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    Abstract     Epilepsy is a serious neurological disorder and in up to one-third of 
 individuals with epilepsy, medication does not adequately control their seizures. 
Surgery is currently the most effective treatment in patients with pharmacoresistant 
epilepsy and postsurgical seizure freedom depends on accurately identifying the 
epileptogenic region. Broad bandwidth direct brain recordings in presurgical 
patients and chronic models of epilepsy reveal brief spontaneous bursts of electrical 
activity in the interictal EEG termed high-frequency oscillations (HFOs; 80–600 Hz) 
that are believed to refl ect fundamental neuronal disturbances responsible for epi-
lepsy. In the epileptic brain, pathological HFOs (pHFOs) are strongly linked to 
brain areas capable of generating spontaneous seizures, and in some cases the 
occurrence of pHFOs can predict the transition to ictus. Experimental evidence 
indicates a correlation between postsurgical seizure freedom and removal of tissue 
generating interictal and ictal pHFOs, thus supporting the view that pathological 
HFOs could be a biomarker to epileptogenicity.  
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  KA    Kainic acid   
  MRI    Magnetic resonance imaging   
  MTLE    Mesial temporal lobe epilepsy   
  non-REM    Non-rapid eye movement sleep   
  pHFO    Pathological high-frequency oscillation   
  PIN cluster    Pathologically interconnected neuron cluster   
  SOZ    Seizure onset zone   

3.1           Introduction 

3.1.1     Brief History of Electroencephalography 

 There were many pioneering achievements in the discovery of brain electrical activ-
ity and electroencephalography (EEG) that are reviewed in greater detail elsewhere 
(Brazier  1961 ; Niedermeyer  1993 ), but some are highlighted here to place the rela-
tively new domain of high frequency (>80 Hz) activity in the context of EEG. In 
1875, Richard Caton fi rst reported spontaneous electrical activity from the brains of 
rabbits and monkeys (Caton  1875 ). During this early period of electrophysiological 
investigation of the brain, there were a number of studies describing spontaneous 
activity (Beck  1890 ; Pravdich-Neminsky  1913 ), evoked brain activity using electri-
cal stimulation (Danilevsky  1891 ) and studies on abnormal electrical discharges in 
experimentally induced epilepsy (Kaufman  1912 ; Cybulski and Jelenska-Maciezyna 
 1914 ). Extending the EEG work in animals, groundbreaking studies were carried out 
by Hans Berger who recorded the fi rst EEG in humans (Berger  1929 ). Berger’s ini-
tial study published in 1929 described large amplitude electrical activity occurring at 
ten waves (cycles) per second (hertz, Hz) in awake subjects with eyes closed that 
was termed “alpha” rhythm and another faster, smaller amplitude activity (average 
period of 35 ms) that appeared when subjects opened their eyes that was labeled 
“beta” waves (Berger  1929 ). In addition, Berger also observed a 3 Hz rhythm during 
seizures in patients with epilepsy that was clearly illustrated and thoroughly described 
by Frederic Gibbs and colleagues as the now typical 3 Hz spike-and-wave ictal 
rhythm associated with absence epilepsy (Berger  1933 ; Gibbs et al.  1935 ,  1936 ). The 
number of neurophysiological studies of epilepsy grew rapidly with improvements 
in EEG instruments and techniques [review by (Collura  1993 )], and a clinical role of 
scalp and intracerebral EEG was established for localizing epileptogenic brain areas 
in the surgical treatment of epilepsy (Penfi eld  1939 ; Bailey and Gibbs  1951 ; Jasper 
 1941 ; Jasper et al.  1951 ; Talairach et al.  1958 ; Crandall et al.  1963 ). Importantly, the 
increasing practice of intracerebral EEG and the development of wide bandwidth 
digital recording systems with fast sampling rates revealed ictal and interictal high-
frequency oscillations (HFOs) 80 Hz and higher in presurgical patients (Fisher et al. 
 1992 ; Allen et al.  1992 ; Bragin et al.  1999a ,  b ). These more recent developments in 
the fi eld of EEG have propelled a new line of basic and clinical studies of HFOs 
associated with normal and abnormal function in the mammalian brain.  
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3.1.2     EEG Rhythms 

 In the context of EEG and magnetoencephalography (MEG), the term rhythm or 
oscillation generally refers to a pattern consisting of a regular variation in the signal 
around a baseline value repeated over time. Based on a convention of describing 
electromagnetic oscillations with respect to a dominant period or frequency, the 
traditional EEG labels and frequency bands consist of delta (1–4 Hz), theta (>4–8), 
alpha/mu (>8–13 Hz), beta (>13–30 Hz), and gamma (>30–80 Hz). Slow oscilla-
tions (<1 Hz) are a relatively new category (Steriade et al.  1993 ), as is a broad cat-
egory labeled HFOs that include “ripples” (>80–200 Hz) (O’Keefe and Nadel  1978 ; 
Buzsaki et al.  1992 ), “fast ripples” (>200–600 Hz) (Bragin et al.  1999a ,  b ), and 
“sigma bursts” (600 Hz and above) (Curio et al.  1994 ). Gamma could also be con-
sidered within the category of HFOs based on similarities in frequency and possibly 
mechanisms of neuronal synchronization as well as functions (Engel and da Silva 
 2012 ). The current discussion, however, concentrates on HFOs defi ned as oscilla-
tions with a central spectral frequency between 80 and 600 Hz that occur in hippo-
campal formation and neocortex. 

 In spite of the seemingly distinct EEG frequency bands, oscillation frequency 
spectra do not always fall within band limits. For example, in the normal mamma-
lian brain, HFOs above 80 Hz and extending up to 200 Hz have been labeled “high” 
or “fast” gamma (Crone et al.  2006 ; Sullivan et al.  2011 ; Belluscio et al.  2012 ), 
which overlaps with frequencies associated with ripples generated hippocampus 
CA1 (Csicsvari et al.  1999a ). Evidence suggests gamma proper (i.e., 30–80 Hz) and 
fast gamma could arise via different mechanisms (Belluscio et al.  2012 ), while fast 
gamma in CA3 and ripples in CA1, although spatially distinct patterns, appear to 
share common mechanistic properties (Sullivan et al.  2011 ). In addition, fast ripples 
and fast ripple-frequency HFOs are not always clearly distinguished (e.g., spontane-
ous vs. sensory evoked, hippocampus or neocortex or both). Furthermore, in the 
normal dentate gyrus, there is little evidence for ripples, yet the epileptic dentate 
gyrus can generate ripple-frequency HFOs and fast ripples and both are considered 
to be pathological (Bragin et al.  2004 ). These examples illustrate the confusion in 
the terminology and how labeling oscillations based on frequency alone provides 
little information on the mechanisms of generation or distinguishing normal from 
abnormal oscillations (Engel et al.  2009 ). Recommendations have been made to 
standardize the description of HFOs not only in terms of (1) frequency range but 
also indicate (2) whether HFOs arise spontaneously or are evoked, (3) occur during 
behavior or specifi c brain state, e.g., non-rapid eye movement (non-REM) or REM 
sleep, (4) occur transiently (burst) or as a steady state event, and (5) the brain area 
in which they occur (Jefferys et al.  2012 ). While additional information will help 
establish common terminology, identifying different types of HFO in the normal 
and epileptic brain depends on a better understanding of the mechanism underling 
their generation.   
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3.2     High-Frequency Oscillations in Normal Mammalian Brain 

3.2.1      Hippocampal Sharp Wave–Ripple Complexes 

 In order to understand the potential mechanisms and role(s) of abnormal HFOs in 
the epileptic brain, it would be helpful to fi rst describe the mechanisms generating 
HFOs in the normal brain. The most well-studied HFO in the normal intact brain are 
spontaneous ripples (80–200 Hz) in the non-primate hippocampal CA1 and CA3 
subfi elds, subicular and entorhinal cortices (Chrobak and Buzsaki  1996 ). Ripples 
are also found in hippocampus and adjacent structures of non-primate human and 
humans (Skaggs et al.  2007 ; Bragin et al.  1999a ; Le Van Quyen et al.  2008 ; Staba 
et al.  2002a ). Ripples occur during episodes of waking immobility, feeding and 
grooming behavior, and non-REM sleep and commonly coincide with large ampli-
tude sharp waves (Fig.  3.1a ) (Buzsaki et al.  1992 ; Buzsaki  1986 ). The latter EEG 
events refl ect irregular population bursts of CA3 neurons that likely arise when 
extra- hippocampal inputs (e.g., cholinergic input from septum) that normally sup-
press burst fi ring are reduced (Buzsaki et al.  1983 ). During sharp waves, the CA3 
excitatory impulses are projected forward via the Schaffer collateral system onto 
dendrites of CA1 pyramidal cells and various types of interneurons that increases 
spike fi ring (Buzsaki et al.  1992 ; Csicsvari et al.  1999b ; Ylinen et al.  1995 ; 
   Klausberger et al.  2003 ). Through local chemical synaptic interactions, and likely 
gap junction and ephaptic interactions (Draguhn et al.  1998 ; Schmitz et al.  2001 ; 
Traub et al.  1999 ; Anastassiou et al.  2010 ; Bikson et al.  2004 ; Jefferys and Haas 
 1982 ), synchronous fi ring among CA1 pyramidal and some interneurons (e.g., basket 
cells) triggers a brief (~30–100 ms) ripple oscillation. The extracellular-recorded 
ripple refl ects active inward currents of synchronously discharging neurons, largely 
pyramidal cells and possibly interneurons, and synchronous fast inhibitory postsyn-
aptic potentials (IPSPs) from basket cells (Ylinen et al.  1995 ).

3.2.2        Neocortical HFOs 

 There are several conditions when HFOs occur in normal neocortex, but studies are 
needed to clarify the mechanisms associated with the different types of HFOs. In cats, 
neocortical HFOs (80–200 Hz) occur spontaneously during non-REM sleep and ket-
amine anesthesia (Grenier et al.  2001 ). In rats, HFOs (400–600 Hz) are associated 
with high-voltage spindles and can be evoked with electrical stimulation of the thala-
mus (Kandel and Buzsaki  1997 ), and mechanical stimulation of the rat’s whisker 
evokes HFOs (200–600 Hz) in somatosensory cortex (Fig.  3.1b ) (Jones and Barth 
 1999 ). In general, neocortical neuronal fi ring increases during HFOs and in particular 
fast-spiking cells (presumably GABAergic interneurons) discharge bursts of spikes 
time-locked to the negative wave of extracellular spontaneous or sensory- evoked 
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HFO (Grenier et al.  2001 ; Jones et al.  2000 ). Some pyramidal cells such as rhythmic 
bursting cells fi re spikes coincident with troughs of the spontaneous HFO (Grenier 
et al.  2001 ), while regular-spiking cell responses included a combination of subthresh-
old potentials, single or less frequently multiple spikes (Jones et al.  2000 ). Evidence 
thus far suggests that neocortical HFOs refl ect fi ring of pyramidal cells synchronized 
through excitatory synaptic transmission (Ikeda et al.  2002 ) and possibly gap junc-
tions or ephaptic fi eld effects. Interestingly, antagonism of GABA-A receptor- 
mediated transmission does not suppress sensory-evoked HFOs, but rather signifi cantly 
increases their duration in rats (Jones and Barth  2002 ). In this latter study, further 
antagonism of fast inhibition generated abnormal spontaneous slow waves associated 
with HFOs similar to the paroxysmal activity observed in cats under ketamine that 
showed a disruption in time-locked discharges of fast- spiking cells with HFO (Grenier 
et al.  2003 ). These data suggest that fast IPSPs do not contribute signifi cantly to 
 extracellular HFO in normal neocortex, but similar to hippocampal ripples, inhibitory 
processes likely play an important role in regulating principal cell spike fi ring during 
spontaneous as well as sensory-evoked neocortical HFOs.  

  Fig. 3.1    Normal and pathological HFOs. ( a )  Spontaneous ripple  recorded in CA1 of normal rat 
during non-REM sleep using tungsten microwires (diameter 40 µm).  Ripple  appears in broad 
bandwidth (0.1 Hz–1 kHz;  top ) and bandpass fi lter (80–200 Hz;  middle ) traces recorded above the 
pyramidal cell layer (str. pyr.).  Sharp wave  (spw) is shown in broad bandwidth trace recorded 
below pyramidal cell layer within stratum radiatum (str. rad.;  bottom ). ( b ) Averaged somatosen-
sory evoked potential (sep; 1 Hz–2 kHz;  top trace ) recorded in rat barrel cortex during contralateral 
whisker stimulation. Bandpass fi lter trace (200–600 Hz;  bottom ) illustrates fast ripple-frequency 
HFO superimposed the initial component of the biphasic positive–negative (P1–N1) slow wave. 
Signal recorded on one electrode (diameter 100 µm) of a 64-contact epipial grid electrode array 
( bottom ). ( c ) Broad bandwidth (1 Hz–3 kHz;  top trace ) interictal EEG spike associated with pHFO 
recorded in entorhinal cortex ipsilateral to seizure onset of patient with MTLE. pHFO occurs on 
descending limb of depth-negative component of interictal spike.  Bottom  trace illustrates pHFO on 
shorter time scale. Signal recorded on a microelectrode like the one shown at the  bottom of  panel ( d ). 
( d ) Spontaneous pHFO in the absence of EEG spike. Interictal pHFO recorded in subiculum ipsi-
lateral to seizure onset of patient with bilateral MTLE on a microelectrode (each 40 µm in diam-
eter) extending beyond the distal tip of a clinical depth electrode ( bottom ). ( e ) Broad bandwidth 
(1 Hz–3 kHz;  top trace ) EEG illustrating pHFO recording a clinical depth electrode (“macroelec-
trode” like in panel ( d )) positioned in anterior hippocampus. Bandpass fi ltered (200–600 Hz) trace 
illustrating fast ripple-frequency HFO. Note the small amplitude HFO (denoted by  black triangles ) 
and difference in amplitude between HFO recorded on clinical depth electrode (~25 µV peak-to-
peak) and HFOs captured on microelectrodes in panels ( c ) and ( d ) (>1 mV)       
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3.2.3      Physiological Signifi cance of HFOs 

 The synchrony of neuronal activity associated with HFOs has been implicated with 
physiological processes such as encoding information (Singer  1993 ), sensorimotor 
integration (Murthy and Fetz  1992 ), and memory consolidation (Buzsaki  1996 ). 
The former are presumed to be mediated primarily by gamma oscillations, while the 
latter involve hippocampal ripples. There exists ample neurophysiologic data from 
non-primate and human studies that supports a role of sharp wave-ripples in mem-
ory consolidation during sleep (Kudrimoti et al.  1999 ; Nadasdy et al.  1999 ; Clemens 
et al.  2007 ; Wierzynski et al.  2009 ; Siapas and Wilson  1998 ; Axmacher et al.  2008 ; 
Le Van Quyen et al.  2010 ). Most of the evidence is indirect, however, two studies 
showed that electrical stimulation timed to disrupt neuronal discharges associated 
with sharp wave–ripple complexes during slow wave sleep was associated with 
signifi cant learning and performance impairments during subsequent waking episodes 
(Girardeau et al.  2009 ; Ego-Stengel and Wilson  2010 ). If ripples do play a role in 
memory consolidation, then hippocampal damage associated with epilepsy such as 
hippocampal sclerosis in mesial temporal lobe epilepsy (MTLE) might impede 
ripple generation and produce hippocampal-dependent memory impairments. 
Indeed, one study found reduced performance on spatial memory tasks in patients 
with temporal lobe epilepsy (Abrahams et al.  1999 ). In addition, the generation of 
spontaneous pathological HFOs could disrupt the normal spatiotemporal sequence 
of spike fi ring during endogenous ripples and produce learning or memory defi cits 
(Buzsaki and Silva  2012 ).   

3.3     HFOs in the Epileptic Brain 

3.3.1      Pathological HFOs in Epileptic Animals 

 Spontaneous HFOs termed “fast ripples” (200–600 Hz) were fi rst described in the 
unilateral intrahippocampal kainic acid (KA) rat model of temporal lobe epilepsy 
(TLE) (Bragin et al.  1999b ,  2000 ). In these initial studies, fast ripples appeared as 
brief bursts primarily during interictal episodes while rats were asleep and were 
considered abnormal because they localized to injected dentate gyrus and hippo-
campus where seizures began and they could also occur during the onset of some 
hippocampal seizures. Subsequent studies found fast ripples and ripple-frequency 
HFOs in the dentate gyrus of epileptic rats and both were considered “pathological 
HFOs” (pHFOs) because previous studies did not fi nd ripples in the normal dentate 
gyrus (Bragin et al.  1999b ), both were only found in KA-treated rats that subse-
quently developed spontaneous seizures, and the sooner pHFOs appeared after 
KA-induced status epilepticus, the sooner spontaneous seizures appeared (Bragin 
et al.  2004 ,  2005 ). Evidence from other chemically induced status epilepticus mod-
els (e.g., pilocarpine) supports the strong association between pHFOs and 
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epileptogenicity as well as severity of neuron loss (Foffani et al.  2007 ; Levesque 
et al.  2011 ). However, recent evidence from the intrahippocampal tetanus toxin 
model of TLE indicates that status epilepticus or extensive neuron loss are not 
required for the generation of pHFOs (Jiruska et al.  2010b ), suggesting there could 
be different types and mechanisms generating pHFOs.  

3.3.2      Mechanisms Generating pHFOs 

 Currently there are no reliable means for separating pHFOs from normal HFOs in 
the epileptic brain, but understanding the mechanisms generating pathological and 
normal HFOs could reveal properties unique to each group that could provide the 
basis for such strategies. Microelectrode recordings in the intact dentate gyrus and 
hippocampus of post-status epilepticus epileptic rats suggest interictal pHFOs 
refl ect a brief burst of population spikes that arise from clusters of pathologically 
interconnected neurons (or PIN clusters) that generate abnormally synchronous dis-
charges (Bragin et al.  1999b ,  2000 ,  2007b ). It appears principal cells are the primary 
contributors to pHFOs because in vivo juxta-cellular studies carried out in the den-
tate gyrus of pilocarpine-treated epileptic rats found an increase in granule cell dis-
charges aligned with the negative waves of the extracellular pHFO (in some cases a 
single population spike) and reduction in presumed basket cell fi ring (Bragin et al. 
 2011 ) (contrast with normal CA1 ripples described in Sect.  3.2.1 ). Furthermore, in 
hippocampal tissue with high concentrations of extracellular K + , it seems recurrent 
excitatory connections among CA3 pyramidal cells generate synchronous fi ring and 
bursts of population spikes (Dzhala and Staley  2004 ). These data argue for a limited 
role of inhibitory processes in the generation of dentate gyrus and hippocampal 
pHFOs and little contribution of IPSPs to extracellular current sources, which is 
consistent with persistence of in vitro pHFOs after suppressing GABA-A receptor-
mediated transmission (D’Antuono et al.  2005 ; Foffani et al.  2007 ). 

 In spite of results in the preceding paragraph and principal cell’s elongated den-
dritic architecture that can give rise to open fi elds with strong extracellular current 
fl ow, it is possible that some types of interneurons are active during pHFOs and 
could contribute current fl ow in the local extracellular environment. While basket 
cells fi re during normal CA1 ripples, other types of interneurons stop fi ring (Ylinen 
et al.  1995 ; Klausberger et al.  2003 ). It appears Bragin and colleagues were recording 
from single basket cells during pHFOs in epileptic dentate gyrus (Bragin et al. 
 2011 ), but this pattern of activity might not refl ect all types of interneurons. 
Symmetrical depolarization of an interneuron’s spherically projecting dendrites 
would likely generate a close fi eld with current dipoles canceling one another. 
However, if interneuron dendrites were depolarized in a spatially asymmetrical or 
temporally asynchronous pattern, then a detectable dipole might be produced 
(Buzsaki et al.  2012 ). Morphological alterations in some epileptogenic lesions 
(e.g., hippocampal sclerosis) might contain axonal sprouting and synaptic reorgani-
zation that activate interneurons and produce current sources in a manner not found 
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in normal tissue (Menendez de la Prida and Trevelyan  2011 ). Studies are needed to 
determine if this is correct and whether in the epileptic brain there exists unique 
HFOs that refl ect interneuron discharges that might play a role in maintaining the 
interictal state. 

 Recordings in the intact rodent epileptic brain explain some but not all of the 
features associated with pHFOs. For example, the mechanisms that underlie syn-
chronous neuronal spike fi ring are not known. It is reasonable that gap junctions 
could play a role and there is evidence from in vitro and network modeling studies 
for pHFOs in the absence of chemical synaptic transmission (Draguhn et al.  1998 ; 
Jiruska et al.  2010a ; Roopun et al.  2010 ). In addition, synchrony of neuronal dis-
charges might be achieved more easily under conditions that promote excitability, 
e.g., cell type-specifi c neuron loss, alterations in inhibition, gliosis, axon spouting, 
synaptic reorganization (Esclapez et al.  1999 ; Esclapez and Houser  1999 ; Shao and 
Dudek  2005 ; Huberfeld et al.  2007 ). Indeed, single neuron studies in patients with 
epilepsy found increased interictal excitability and synchrony of neuronal dis-
charges in the seizure onset zone (SOZ), and more recently evidence for neuronal 
hyperexcitability associated with gray matter loss in the mesial temporal lobe SOZ 
(Staba et al.  2002b ,  2011 ). 

 Evidence for synchronous principal cell bursting appears to explain pHFOs 
that occur at frequencies up to 300 Hz (Dzhala and Staley  2004 ; Foffani et al. 
 2007 ; Ibarz et al.  2010 ), but since single neurons rarely fi re at frequencies greater 
than 300 Hz (Colder et al.  1996 ; Staba et al.  2002b ,  c ), this neuronal mechanism 
does not adequately explain how pHFOs up to 600 Hz occur. It has been recently 
proposed that pHFOs such as fast ripples emerge from the out-of-phase fi ring 
between small groups of neurons with individual neurons discharging at low fre-
quencies and few neurons fi ring during consecutive waves of the extracellular 
pHFO (Foffani et al.  2007 ; Ibarz et al.  2010 ; Jiruska et al.  2010a ). This hypothesis 
better explains the precision of spike fi ring and frequency spectra of individual 
pHFO, as well as the spectral variability from one pHFO to the next (Dzhala and 
Staley  2004 ; Foffani et al.  2007 ; Ibarz et al.  2010 ; Menendez de la Prida and 
Trevelyan  2011 ). It is less clear how phase differences could arise between groups 
of neurons, although several possibilities might promote out-of-phase fi ring, such 
as weak ephaptic fi eld effects, neuron loss, circuit reorganization, or irregular 
spread of activity throughout neuronal networks (Menendez de la Prida and 
Trevelyan  2011 ; Kohling and Staley  2011 ).  

3.3.3     HFOs in Clinical Epilepsy 

3.3.3.1     Recording and Detection of HFOs 

 The optimal size and confi guration of electrodes to capture HFOs is not known. 
Studies in epileptic rats and presurgical patients using small diameter microelec-
trodes (40–60 µm) estimate the volume of tissue generating pHFOs could be as 
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small as 1 mm 3  (Bragin et al.  2002a ,  b ). Since a large electrode compared to micro-
electrode might be positioned at a greater distance from a pHFO-generating site and 
electrical potential attenuates in direct proportion to the square of distance from the 
current source(s), a large electrode might record pHFOs less reliably. In addition, 
the effective surface area of a large electrode would average extracellular current 
sources within a larger volume of tissue than a microelectrode that might also reduce 
pHFO signal (e.g., ~6 mm 2  for clinical depth electrode contact versus 0.0013 mm 2  
for a microelectrode). A number of studies using electrodes with different diameters 
and confi gurations have captured pHFOs with remarkably similar results that sug-
gests the volume of tissue generating pHFOs could be much larger (Bragin et al. 
 1999a ; Staba et al.  2002a ; Urrestarazu et al.  2007 ; Khosravani et al.  2008 ; Crepon 
et al.  2010 ; Schevon et al.  2009 ). Furthermore, one study compared hippocampal 
ripples and fast ripples recorded with electrodes of different sizes and found no dif-
ference in duration or spectral frequency with respect to electrode diameter 
(Chatillon et al.  2011 ). However, in this same study the mean amplitude of ripples 
and fast ripples was signifi cantly lower and rates of each  higher  compared to the 
respective amplitudes and rates of these HFOs reported in a previous microelec-
trode study (compare Fig.  3.1c–e ) (Bragin et al.  1999b ). By contrast, another study 
found a signifi cant reduction in the number of fast ripples recorded with standard 
clinical electrodes compared to microelectrodes (Worrell et al.  2008 ). Based on cur-
rent evidence, it is clear that identifying the optimal electrode(s) to reliably capture 
all types of HFOs and developing uniform HFO criteria and detection strategies will 
be important for the use of HFOs in clinical studies. 

 There are no formal criteria for HFOs, but the features typically reported in stud-
ies using different types of electrodes include amplitude (10–1,000 µV), frequency 
(80–600 Hz), and duration (10–100 ms) (Worrell et al.  2012 ). Detection methods 
generally fall into categories of manual review, supervised and unsupervised 
computer- automated detection with strengths and weaknesses associated with all 
methods (Staba et al.  2002a ; Gardner et al.  2007 ; Crepon et al.  2010 ; Zelmann et al. 
 2012 ). Most strategies include a comparison between the continuous bandpass fi l-
tered signal and an energy threshold computed from a baseline period to detect 
episodes that exceed threshold and selected as putative HFOs. The baseline can be 
the entire continuous signal that could result in high threshold values for electrodes 
containing signifi cant HFO activity or computed from epochs that do not contain 
HFOs, but this requires careful review and no guarantee the chosen epochs is repre-
sentative of the continuous signal. Scalp and intracranial EEG recordings contain 
physiological and epileptiform sharp transients (interictal EEG spikes) and artifacts 
(electrode noise, eye- and muscle-related activity) that contain high frequency 
power and digital fi ltering of these events could be incorrectly interpreted as HFOs 
(Benar et al.  2010 ; Worrell  2012 ). Manual post hoc review of putative events in the 
unfi ltered signal can confi rm the authenticity of HFOs, although this can be time 
consuming and subjective. Automated review using other aspects of the signal can 
also be used (e.g., duration, number of waves, inter-event interval), which imposes 
restrictions on HFOs features. Based on the potential use of HFOs in the localiza-
tion of the epileptogenic zone (i.e., brain area(s) necessary and suffi cient for 
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generating spontaneous seizures) and surgical planning, it seems prudent that the 
detection of HFOs should not be based solely on results of signal processing, but 
include a step of expert review.  

3.3.3.2     Interictal HFOs 

 Initial studies describing spontaneous interictal HFOs (80–600 Hz) were carried out 
in presurgical patients with MTLE using microelectrodes and found a strong associa-
tion between fast ripples, but not ripple-frequency HFOs, and the SOZ (Fig.  3.1c–d ) 
(Bragin et al.  1999a ,  b ). Subsequent quantitative studies confi rmed the association 
of fast ripples with SOZ (Staba et al.  2002a ), and fast ripples and ripple-frequency 
HFOs with states of vigilance, fi nding that the rates of both types of HFOs were 
highest during episodes of non-REM sleep (Staba et al.  2004 ). Voltage depth analy-
sis in entorhinal cortex indicated fast ripples and ripple-frequency HFOs were gen-
erated within cell lamina of entorhinal cortex, but the fast ripples could arise from 
smaller cellular areas compared to ripple-frequency HFOs (Bragin et al.  2002b ). 
Moreover, higher rates of fast ripples and lower rates of ripple-frequency HFOs cor-
related with hippocampal atrophy and reduced neuron densities (Staba et al.  2007 ; 
Ogren et al.  2009 ). These data suggest that morphological alterations associated 
with hippocampal sclerosis in MTLE could be an anatomical substrate for hippo-
campal fast ripples and some ripple-frequency HFOs that could also be 
pathological. 

 Studies using larger diameter electrodes and commercial clinical electrodes veri-
fi ed and extended microelectrode studies of HFOs. The link between fast ripples, as 
well as ripple-frequency HFOs, and SOZ was confi rmed in MTLE and neocortical 
epilepsy, although fast ripples appear more specifi c to the SOZ particularly in 
MTLE (Jacobs et al.  2008 ; Crepon et al.  2010 ). In addition, one study found pHFOs 
in epileptogenic tissue extending beyond areas pathology in other lesional epilep-
sies (Jacobs et al.  2009a ), and another study found pHFOs in the SOZ of patients 
with normal MRI (Andrade-Valenca et al.  2012 ), although histological analysis of 
resected tissue indicated gliosis and neuron loss in many of these patients. The 
explanation for association between ripple-frequency HFOs and SOZ is not clear, 
but these HFOs appear similar to pHFOs described in microelectrode studies and 
some have suggested a bias of larger diameter electrodes to capture pHFOs versus 
normal HFO including ripples (Crepon et al.  2010 ; Engel and da Silva  2012 ). In 
contrast to the studies cited above that have focused on pHFOs that occur as brief 
bursts in the EEG, recent work has identifi ed continuous interictal HFO (>80 Hz, 
>500 ms in duration) activity in hippocampus of presurgical patients (Mari et al. 
 2012 ), although this study did not fi nd evidence for continuous HFO that was unique 
to epileptogenic tissue. 

 Several studies have emphasized the spatial and temporal association between 
pHFOs and interictal EEG spikes. Interictal EEG spikes can be useful for identify-
ing epileptogenic tissue (Lieb et al.  1978 ), but EEG spikes can also occur outside of 
the epileptogenic region and their accuracy can dependent on state of vigilance, i.e., 
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wakefulness vs. sleep (Wieser et al.  1979 ; Lieb et al.  1980 ; Sammaritano et al. 
 1991 ). A large percentage of EEG spikes occur independently of pHFOs and vice 
versa, although some EEG spikes do contain pHFOs yet the pHFO might not be 
visible in broad bandwidth recordings unless the signal is fi ltered or detected using 
statistical time–frequency analysis (Urrestarazu et al.  2007 ; Kobayashi et al.  2009 ). 
Importantly, studies suggest that EEG spikes with pHFOs as well as pHFOs alone 
more accurately localize epileptogenic regions than EEG spikes alone (Jacobs et al. 
 2008 ,  2010 ). The mechanisms that give rise to EEG spike–pHFO complexes are not 
known, but studies have found a dissociation between EEG spikes and pHFOs dur-
ing medication withdrawal and with respect to seizures (Zijlmans et al.  2009 ,  2011 ). 
In addition, others have proposed that tissue with EEG spikes containing pHFOs 
refl ect hypersynchronous discharges of neurons that actively participate in the gen-
eration and propagation of epileptiform activity. By contrast, sites with EEG spikes 
that do not contain pHFOs receive abnormal input that is not suffi cient to generate 
hypersynchronous neuron activity (Bragin et al.  2010 ). 

 As discussed in Sects.  3.3.1  and  3.3.2  ripple-frequency HFOs in dentate gyrus are 
considered abnormal, but it is not known if ripple-frequency HFOs outside the dentate 
gyrus are abnormal and, if so, how to distinguish them from normal ripples. In 
 presurgical patients, ripple-frequency HFOs can occur in hippocampus, subicular and 
entorhinal cortices and share several important features with ripples in the normal 
rodent hippocampus. Human ripples occur most frequently during the ON-periods 
(likely the UP-phase) of non-REM sleep and least often during REM sleep (Bragin 
et al.  1999a ; Staba et al.  2002a ,  2004 ; Nir et al.  2011 ). Single neuron analysis found a 
signifi cant increase in both putative interneurons and pyramidal cells during sponta-
neous ripples in entorhinal cortex (Le Van Quyen et al.  2008 ). In this same study, 
spike fi ring was aligned with the negative wave of the extracellular ripple in a cell 
type-specifi c, time-dependent manner similar to the fi ring pattern of pyramidal cells 
and some interneurons during normal rodent hippocampal ripples (Klausberger et al. 
 2003 ). With respect to the hypothesized role of hippocampal ripples in cognitive per-
formance (Sect.  3.2.3 ), one patient study found that the rate of ripples in rhinal cortex 
correlated with the number of successfully recalled items learned during a prior 
waking period (Axmacher et al.  2008 ). Developing strategies to reliably identify normal 
HFOs like hippocampal ripples in the epileptic brain will greatly benefi t patient 
studies investigating the functional roles of HFOs in learning, memory, and sleep.  

3.3.3.3     Ictal HFOs 

 Hypotheses for the role of pHFOs in the transition to ictus in clinical epilepsy derive 
largely from animal studies. In vitro evidence indicates pHFO-generating sites are 
surrounded by tissue containing strong inhibition and a reduction in inhibition 
expands the area generating pHFOs (Bragin et al.  2002a ). Moreover, in the intact 
dentate gyrus of epileptic rats showed a progressive increase in pHFO amplitude, 
power, and duration preceding seizure onset that could refl ect the growth and 
coalescence of PIN clusters (Bragin et al.  2005 ). Data such as these form the basis 
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of one hypothesis of seizure genesis that proposes pre-ictal pHFOs arising from PIN 
clusters trigger wide spread feedback inhibition that subsequently evolves into 
hypersynchronous discharges as a result of rebound from global inhibition (Bragin 
et al.  2007a ). This hypothesis with respect to clinical EEG might appear as a 
sequence of single or multiple pre-ictal large amplitude spikes associated with slow 
wave and low voltage fast activity that evolves to slow rhythmic EEG discharges 
(Spencer et al.  1992a ,  b ; Bragin et al.  2007a ). If correct, then analysis of wide band-
width EEG should detect an increase in spectral power corresponding with pHFO 
frequencies before or during the onset of seizures. Several patients studies have 
indeed detected an increase in pHFO power in the SOZ during or preceding ictal 
onset by several minutes to seconds (Fisher et al.  1992 ; Allen et al.  1992 ; Traub 
et al.  2001 ; Jirsch et al.  2006 ; Khosravani et al.  2008 ; Worrell et al.  2004 ). In these 
same studies, changes in pHFO power were chiefl y detected in the primary SOZ and 
rarely in sites of secondarily generalization of patients with focal epilepsy (Jirsch 
et al.  2006 ). Similar changes in pHFOs occurred during epileptic spasms and in 
some cases before the clinical onset (Ochi et al.  2007 ; Akiyama et al.  2005 ,  2006 ; 
Ramachandran Nair et al.  2008 ; Nariai et al.  2011a ,  b ). In one of these latter studies 
(Akiyama et al.  2006 ), pHFO power could be observed spreading across cortex and 
increasing in size during the seizure. 

 Results from the studies cited above contrast with data from other patient studies that 
found less predictable changes in pHFO during transition ictus (Zijlmans et al.  2011 ; 
Jacobs et al.  2009b ), suggesting pHFOs could be one of many possible mechanisms 
involved with seizure genesis. However, in the epileptic brain, if ripple-like HFOs exist 
that refl ect inhibitory processes and regulate neuronal excitability, then the irregular 
occurrence or progressive reduction of these HFOs might facilitate the transition to ictus 
(Bragin et al.  2010 ). An in vitro study found beta-frequency oscillatory activity largely 
driven by interneuron fi ring during seizure onset, but IPSPs progressively declined and 
principal cell fi ring increased along with the evolution of the seizure (Gnatkovsky et al. 
 2008 ). One interpretation of these data is that some HFOs in the intact epileptic brain are 
associated with inhibitory processes that could  prevent  the transition to ictus.  

3.3.3.4     Role of pHFOs in Epilepsy 

 Since pHFOs appear to refl ect unique epileptic neuronal disturbances, pHFOs pro-
vide a novel approach to investigate basic neuronal mechanisms of epileptogenicity, 
seizure generation and epileptogenesis, the development and progression of tissue 
capable of generating spontaneous seizures (Bragin et al.  2004 ; Engel and da Silva 
 2012 ). Experimental studies in animals and presurgical patients with epilepsy 
described in the preceding sections indicate pHFOs could be used to identify epilep-
togenic tissue and thus serve as a biomarker of epileptogenicity (Bragin et al.  2008 ). 
Additional evidence in support of this role derive from retrospective studies that 
show a strong correlation between postsurgical seizure freedom and removal of tis-
sue generating interictal or ictal pHFOs (Jacobs et al.  2010 ; Wu et al.  2010 ; Akiyama 
et al.  2011 ; Ochi et al.  2007 ; Nariai et al.  2011b ; Fujiwara et al.  2012 ). As a 
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biomarker of epileptogenicity pHFOs could also identify the presence and severity 
of the epileptic condition (Ogren et al.  2009 ; Staba  2012 ). Scalp EEG or other non-
invasive modalities such as MEG or EEG with functional MRI that might detect 
pHFOs could be used in differential diagnosis of epilepsy versus acute symptomatic 
seizures and administer appropriate treatment immediately (Engel and da Silva 
 2012 ). Towards these goals a recent study recording EEG from scalp electrodes 
found gamma (40–80 Hz) and HFOs (>80 Hz) that were associated with the SOZ in 
patients with focal seizures (Andrade-Valenca et al.  2011 ). Pathological HFOs 
might be used as a biomarker to evaluate the effi cacy of therapy more quickly with-
out having to wait for the occurrence of seizures. Finally, pHFOs could be used to 
identify individuals at risk for epilepsy after potential epileptogenic insults and 
evaluating antiepileptogenic therapy or possibly provide an indication for surgical 
referral in cases of pharmacoresistant epilepsy (Engel and da Silva  2012 ).    

3.4     Conclusions 

 Results from chronic animal models of epilepsy and presurgical patients with focal 
epilepsy suggest pHFOs can accurately identify the epileptogenic region and possibly 
the development of epilepsy after an epileptogenic injury. Currently it is not yet pos-
sible to unequivocally distinguish pathological from normal HFOs, although in the 
normal brain HFOs refl ect strong inhibitory processes that regulate principal cell fi r-
ing, whereas in the epileptic brain pHFOs arise from abnormally synchronous princi-
pal cell discharges. It appears morphological alterations associated with epileptogenic 
lesions contribute to the generation of some pHFOs, but not others that primarily arise 
from functional disturbances in principal and inhibitory circuits. It is anticipated that 
optimizing electrodes and methods for capturing and analyzing HFOs will provide 
insight into the mechanisms that synchronize neuronal activity and a basis for separat-
ing normal HFOs from pHFOs, and likely identify unique pHFOs in different types of 
epilepsy. Interictal pHFOs, thus far, are one of few potential biomarkers of epilepto-
genicity that could be used to localize the epileptogenic zone and assist in the surgical 
treatment of pharmacoresistant epilepsy, identify the presence and severity of the epi-
leptic condition, and possibly serve as a biomarker to evaluate the effi cacy of new 
antiseizure and anti-epileptogenic therapies.     
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