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Human cortical activity has been intensively examined at frequen-
cies ranging from 0.5 Hz to several hundred Hz. Recent studies
have, however, reported also infraslow fluctuations in neuronal
population activity, magnitude of electroencephalographic oscil-
lations, discrete sleep events, as well as in the occurrence of
interictal events. Here we use direct current electroencephalogra-
phy to demonstrate large-scale infraslow oscillations in the human
cortex at frequencies ranging from 0.02 to 0.2 Hz. These oscilla-
tions, which are not detectable in conventional electroencepha-
lography because of its limited recording bandwidth (typical lower
limit 0.5 Hz), were observed in widespread cortical regions. Nota-
bly, the infraslow oscillations were strongly synchronized with
faster activities, as well as with the interictal epileptic events and
K complexes. Our findings suggest that the infraslow oscillations
represent a slow, cyclic modulation of cortical gross excitability,
providing also a putative mechanism for the as yet enigmatic
aggravation of epileptic activity during sleep.

epilepsy � slow cortical oscillations � phase synchrony � direct current
electroencephalography � full-band electroencephalography

A large body of literature has characterized functional and
clinical correlates of cortical oscillatory activity seen in the

human electroencephalography (EEG) at frequencies ranging
from 0.5 Hz to several hundred Hz (1). In addition to these
relatively fast EEG oscillations, some studies have demonstrated
infraslow fluctuations in, for instance, neuronal population
activity (2–5), EEG power (5–9), discrete sleep events (arousals,
spindles, K complexes) (9–12), as well as in the occurrence of
epileptic events (4, 11, 13). These observations have raised the
possibility that the human cortex may generate infraslow oscil-
lations (ISOs) underlying such fluctuations. ISOs are not de-
tectable in conventional EEG because of its limited recording
bandwidth (typical lower limit, 0.5 Hz; ref. 1).

In the present study, we used direct current (DC)-coupled
EEG scalp recordings (14–16) to demonstrate that ISOs are, in
fact, a salient, large-scale feature of the human EEG. They were
tightly associated with a cyclic modulation of fast EEG activity
as well as discrete EEG events such as K complexes and interictal
activity. In analogy with recent studies demonstrating that slow
delta oscillations (0.5–1 Hz) may modulate brain excitability (17,
18), our data points to a role of ISOs in the control of gross
cortical excitability. Our findings also provide a window on the
modulation of interictal epileptiform events (IIEs) and on
sleep–epilepsy interactions in the human brain.

Methods
Subjects and EEG Recording. We studied 16 subjects (four females;
average age, 34.3 years; range, 16–51 years) during overnight
(n � 9) or daytime (n � 7) sleep. This study was approved by the
Human Subjects Committee of the University of Washington.
Twelve subjects were recorded using a custom-made 16-channel

DC-coupled EEG amplifier and Ag�AgCl electrodes (refs. 14,
15, and 19; for further details, see Supporting Text and Fig. 4,
which are published as supporting information on the PNAS web
site). In two subjects, we used a 40-channel DC-coupled ampli-
fier (NuAmps, Neuroscan, El Paso, TX) to analyze the global,
spatio-temporal evolution of ISO. EEG was digitized at 250–500
Hz. The recording reference was placed near vertex or left
mastoid. Fourteen subjects had epilepsy (eight with focal onset
and six with primary generalized epilepsy). Their EEG record-
ings were performed simultaneously with a clinically indicated
EEG examination (15). Two neurologically normal subjects were
recorded to confirm that ISOs and their relationships to fast
EEG oscillation and K complexes are also seen in nonepileptic
subjects. All non-REM sleep was analyzed after dividing it into
two categories, non-slow wave sleep (non-SWS; stages 1 and 2)
and SWS (stages 3 and 4). Artifact-free epochs (n � 53; 10
subjects; length, 3–10 min) were exported for further analysis
after low-pass filtering at 100 Hz (no high-pass filtering). An
offline rereferencing to calculated linked mastoids was per-
formed before further time series analysis. (See also Supporting
Text.)

Signal Analysis. ISO was extracted from the EEG recordings (see
Fig. 1) with pairs of finite impulse response (FIR) low-pass and
high-pass filters. The low-pass passband was 0.1 Hz and the
stopband was 0.2 Hz for analyses of ISOs vs. faster oscillations.
These values were 0.05 Hz and 0.1 Hz for the analysis of ISO
phase vs. occurrence of IIEs and K complexes. In all cases, the
high-pass passband was 0.02 Hz and the stopband was 0.01 Hz.
By performing all analyses also using median filtering before FIR
low-pass filtering, we confirmed that the possible monophasic
nature of, for example, delta waves did not introduce artefactual
ISO deflections. The median filtering was computed in windows
having widths of at least two times the delta wave basal width.
For details of filtering used to isolate frequency bands above that
of ISOs, see supporting information. Comparison of the ISO
extracted with above filter parameters with a signal with lower
or no high-pass filtering showed that the filtering used to extract
ISOs did not impose artificial periodicity to the estimates of ISO
phase as a function of time (see Fig. 3, Supporting Text, and Fig.
5, which is published as supporting information on the PNAS
web site).

The correlation between ISOs and faster EEG oscillations was
quantified by using two approaches. In the first approach (see Fig.
2 A and B), the amplitude envelopes of frequency bands at 0.5–1,
8–11, 11–15, and 1–100-Hz were compared with the instantaneous
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levels of ISO. FIR filtering was used to obtain the real part of the
band-limited activity, and the Hilbert transform was used to obtain
the corresponding imaginary part. The modulus and angle of the
thereby obtained complex vector represent the amplitude and
phase of that frequency band as a function of time (see Fig. 2A).
These amplitude envelope values were sorted sample-by-sample
according to the concurrent ISO voltages (i.e., the real values of the
ISO-bandpass filtered EEG-signal) and averaged into eight bins
corresponding to eight percentiles of ISO voltages (see x axes in Fig.
2B). Note that the ISO voltages were ‘‘instantaneous’’ only with the
temporal precision allowed by the used band-pass filtering. Con-
versely, we also binned and averaged the ISO voltages as a function
of the percentiles of amplitude envelope values (data not shown, as
the relationship turned out to be monotonic). The histograms were
normalized with the respective maximum variations of both vari-
ables estimated by binning and averaging the ISO voltages as a
function of the percentiles of the ISO voltages, and likewise for the
amplitude envelope values. After normalization, the histogram
values deviating from zero indicate negative or positive correlation
(see y axes in Fig. 2B), and the sum over the absolute values of the

histogram X(Y) ranges from 0 to 1 and reflects the dependency of
X of Y, and conversely for Y(X). The confidence intervals (�2 SD)
were obtained by using an identical procedure for surrogate data
(signal X vs. 20 time-shifted signals Y). The angle of the regression
line in the histogram was estimated for both the real histograms and
the �2 SD confidence intervals. Statistical significances were
assessed with t test by comparing the Spearman’s correlation
coefficients of the real and surrogate data histograms (ISO vs. �1
Hz; see also Fig. 2B), as well as with binomial statistics to evaluate
whether significant findings (based on confidence limits) in indi-
vidual subjects can be considered statistically significant on the
group level. For a second approach, we used a method for the
detection of nested oscillations (see Fig. 2 A and C). The amplitude
envelopes of the frequency bands at 0.5–1, 1.5–4, 4–8, and 7–18 Hz
were obtained after bandpass filtering using the Hilbert transform.
These amplitude envelopes were filtered with the filters used for
the extraction of ISO, and the phase of the amplitude modula-
tion, as well as the phase of the ISO, were again obtained with
the Hilbert transform. The two signals were considered phase
locked if their phase difference was not uniformly distributed (see
Supporting Text).

Fig. 1. Infraslow oscillations during non-SWS (Left) and SWS (Right). (A) High-pass-filtered (�0.5 Hz; 30 s long) epoch during sleep. Asterisks depict K complexes.
(B) A prominent infraslow oscillation is readily seen in the 2-min epoch in the full-bandwidth EEG signal (black), as well as with bandpass filtering at 0.01–0.2
Hz (red). (C) Five-minute recordings from various scalp locations demonstrates ISOs in all of them (gray traces at full bandwidth, superimposed red traces with
bandpass filtering at 0.01–0.2Hz). (D) Amplitude spectra for non-SWS and SWS, representing averages of three 180-s segments (90-s Hanning window; 60-Hz
mains artifact removed) from one representative subject each. In all figures, EEG traces are shown against a calculated linked mastoid reference, and negative
deflections are downward.
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Phase Locking of Interictal Epileptiform Events and K Complexes to
ISO. Periods with visually prominent ISO in midfrontal derivations
during non-SWS sleep were identified from recordings. The IIEs
(spikes and discharges; n � 238; eight subjects; average spike count
per patient was 30, range 11–97) were identified from the simul-
taneously registered conventional EEG. The K complexes (n � 383;
seven subjects) were identified from the same DC-EEG recordings
by using a viewing window short enough (10–15 s) to ensure that
the reader was unaware of the background ISO. Phase of ISO

detected in the EEG signal at the derivation midfrontal vs. linked
mastoid was obtained with the Hilbert transform as above (see Fig.
3). The latencies of occurrence of both IIEs and K complexes were
then plotted against the phase of ISO and the significance of phase
locking was estimated both for each subject and for data pooled
over subjects (see Fig. 3 and Supporting Text).

Results
Visual inspection of the EEG revealed prominent slow oscilla-
tions in all electrodes with amplitudes of up to several tens of

Fig. 2. Correlation between ISOs and faster EEG oscillations. (A) Extraction of infraslow (red) and faster oscillations using bandpass filtering (upper gray trace
shows an example with high-pass filtering at 1 Hz). The amplitude envelope of the faster oscillations (a.e.; blue trace, Top) and the phase of ISO (blue trace,
Middle) were obtained with the Hilbert transform. A blown-up figure of one ISO cycle (stippled line box) is demonstrated on the right side of the traces. (B)
Correlation histogram for the epoch in A (Left), demonstrating that the instantaneous level of ISO voltage is clearly correlated with the (normalized) amplitude
envelope of the �1 Hz band. Red line depicts the correlation histogram, the thick blue stippled line depicts its linear regression, and the solid blue line depicts
surrogate data with the thin blue stippled lines representing its � 2 SD confidence intervals. The two other graphs (Center and Right) show the correlation
histograms for all sleep epochs analyzed from non-SWS and SWS (gray lines depict individual epochs, red is their average, and the blue line represents the mean
of the surrogates (�SEM). (C) Histograms demonstrating that the amplitudes in all frequency bands (as indicated in each plot) are strongly correlated with the
phase (x axis) of ISO during both non-SWS (Upper) and SWS (Lower). A schematic ISO wave is superimposed on the histograms. Values next to ���� are the
PLFreal�PLFshuffled,mean ratios (�SEM) averaged over subjects, indicating the statistical significance of the phase locking. (���� � 2.41 corresponds to P � 0.01, and
���� � 2.94 corresponds to P � 0.001 in individual subjects.)
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microvolts and frequencies at �0.02–0.2 Hz (Fig. 1 and Fig. 6,
which is published as supporting information on the PNAS web
site). A closer examination of the spatio-temporal characteristics
of ISOs with source modeling showed that the slow waves were
seen in widespread cortical areas. Within the accuracy of cortical
current reconstruction obtainable from a limited number of
scalp signals, it seemed that the apparent movements of ISOs
occurred within few seconds between brain areas, without any
visually obvious spatial propagation patterns (see Supporting
Text, Movie 1, and Fig. 7, which are published as supporting
information on the PNAS web site).

A highly significant correlation was found between the in-
stantaneous level of ISO voltage and the amplitude of EEG at
higher (1–100 Hz) frequencies (pooled data P � 0.001; Fig. 2 A
and B) during both SWS and non-SWS. We also found a robust
phase locking between the ISO and the amplitude fluctuations
over a wide range of frequencies as illustrated for the bands at
0.5–1 Hz, 1.5–4 Hz, 4–8 Hz, and 7–18 Hz (Fig. 2C). In both
analyses, the faster EEG activity had its highest amplitude during
the negative deflection of the ISO wave (phase �1 �).

The observations above raise the idea that ISOs might reflect
f luctuations of gross network excitability, akin to the up- and
down-states recently described for oscillations at low delta
frequencies (0.5–1 Hz; refs. 17, 18, and 20). Hence, one might
expect that, in addition to the faster spontaneous oscillations,
also phasic events, including pathophysiological ones, are linked
to ISOs. To address this question, we identified 238 IIEs from

eight subjects during non-SWS. Strikingly, we found a significant
phase locking of IIEs to ISOs in seven of eight subjects (Fig. 3A;
P � 0.05 for each subject; three focal and four generalized
epilepsies, combined Pbinomial � 6 � 10�9). In six of these seven
subjects, the IIEs had a highly preferential occurrence during the
negative peak of the ISO (grand average mean phase 1.02 �; in
the seventh subject the mean phase was 0.39 �; for data of each
individual, see Supporting Text and Fig. 8, which is published as
supporting information on the PNAS web site).

If the occurrence of IIEs is modulated by cyclic changes in
cortical excitability, a similar modulation of other types of phasic
events should take place. To address this hypothesis, we took
advantage of the fact that the K complex, which is a frequent
phasic EEG event during sleep, has been shown to arise from
slow delta frequency waves (21). Notably, however, it is unclear
why only some delta waves manifest themselves as K complexes.
In the light of the results above, a plausible explanation could be
that periodic increases in cortical excitability at the ISO fre-
quency lead to the conversion of brief oscillations (delta waves)
into more prolonged ones (K complexes). We thus identified
visually 383 K complexes from seven subjects and quantified the
relationship between their occurrence and the phase of ISO.
Indeed, the K complexes were strongly synchronized with ISOs
and, as hypothesized, occurred preferentially during the negative
deflection of ISO waves (Fig. 3B; mean phase 1.08 �; P � 0.01
for pooled data; P � 0.05 in five of seven subjects, Pbinomial � 6 �
10�6).

Fig. 3. Phase locking of interictal events (A) and K complexes (B) to infraslow oscillations. Traces in the upper part demonstrate 2 min epochs of the raw data
(blue traces on top) during non-SWS with repeated interictal spikes and K complexes (see the Insets in A and B, respectively), as well as the bandpass-filtered
ISO (red) and its phase (green). In the histograms, the occurrence of IIEs (n � 238; six subjects) and K complexes (n � 383; seven subjects) is plotted against the
phase of ISO, revealing highly significant locking of both phenomena to the phase of ISO. A schematic ISO wave is superimposed on the histograms.
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Discussion
A meaningful interpretation of the mechanisms and functions of
distinct neuronal events can be achieved only in the context of
the ongoing large-scale activity (22–24), taking into account the
full bandwidth of cortical oscillation, which include both very fast
(25) and infraslow (ref. 16 and this work) frequencies. So far, the
lower frequencies have been largely ignored for technical rea-
sons (14, 15, 19, 26). The ISOs described in the present work have
properties that are unprecedented in the human EEG literature:
a very low frequency of 0.02–0.2 Hz and a slow apparent
propagation over cortical hemispheres.

The phase of ISO was robustly correlated with the magnitude
of faster EEG oscillations, as well as with the occurrence of IIEs
and K complexes, which suggests that ISOs reflect a slow
fluctuation in gross cortical excitability. This may explain pre-
vious findings in humans (3), monkeys (2), cats (5), and rats
(4, 13), which have demonstrated that neuronal population
activities f luctuate at �0.1 Hz, and that these fluctuations are
coherent over long distances (2, 8). The amplitude of faster EEG
oscillations (5–7, 9), as well as the occurrence of discrete
physiological EEG events (e.g., K complexes or arousals; refs. 9,
10, and 12) and IIEs (4, 11, 13) have all been shown to exhibit
f luctuations at 0.025–0.3 Hz.

Although sleep is a major precipitator of epileptic activity, the
intervening mechanisms have remained enigmatic (27). Studies
on animal models have suggested that the synchronous slow
delta oscillations predispose brain to epileptic activity (17, 28).
However, clinical studies have demonstrated a high occurrence
of IIEs also during non-SWS (27, 29, 30), a state characterized
by a low amount of delta frequency oscillations, calling hence for

explanations other than those solely related to delta oscillations
of SWS. Here, the present finding of a robust phase locking
between ISOs and IIEs during non-SWS is of particular clinical
interest. It is likely that further work on ISOs will promote the
design of novel diagnostic and therapeutic strategies in the
treatment of epilepsy.

In view of their global nature, ISOs may provide useful
electrophysiological information on the elusive ‘‘activity base-
line’’ required in the interpretation of functional MRI data (31).
Earlier studies have indicated that the cortical evoked responses
(32), as well as cognitive performance (24, 33), oscillate at an
infraslow rate. It may thus be that the ISO introduced in our
study is not restricted to sleep states, but it may rather reflect a
continuous oscillatory behavior of wide range of brain functions
during both sleep and awakeness (see also ref. 2).

A recent in vitro (20) study with cortical slices and in vivo study
with deafferented cortical slabs (34) demonstrated that deep
cortical layers may exhibit self-sustaining infraslow oscillations.
However, the large amplitude and spatial extent, as well as the
long duration of individual ISO waveforms, suggest that gener-
ation of ISO likely involves inputs from subcortical structures
(ref. 35; see also ref. 2). In addition, multiple lines of evidence
have pointed to a generation of large-scale, slow electric signals
by nonneuronal sources, such as the glial cells (17, 36–38) and
the blood–brain barrier (see refs. 14 and 39 and references
therein). Hence, it is plausible to propose that generation of ISO
may involve multiple intracranial structures and mechanisms.
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