

spontaneously occurring ripple oscillations in human hippocampus

and neocortex remains to be established. The latter were previ-

ously described during human sleep and wakefulness (Bragin

et al., 1999; Staba et al., 2002; Le Van Quyen et al., 2010)

and their neuronal mechanisms translated from the rodent studies

(Le Van Quyen et al., 2008). In particular, the authors of those

reports have shown that, like in the case of the rodent sharp-wave

ripple complexes, units coordinated their firing to specific phase of

ripple HFO cycle in humans, during which interneurons fired

before pyramidal cells. The neuronal correlates of induced ripples

and fast ripples, or cortical HFOs remain to be explored but given

the evidence from human (Le Van Quyen et al., 2008, 2010) and

rodent studies (Sullivan et al., 2011) they could share similar net-

works and mechanisms.

Ripple and fast ripple frequency
oscillations as a correlate of cognitive
processing
Intracranial recordings from multiple cortical surface and deep

brain penetrating electrodes provide a unique opportunity to

sample the activity underlying cognitive processing of neuronal

networks (Engel et al., 2005; Jerbi et al., 2009; Jacobs and

Kahana, 2010; Lachaux et al., 2012). Network oscillations in

gamma frequencies and above were previously shown to correlate

with synchronized unit firing (Baker et al., 2003; Ray et al., 2008;

Manning et al., 2009; Telenczuk et al., 2011) and, in this study

were induced in focal brain areas of the visual processing stream

during a recognition memory task. Most of these induced oscilla-

tions lasted between 10–25 ms, which corresponds to the window

for synaptic interactions of neuronal ensembles (Harris et al.,

2003; O’Neill et al., 2008) and the time frame of gamma cycle

synchronization proposed to bind perceptual and memory repre-

sentations (Jensen et al., 2007; Fries, 2009; Tallon-Baudry, 2009).

Gamma oscillations were previously shown to correlate with

memory loading, formation and maintenance (Howard et al.,

2003; Sederberg et al., 2007; Roux et al., 2012). Therefore, it is

plausible that the ripple and fast ripple oscillations induced in our

task, which noted significant modulation by the task memory

phase even when high gamma oscillations were excluded (Fig.

6) and were found to have longer latencies during memory

recall relative to encoding (Fig. 5), reflect cognitive processing of

the presented images.

Unlike the highly selective responses reported in studies of single

unit firing (Quiroga et al., 2005), the HFO responses were not

specific for individual items presented but rather discriminated

more general stimulus properties—reminiscent of category-specific

field potential responses to visual stimuli (Liu et al., 2009).

Nevertheless, the latencies of our HFOs induced in different struc-

tures of the visual processing stream are congruent with the laten-

cies reported previously for unit firing responses to image

presentations (Mormann et al., 2008). Furthermore, the highest

proportion of electrodes showing discriminative HFO responses

was found in the medial temporal lobe structures (Fig. 7C), in

agreement with the findings from previous human unit studies

(Mormann et al., 2008; Quian Quiroga et al., 2009). All things

considered, we hypothesize that the induced HFOs likely reflect

coordinated activity of multiple stimulus-specific neurons respond-

ing to the presented images.

There is a growing demand for clinical biomarkers of cognitive

processing in neurological and neuropsychiatric disorders. Network

oscillations in the gamma and higher frequency ranges may ef-

fectively bridge the spatiotemporal resolution of the unit record-

ings with the larger sampling volumes used in non-invasive

imaging of brain activity (Crone et al., 2006; Jerbi et al., 2009;

Lachaux et al., 2012; Silva, 2013). The spectral power of high

frequency oscillations has been shown to reliably predict functional

MRI signal responses (Logothetis et al., 2001; Brovelli et al., 2005;

Niessing et al., 2005) and has been shown to correlate with both

functional MRI and unit firing responses to cognitive stimuli (Issa

et al., 2013). In the advent of new technologies developed to map

the activity of the human brain, HFOs show promise as clinical

biomarkers of cognitive processing in widely distributed neuronal

networks in health and disease. They have been proposed to mark

pathological network activity in epilepsy (Staba, 2010; Worrell and

Gotman, 2011) and to indicate abnormal network synchrony

underlying cognitive deficits in neuropsychiatric disorders including

schizophrenia (Uhlhaas and Singer, 2012). Once the field gains a

better understanding of the neuronal mechanisms of HFO, they

can be especially effective in guiding the development of pharma-

cological or other treatments on the level of local network activity.
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