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In 1925, the German physiologist and psychiatrist Hans Berg-
er first recorded the brain activity of his 15-year-old son. In
his pioneering paper, published in 1929, he was the first to use
the term “electroencephalogram” (EEG) to describe brain wave
recordings.! The use of the EEG in a clinical study of humans
with epilepsy was first published in the English language in
1935.23 Even during the 1930s, researchers were using the EEG
to study sleep, but a major breakthrough came in 1953, with the
description of rapid eye movement (REM) sleep.* Although the
EEG has been used for at least 70 years to qualify and quantify
sleep stages, it remains a very powerful tool for sleep research.

In this article, recent advances in the area of slow wave sleep
(SWS) research will be reviewed, focusing on the use of high-
density EEG recordings to identify the source and propagation
of slow oscillations and the relationship between slow waves
and synaptic strength.

CHARACTERIZING SLEEP SPINDLES AND SLOW
OSCILLATIONS

Two key EEG phenomena of nonREM (NREM) sleep are
slow waves/slow oscillations and sleep spindles. This spontane-
ous brain activity during sleep reflects brain functioning that is
not confounded by attention and motivational factors that oc-
cur during wakefulness. During slow oscillations (< 1 Hz), the
membrane potentials of the majority of cortical neurons alter-
nate in a synchronized fashion, between a depolarized upstate
and a hyperpolarized downstate, with each slow oscillation
lasting approximately 1 second.’ Slow oscillations often trigger
spindles, which peak at 13—14 Hz (Figures 1 and 2).

High-density EEG recordings employing 256 channels
have been used by Massimini and colleagues to investigate the
spatial and temporal development of slow oscillations during
the first sleep episode of the night in eight human subjects.®
A clear correlation between the detection of slow oscillations
and sleep stage was reported, with the rate of occurrence of
slow oscillations increasing progressively as sleep deepened.
Moreover, Massimini and colleagues discovered that each
slow oscillation is a traveling wave, with a discrete site of
origin and direction of propagation that varies from cycle to
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cycle. Signals recorded from all the electrodes that detected a
cycle of slow oscillation were sorted according to the timing
of the negative peak, demonstrating that the negative peak was
continuously shifting (Figure 3A). The maximum delay across
all cycles and all subjects varied between 40 ms and 360 ms,
with a positive correlation between the variation and the num-
ber of electrodes affected by the slow oscillation (p < 0.05).
The propagation of the negative peaks of each cycle of the
slow oscillation can be visualized using “delay maps” (Figure
3B). Using data from a row of 20 electrodes located along the
midline of the scalp, Massimini and colleagues were also able
to calculate that the average speed of propagation of the slow
oscillation on the scalp was 2.7 + 0.2 ms, ranging between 1.2
and 7 ms. An example of such a calculation is shown in Figure
3C.* However, although each individual cycle of slow oscil-
lation has a distinct site of origin and pattern of propagation,
repeat EEG recordings from the same subjects a week later
demonstrated that the general pattern of origin and propaga-
tion of slow oscillations is reproducible across nights and sub-
jects.®

SOURCE MODELING OF SLEEP SLOW WAVES

A new application of the 256-channel high-density EEG, be-
yond localizing changes in voltage on the surface of the scalp,
is to attempt to map the specific area of the brain where slow
oscillations originate and the regions of the brain to which they
travel. This technique is called source localization, and an ex-
cellent example is shown in Figure 4. The number of electrodes
employed during this technique makes it feasible to localize the
cortical sources of brain activity with much higher spatial reso-
lution than traditional EEG recordings and temporal resolution
superior to either positron emission tomography or functional
magnetic resonance imaging.

Using source localization with high-density EEG studies, it
is possible to demonstrate that during NREM sleep with slow
wave activity (SWA) in the range 0.3—6 Hz, large currents ap-
pear primarily along midline structures including the anterior
cingulate, cingulate, posterior cingulate, and the precuneus, as
well as areas around the lateral sulci.’

Another phenomenon that has been described during NREM
sleep is that characterized by slow waves with multiple nega-
tive peaks, which appear in the upper delta frequency range
(24 Hz). Multipeak waves occur more frequently during late
sleep compared with early sleep and are negatively correlated
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Figure 1—Slow waves and spindles at the cellular level measured
by intracellular recording in a single healthy volunteer (Timofeev,
unpublished data). EEG, electroencephalogram; EMG, electro-
myogram. Reproduced, with permission, from Igor Timofeev.
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Figure 2—Topographic representation of slow waves and spin-
dles during sleep in a single healthy volunteer (Tononi et al., un-
published).

with the occurrence of SWA.® Analysis of multipeak waves us-
ing high-density EEG and source localization has demonstrated
that the origin and/or propagation of each peak of the wave
are spatially unique (Figure 5).* This indicates that multipeak
waves arise from the asynchronous generation of slow oscil-
lations with different origins and/or paths of propagation, and
suggests that all “delta” waves may be generated by the su-
perimposition of multiple slow oscillations with distinct spatial
origins. Thus, during NREM sleep, we may simply be observ-
ing the fundamental phenomenon of the alternation of neurons
between the active and quiescent states.?

SLEEP SLOW WAVES AS INDICATORS OF THE NET STRENGTH
OF CORTICAL SYNAPSES

Sleep SWA appears to be homeostatically regulated through-
out the cortex, as detailed earlier in the article by Dijk.’ In nor-
mal subjects, the average amplitude of slow oscillations during
sleep changes with age!® and measurements of synaptic den-
sity in the cerebral cortex in postmortem samples from normal
human brains indicate that synaptic density also changes with
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Figure 3—Slow oscillations propagate as a traveling wave.® Mea-
sured in a single healthy volunteer. A: Signals recorded from the
channels affected by a single slow oscillation cycle ranked from
top to bottom according to the delay of the negative peak. The
width of the red area represents the maximum delay (120 ms)
from the negative peak at the top trace to the negative peak at the
bottom trace. B: The spatial distribution of the delays on a delay
map. The red asterisk marks the location of the channel at which
the delay was 0 (the origin), while the blue lines represent the
streamlines calculated on the vector fields of delays. C: The speed
of wave propagation is measured from a row of electrodes placed
on the anteroposterior axis (left). The slope of the linear correla-
tion between the distance on the scalp and the measured delay was
used to determine the speed (right). Reproduced, with permission,
from Massimini et al.®

age."! The striking similarity between the shapes of the two
curves suggests that there may be a relationship between slow
waves and synaptic density.'

As described earlier by Dijk,” SWA decreases during sleep.
To investigate the hypothesis that the homeostatic decrease of
SWA is due to a progressive decrease in synaptic strength, Es-
ser and colleagues employed a large-scale computer model of
the sleeping thalamocortical system to examine the dynamics
of single-cell oscillations, cortical synchronization, and local
field potentials (LFPs) under conditions of high or low synap-
tic strength. They demonstrated that a decrease in cortical syn-
aptic strength led to a decreased incidence of high-amplitude
slow waves, a decrease in wave slope and an increase in the
number of multipeak waves, with spectral analysis confirming
the association of these changes with a decrease in SWA."?
The model’s predictions were confirmed using LFP recordings
from the rat cerebral cortex during periods of early and late
sleep, when the homeostatic sleep pressure is high and low, re-
spectively.” The data demonstrated that, in rats, the decline in
SWA from early to late sleep was associated with a decrease in
the incidence of high-amplitude slow waves, a decrease in the
wave slope, and a higher proportion of multipeak waves, com-
patible with the hypothesis that the average synaptic strength
decreases during the course of sleep.'* Moreover, sleep depri-
vation resulted in an increase in the number of high-amplitude
slow waves, steeper slopes, and fewer multipeak waves, sug-
gesting that changes in SWA are likely to be the result of ho-
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Figure 4—Illustration of source localization using high-density EEG (Tononi et al., unpublished). Measured in a single healthy volunteer.
A: Butterfly plot of an individual slow wave for all 256 channels. B: A streamline plot indicating the direction of travel on the scalp. C: Scalp
topography for the slow wave at the times indicated on the EEG traces. D: Slice and flat map views indicating the area where there is the
largest source of currents during the slow wave. EEG, electroencephalogram.

meostatic sleep regulation and not circadian time. Finally, the
model’s predictions were confirmed in humans. Using high-
density EEG recordings, Riedner and colleagues showed that
the reduction in SWA during sleep is associated with a de-
creased incidence of high-amplitude slow waves, a reduction
in the slope of the slow waves, and an increased number of
multipeak waves.® The data from these three different systems
confirm that reductions in cortical synaptic strength can ex-
plain the reduction in SWA and slow wave parameters as sleep
pressure decreases, although other mechanisms may also be
involved.

This hypothesis is further supported by data from studies that
either strengthen or depress synaptic activity in specific areas of
the brain. When subjects carry out a learning task that is known
to activate, and presumably strengthen, cortical synapses in
specific regions of the brain immediately before sleep, high-
density EEG recordings during the first 2 hours of sleep dem-
onstrate a local increase in SWA.'" In contrast, temporary limb
immobilization promoted synaptic depression in sensorimotor
areas and led to a significant reduction in SWA over the af-
fected sensorimotor area.'® Further evidence for a tight relation-
ship between cortical plasticity and sleep intensity has come
from a recent study employing a paired associative stimulation
protocol.'® In this study, median nerve stimuli were followed
after a 25-ms or 10-ms interval by transcranial magnetic stimu-
lation (TMS) pulses to the contralateral cortical hand area, pro-
ducing a sustained increase or decrease of cortical excitability,
respectively. Analysis of high-density EEGs, recorded during
subsequent sleep, demonstrated that there was a local increase
in SWA in subjects who had displayed increases in cortical
responses after TMS and a decrease in local SWA in subjects
who had displayed decreases in cortical responses. Changes in
SWA during sleep and changes in TMS-induced cortical EEG
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response were localized to similar cortical regions and showed
a positive correlation.

CONCLUSIONS

All slow waves in the sleep EEG are manifestations of the
same fundamental cellular phenomenon: the slow oscillation
of cortical neurons between a depolarized upstate and a hyper-
polarized downstate. Slow waves originate in specific cortical
regions and travel over the brain, each with a distinct site of
origin and pattern of propagation. Moreover, slow waves with
multiple negative peaks may simply result from the superimpo-
sition of multiple slow oscillations, each with a distinct origin
and/or path of propagation.?

Slow wave homeostasis appears to be associated with net
synaptic strength, which is thought to increase during wake-
fulness and decrease during sleep. Computer simulations that
model the effects of synaptic strength of sleep slow waves have
demonstrated that a decrease in cortical synaptic strength re-
sults in a decrease in SWA, accompanied by a decrease in inci-
dence of high-amplitude slow waves, a decrease in wave slope,
and an increase in the number of multipeak waves.!? Tests of
the model in rats and humans have confirmed that the decline of
SWA during sleep is indeed coupled with these changes in slow
wave parameters, indicating that reductions in cortical synaptic
strength can explain a reduction in SWA.%!3

Overall, sleep SWA and SWS may represent useful indices
of cortical synaptic strength in both healthy patients and those
with disease. Furthermore, the ability to trigger slow waves ar-
tificially by TMS and the resemblance of these waves to those
occurring spontaneously'” suggest that in the future it may be
possible to harness SWA to permit effective power naps and to
treat disease.
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Figure 5—Examples of traveling waves for single-peak and mul-
tipeak waves. Measured in seven healthy male volunteers. A: But-
terfly plots of all channels involved in an individual peak. Red
dots show the negative peaks for each derivation. The blue line
indicates the representative time for source localization depicted
in C. B: Topographic display of the interpolated (100x100) delay
gradient based on the corresponding time for the earliest chan-
nel detection for that peak (see corresponding red dots above).
Individual channels are indicated as black dots. Streamlines along
the gradient were computed for each channel and the longest is
highlighted in blue. The origin is indicated by the large red dot.
C: Top, right, and left views of the minimum norm least squares
source estimation 70 ms after the maximum negative peak (in-
dicated by the corresponding vertical blue lines in A). Absolute
values of the currents are displayed. EEG, electroencephalogram.
Reproduced, with permission, from Riedner et al.®
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