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PEDIATRICS

Maturational Patterns of Sigma Frequency Power Across Childhood and
Adolescence: A Longitudinal Study

lan G. Campbell, PhD; Irwin Feinberg, MD

Department of Psychiatry and Behavioral Sciences, University of California, Davis, Davis, CA

Study Objectives: To further evaluate adolescent brain maturation by determining the longitudinal trajectories of nonrapid eye movement (NREM) sigma
(11-15 Hz) power across childhood-adolescence.

Methods: The maturational trend for sigma (11-15 Hz) power was evaluated in an accelerated longitudinal study of three overlapping age cohorts (n = 92)
covering ages 6 to 18 y. Semiannually, sleep electroencephalography (EEG) was recorded from participants sleeping at home in their normal sleep
environment while keeping their current school night schedules.

Results: Sigma frequencies became faster with age. The frequency of the 11-15 Hz spectral peak increased linearly. Sigma frequency power (SFP) declined
with age, but its trajectory was complex (cubic). Power in a group of low sigma subfrequencies declined with age. Power in a group of high sigma frequencies
increased with age. Power in subfrequencies within 11-15 Hz also showed different trends across the night, with lower frequencies increasing across NREM
periods and higher frequencies decreasing across NREM periods. The upper and lower boundaries for the sigma frequencies that changed across NREMPs
shifted upward with age.

Conclusions: We hypothesize that these maturational brain changes result from synaptic elimination which decreases sleep depth and streamlines circuits.
SFP displays a maturational trajectory different from both delta and theta power. Theories on the function of sigma must be reconciled with its maturational
trajectory. These findings further demonstrate the value of sleep EEG for studying noninvasively the complex developmental brain changes of adolescence.
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Significance

hypothesize is driven largely by synaptic elimination.

These longitudinal data demonstrate the maturational trend for a hallmark of non-rapid eye movement sleep, sigma frequency EEG. Low and high sigma
frequency power (SFP) have different age trajectories with low SFP showing a trajectory similar to that of delta EEG power. These changes in SFP, along
with the linear increase in the frequency of peak sigma power, likely reflect maturation of thalamocortical circuits. SFP provides an index of sleep spindle
activity, currently a focus of research on sleep and cognition and psychiatric illness. Theories on the functional significance of spindles must ultimately
integrate the maturational changes described here. These maturational changes further our understanding of adolescent brain development which we

INTRODUCTION

The human brain undergoes extensive postnatal development
that includes rapid synaptic growth in the first years of life
and a steep decline in synaptic density across adolescence.'
Maturational changes are particularly prominent in the sleep
electroencephalogram (EEG), where they are much more
substantial in nonrapid eye movement (NREM) sleep than in
rapid eye movement (REM) sleep. To investigate these devel-
opmental changes, we carried out a longitudinal study of nor-
mative sleep EEG across ages 6—18 y. Our previous reports
described the age trajectories of fast Fourier transform (FFT)
power in two major NREM frequency bands, delta (1-4 Hz)
and theta (4-8 Hz)*? as well as changes in sleep duration,* dy-
namics,’ and daytime sleepiness.® Power in both delta and theta
NREM EEG declines massively across adolescence, but their
trajectories differ between ages 6 and 12 y. Here we report the
longitudinal trajectories of FFT power in a third major group
of NREM frequencies, those in the sigma band, typically de-
fined as 12—15 Hz.

After the discovery of the inverse relation of sigma fre-
quency power (SFP) and delta power,’ it became clear that SFP
could provide an index of the amount of organized spindle
burst activity without prior pattern recognition detection of
spindles. The high amplitude of the sinusoidal waves that dis-
tinguish organized spindles dominates the much lower ampli-
tude of background activity in 12—-15 Hz NREM EEG. Several
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investigators are now using SFP to index the overall amount of
organized spindle activity. However, it is widely recognized
that SFP does not measure the density, mean frequency, or av-
erage duration of spindles. These biologically important fea-
tures should eventually be assessed because they change with
aging® and probably with maturation as well.

Organized spindles produce a clear peak in the sigma fre-
quency range of the EEG power spectrum of NREM. Shi-
nomiya et al.” were the first to report that the frequency of this
peak increases across childhood and adolescence. A later longi-
tudinal study by Tarokh and Carskadon' also found an increase
in peak spindle frequency. The slower frequency of spindle ac-
tivity in children suggests that the lower boundary of the sigma
band should be set at 11 Hz for studies in children and adoles-
cents. Spindle density and duration also show developmental
changes." NREM sigma and sleep spindles continue to change
in adulthood and change further in the elderly years.®'>!3

Research into SFP maturation must take into account the
possibility that power within sigma will not behave uniformly.
Thus, the lower and higher frequencies within sigma respond
differently to sleep deprivation, circadian changes, and can
also exhibit different trends across the night."*"'® The neuronal
mechanisms underlying spindle frequency oscillations have
been the subject of basic investigations that focused on the in-
terplay of cortical and thalamic structures in producing EEG
oscillations in the sigma frequencies."” "

Maturation of NREM Sigma EEG—Campbell and Feinberg



Here, we analyzed our longitudinal recordings across child-
hood and adolescence (ages 6—18 y) to determine: (1) the mat-
urational trajectory of the peak in SFP; (2) the maturational
trend for SFP in 11-15 Hz; (3) whether the maturational trends
within 11-15 Hz SFP differ among higher and lower subfre-
quencies; and (4) whether higher and lower subfrequencies
show significant differences in across-night trends and how
these trends change with age.

METHODS

Subjects

Our longitudinal data set is composed of three overlapping age
cohorts. Cohort C6 (n = 25, 11 girls) entered the study at ap-
proximately age 6 y and was studied for 4 y. Cohort C9 (n = 30,
15 girls) entered the study at approximately age 9 y and was
studied for 7 y. Cohort C12 (n = 37, 19 girls) entered the study
at approximately age 12 y and was studied for 6 y. Thus, the
three cohorts span ages 6 to 18 y with C6 and C9 overlapping
for 1 y (ages 9-10 y) and C9 and C12 overlapping for 4 y (ages
12-16 y).

At the time of enrollment in the study, an interview with the
parents screened subjects for the following exclusion criteria:
psychiatric or behavioral disorders, epilepsy, head injury that
resulted in loss of consciousness, and use of medication that
affects the central nervous system. Parents provided informed
consent and subjects older than 12 y provided assent. Subjects
were paid for participating in the study. The UC Davis Institu-
tional Review Board approved all procedures.

Experiment Design

All-night EEG was recorded semiannually in the subjects’
homes in their usual sleep environment. Subjects in the C6 co-
hort were recorded for 2 consecutive weeknights while main-
taining their current school year weeknight sleep schedules.
Subjects in the C9 and C12 cohorts were recorded for 4 con-
secutive nights. On nights 1 and 2, subjects maintained their
current habitual weeknight bedtime and rise time. On nights 3
and 4, subjects went to sleep at their current habitual weekday
bedtime but slept as long as possible, up to 12 h.

It is well established that bedtimes shift to a later hour as
children mature through adolescence. We did not require that
our subjects between the ages 6 and 18 y maintain the same
bedtimes and rise times. Instead we recorded subjects sleeping
on their ongoing current schedules. However, we required that
they maintain this schedule throughout the recording period
and also for the 5 nights that preceded recording. We used
actigraphy watches to confirm fidelity to these agreed-upon
schedules. When subjects deviated from their scheduled bed or
rise times, or took inadvertent naps, we rescheduled the EEG
recordings.

EEG Recording and Analysis

EEG was recorded with electrodes at Fz, Cz, C3, C4, Ol, and
either O2 or Pz with Al and A2 mastoid electrodes. Electro-
oculogram (EOG) was recorded with electrodes applied at left
and right outer canthi referred to a forehead electrode. Chin
EMG was not recorded. All recordings were made versus a
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reference, and electrode pairs such as C3-A2 were obtained
by subtraction. For the first nine semiannual recordings in the
C9 and CI12 cohorts, signals were amplified and recorded on
Grass H20 ambulatory recorders (200 Hz digitization rate,
Grass Technologies, Natus Neurology, Warwick, RI). During
the course of this longitudinal study, Grass Instruments dis-
continued support for the H20 amplifier. For the 10" recording
and later, signals were amplified and recorded on Grass Aura
ambulatory recorders (400 Hz digitization rate, Grass Technol-
ogies, Natus Neurology, Warwick, RI). Aura recorders were
used for all eight recordings in the C6 cohort. The H20 and
Aura recorders have the same low frequency hardware filter,
but their high-frequency filters differ. The Aura has a three-
pole, high-frequency filter with a =3 dB point at 100 Hz and
an 18 dB/octave slope, leaving the sigma frequency waves un-
filtered. The H20 high frequency filters have a lower —3 dB
point (approximately 55 Hz as determined by our frequency re-
sponse curves) which slightly reduces the amplitude of sigma
frequency waves. We adjusted for this effect with a correction
factor determined from the frequency-response curves for
H20 and Aura amplifiers. We created the frequency response
curves by recording various frequency sine waves of known
amplitudes on both recorders. We multiplied the EEG power
recorded on the H20 amplifiers by a correction factor whose
values ranged from 1.021 for the 11.0-11.2 Hz band to 1.039 for
the 14.9 to 15.1 Hz band.

Using a computer display of EEG and EOG recordings,
trained raters scored each 20-sec epoch of EEG recording
as wake, NREM, REM, or movement. Raters followed
Rechtschaffen and Kales®® criteria, modified by collapsing
stages 2, 3, and 4 into a single NREM sleep stage. Raters
marked the presence of artifacts in addition to vigilance state
score. Each record was scored by one rater and checked by
another. Disagreements were reconciled by a senior laboratory
scientist.

Selecting the channel with fewer artifacts, we analyzed ei-
ther C3-A2 or C4-Al with the spectral analysis algorithms of
PassPlus (Delta Software, St. Louis, MO, USA). Fast Fourier
Transform (FFT) parameters were as follows: 5.12-sec Welch
tapered windows with 2.62-sec overlap for eight windows per
20-sec epoch. Data in the 11 to 15 Hz range were analyzed
in 0.195-Hz bands, the maximum resolution for 5.12-sec win-
dows. Previously we defined the sigma band as 12 to 15 Hz,
but children have slower spindles than adults.”® We therefore
analyzed 11-15 Hz to include the slower spindle-like ac-
tivity. Because sleep durations on habitual school schedules
declined across adolescence,* we limited analyses to sleep
durations common to 18-y-old subjects. For NREM sigma,
SFP represents the average power in all artifact-free epochs
in the first 5 h of NREM sleep, and for REM sigma, the power
reported is the average power in all artifact-free epochs in
REM periods 2 and 3. We analyzed REM periods 2 and 3
because older subjects sometimes failed to complete a fourth
REM period and younger subjects often “skipped” their first
REM period.

To perform trend analysis we analyzed the first four NREM
periods (NREMPs) even if these periods extended beyond the
first 5 h of NREM sleep. For each subject-night, average power
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Figure 1—Power spectra at age 12 y for electroencephalogram recorded
during the first 5 h of nonrapid eye movement (NREM) sleep (black line)
or during the second and third rapid eye movement (REM) periods (gray
line). Mean (n = 65) power density is plotted against the midpoint of the
frequency band. A peak occurs in the sigma frequency band (11-15 Hz)
in NREM but not in REM sleep in each age group.
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Figure 2—Maturational trajectory of the frequency of peak sigma power.
The average (+ standard error) peak frequency at each semiannual
recording is plotted against age for each of the three cohorts, C6
(circles), C9 (squares), and C12 (triangles). The linear increase is highly
significant (F; g5 = 128, P < 0.0001).

in each NREM period was calculated for 0.195 Hz frequency
bands between 11 and 15 Hz.

For each subject-night of data, we also determined the
sigma peak frequency, i.e., the 0.195- Hz band between 11 and
15 Hz that showed a distinct peak in power. For the occasional
subject-night that showed two distinct peaks, we chose the
higher frequency peak which, in all cases, had greater power.
One subject in the C9 cohort had infrequent, low-amplitude
spindles. In this subject, power declined steadily across the
sigma range without a clear peak. His data were not included
in analyses of age effects on sigma peak frequency but were
included in analyses of age effects on SFP.

Statistical Analysis

Prior to statistical analysis, multiple nights at each semiannual
recording were averaged for each subject. For the C6 cohort,
this average was based on 2 nights of recording. For the C9 and
C12 cohorts, this average included not only the 2 nights on the
habitual sleep schedule, but also a third consecutive night, on
which subjects slept as long as possible. On this night, the first
5 h of NREM as well as REM periods 2 and 3 occurred prior to
sleep extension and, therefore, could be included with the night
1 and 2 data. Data from the fourth night were excluded because
of the sleep extension on night 3.

Age effects on sigma power were evaluated with mixed-
effect analysis with age as both a fixed and random variable.
Mixed-effect analysis is particularly suited for longitudinal
data because it accounts for the correlation between data
points recorded from the same subject over time.*"** To make
intercept data meaningful, age was centered by subtracting 6
from all subject ages. For 11-15 Hz power, linear, quadratic,
and cubic age trends were evaluated. To determine if age ef-
fects were uniform across 11-15 Hz, linear age effects were
examined in each 0.195-Hz band within 11-15 Hz. Mixed-
effect analysis was also used to evaluate age-related changes
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in sigma peak frequency. Sex was included as a class variable
to test for sex differences in the age related changes in sigma
power and in sigma peak frequency.

Initially, we examined age-related changes in across-
NREMP trends using a mixed-effect analysis with cycle and
age factors and a cycle by age interaction. The cycle by age
interaction was significant for nearly every frequency band be-
tween 11 and 15 Hz. To examine more closely how the trends
across NREMPs changed with age, a mixed-effect analysis of
the change in power across NREM periods was performed for
each 0.195 Hz band for each recording period of each cohort.

In presenting results, data were averaged across subjects for
each semiannual recording for each cohort. However, the sta-
tistical analysis used age as a continuous variable, calculated
by subtracting date of birth from the date of the first night of
EEG recording.

RESULTS

Frequency of Peak Sigma Power Increases Linearly with Age

We first examined the FFT spectra of our cohorts to estab-
lish that, similar to adults, these young subjects showed an
augmentation or “peak” in 11-15 Hz power in NREM but not
in REM sleep. Figure 1 shows that at age 12 y (the midpoint of
the age range of this study) a clear sigma peak is present in the
NREM spectrum but not the REM spectrum. This peak was
present in all cohorts at each measurement period.

The SFP peak occurred at steadily higher frequencies with
increasing age. The frequency progression was strikingly
linear (Figure 2). Linear mixed-effect analysis across ages 6—18
y revealed an intercept of 11.83 (+ 0.05) Hz at age 6 y and a
hugely significant increase of 0.102 (£ 0.009) Hz/y (F, 45 = 128,
P <0.0001). There were no significant sex differences in linear
intercept (F, g = 1.4, P = 0.24) or slope (F, g, = 0.16, P = 0.69).
There was good agreement between cohorts (Figure 2); in the
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Figure 3—Maturational trajectory of sigma power shows a power
increase at younger ages followed by a steep decrease across
adolescence. Average (+ standard error) power at each semiannual
recording is plotted against age for the three cohorts. The trend line is a
cubic function fit with mixed-effect analysis.

4 y of overlap between C9 and C12, the trends did not differ
significantly (F, ,; = 0.05, P = 0.82).

Maturational Pattern of NREM Sigma Power

NREM SFP showed a complex trajectory with age. Power in
11-15 Hz increased significantly across ages 6 to 12 y and then
significantly declined between ages 12 and 16 y (Figure 3). A
small increase in power (0.3 pV?/y) across ages 16 to 18 y was
not significant (F, ;,, = 0.51, P = 0.48). Overall, SFP showed
a significant linear decline from age 6 to 18 y (F, 4, = 46.6,
P < 0.0001). However, its trajectory was better fit by a cubic
equation, 0.033*(age-6)*-0.74*(age-6)*+3.7*(age-6)+22, with
all coefficients significantly different from 0 at P <0.0001. The
Bayesian information criterion (lower is better) for goodness of
fit dropped from 5814 for the linear model to 5749 for the cubic
model. Linear evaluation of the age change in SFP did not re-
veal significant sex differences in either intercept (F, 4, = 0.63,
P =0.43) or slope (F, 47, = 1.32, P = 0.25). Similarly, there were
no significant sex differences in any of the coefficients of the
cubic equation (P > 0.34 for all).

Unlike the close correspondence we found for the age curves
of delta and theta power in C9 and C12 in their 4 y of overlap,’
SFP in these cohorts differed in the overlap years (Figure 3). A
mixed-effect analysis of SFP across the ages of overlap revealed
that the age 12 y intercept for C9 was 11.7 pV? lower (F, o =4.97,
P =0.029) than the 28.2 uV? intercept for C12, and that the rate
of decline for C9 was 1.2uV*/y less steep (F,,,, = 5.49, P =0.020)
than the 2.6 puV?/y rate of decline for C12. Despite these co-
hort differences, separate analysis of each cohort supported
the aforementioned age trends. Thus, in the C6 cohort, sigma
power increased (F, ,, = 7.68, P = 0.0067) by 1.1 uV*/y between
ages 6 and 10 y. In the C9 cohort, sigma power was unchanged
(F)15,=0.13, P = 0.72) between ages 9 and 12 y before declining
(F, 155 =29.2, P <0.0001) by 1.50 uV*/y between ages 12 and 16
y. Analyzing the C12 cohort data alone showed a 2.59 pV¥y de-
cline in SFP between ages 12 and 16 y (F, ,,, = 48.6, P <0.0001).
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Maturational Changes in 0.195 Hz Subbands within 11-15 Hz
Previous investigators have shown that different subfrequen-
cies within sigma can respond differently to experimental
challenges. We examined 0.195 Hz subbands within the 11-15
Hz range to determine whether different subfrequencies mani-
fest different maturational trajectories. We found that power in
some low sigma frequencies declined with age but that power
increased in some higher frequencies. To select these subfre-
quencies objectively, we computed z-values for the slopes of
the age-related change in power for each 0.195 Hz band be-
tween 11 and 15.3 Hz. These results are shown in Figure 4. In
all subfrequencies below 12.8 Hz, power declined significantly
with age. Power in subfrequencies between 12.8 and 13.4 Hz
did not change significantly with age. Power in subfrequencies
between 13.4 and 14.4 Hz increased with age. Between 14.4
Hz and 14.9 Hz, power did not change significantly with age.
Power in frequencies above 14.9 Hz declined significantly with
age. These complex age patterns within NREM 11-15 Hz were
entirely absent in the 11-15 Hz EEG of REM sleep. In REM,
power in all subfrequencies between 11 and 15.3 Hz declined
significantly (P < 0.0002) with age.

For NREM EEG, we summed power over 11.0 to 12.8 Hz
(significant decline with age) and designated it low frequency
SFP (SFP-LF). We summed power over 13.4 to 14.4 Hz (sig-
nificant increase with age) and designated it high frequency
SFP (SFP-HF). The maturational trends for power in the LF
and HF sigma frequencies are shown in Figure 5, which also
presents the trends in delta and theta we previously reported
in these subjects.’ Power in SFP-LF showed an overall decline
with age despite an initial increase in power between 6 and
8 y (Figure 5A). Older than age 8 y, power in the lower sigma
frequencies declined slowly until age 12 y, when the rate of
decline accelerated before leveling off at age 16 y. SFP-HF
(Figure 5B) increased slowly but significantly between ages 8
and 15 y and then increased steeply between ages 15 and 18 y.

It is interesting to contrast the maturational trajectories of
high and low SFP with the trajectories for delta (1-4 Hz) and
theta (4—8 Hz) power. Delta and theta age curves differ in that
delta power increases between ages 6 and 8 y before declining
slowly to age 12 y, when its decline sharply accelerates, lev-
eling off at about age 16.5 y. In contrast to delta, theta power
declines steadily from our earliest measurements at age 6 y;
nevertheless, its decline also accelerates between ages 12 and
16.5 y. The maturational trajectory for SFP-LF is similar in
shape to that of delta, but the magnitude of the decline in sigma
is somewhat smaller. The age trend for SFP-HF differs mark-
edly from the trajectories of delta, theta, and SFP-LF.

Across-NREMP Trends in SFP

As mentioned in Methods, the across-NREMP trends in power
showed a significant age interaction for nearly all subfrequen-
cies between 11 and 15 Hz. Therefore, the cycle trends were
analyzed separately for each semiannual recording in each
cohort. Below 11 Hz, power decreased across NREMPs. Be-
tween 11 and 12.5 Hz, this trend reversed, and power increased
across NREMPs (Figure 6A). The frequency at which this re-
versal occurs advanced with age (Figure 6C). At age 7y, 11.5
Hz was the lowest frequency band for which power increased

Maturation of NREM Sigma EEG—Campbell and Feinberg



significantly (P <0.05) across the night,
whereas at age 18 y, 12.3 Hz was the
lowest frequency for which power in-
creased across the night. The highest
within-sigma frequency that increased
across the night also advanced with
age. At age 7 y, the highest band for
which power increased significantly
across the night was 12.3 Hz; at age
18 y, it had increased to 13.7 Hz. With
increasing frequency within 11-15 Hz,
the across-cycle trend reversed again
and power decreased across the night
(Figure 6B). At age 7 y, decreasing
power was evident by 13 Hz; at age
18 y the decrease in power across
the night did not become significant
until 14.6 Hz. We note here that the
(changing) low and high frequen-
cies that show opposite trends across
NREMPs are not the same as the low
and high frequencies that show op-
posite age trajectories. It is also im-
portant to note that the decrease in
high frequency sigma power across
NREMPs was entirely due to a sharp
decrease from NREMPI to NREMP2;
NREMPs2—4 showed little change or
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Figure 4—Statistical analysis demonstrates significantly different maturational trajectories for the
subfrequencies within sigma. For each 0.195 Hz subfrequency band between 10.8 and 15.3 Hz, the
t-value for the slope of the age-related change in power is plotted against frequency band midpoint.
Results are for the first 5 h of nonrapid eye movement (NREM) sleep (solid ling, circles) and the second
and third rapid eye movement (REM) periods (dashed line, triangles). Horizontal gray lines indicate
significance level. Power in frequencies below 12.8 Hz and above 14.9 Hz declined significantly with
age, and power in frequencies between 13.4 and 14.4 Hz increased significantly with age. In REM sleep,
power in all sigma subfrequencies declined with age.

even a slight increase across the night
(Figure 6B).

DISCUSSION

As Purves® and others have emphasized, postnatal brain mat-
uration involves constructive as well as regressive changes.
Thus, while supernumerary synapses are eliminated, sur-
viving synapses become structurally more complex and more
effective. We have interpreted the massive declines in both
delta and theta power across adolescence as direct and indirect
effects of synaptic elimination.>® The sigma trajectories are
more complex and likely reflect constructive as well as regres-
sive brain development. Overall, NREM sigma power shifts to
higher frequencies across childhood/adolescence, suggesting
that synaptic elimination has produced faster and presumably
more effective circuity.

Peaks in NREM and REM Spectra

An a priori question for interpreting our data is whether SFP
represents the intensity of the EEG in organized spindles.
Basic support for this possibility is the long-standing evi-
dence that the power spectrum of NREM sleep shows a peak
at the sigma frequencies, whereas the REM spectrum does
not. NREM but not REM sleep contains organized spindles;
as previously mentioned, the amplitude of organized spin-
dles is grossly higher than that of the background 11-15 Hz
EEG, producing the sigma frequency peak. Most of the evi-
dence showing NREM sigma peaks is from adults although
several investigators®?* have reported the same finding in
children and adolescents. Our data here show strong sigma

SLEEP, Vol. 39, No. 1, 2016

peaks in all cohorts. This finding supports the interpretation
that the longitudinal changes in 11-15 Hz power found here
are produced by developmental changes in organized sleep
spindles.

The Linear Increase in Frequency of Peak Sigma Power

The increase in spindle peak frequency is remarkably linear
and highly significant. This linear age-related change was first
reported by Shinomiya et al.’ in cross-sectional data for frontal
and centroparietal SFP. Our results in the central EEG versus
contralateral mastoid confirm and extend their centroparietal
findings in a longitudinal sample with larger numbers. We ob-
served no inflection in the linear progression; therefore, it is
likely that peak spindle frequency continues to increase be-
yond its value of 13.15 Hz at age 18 y. A physiological basis for
this developmental increase in sigma frequency is proposed
below under the heading “Maturational Increase in SFP-HE.”

Maturational Trajectory of SFP (11-15 Hz)

The overall age curve for SFP is biphasic, with a significant
increase from age 6 to 12 y followed by a significant decrease
across 12—18 y. This complex curve is better fit by a cubic than
linear function, although an overall linear decline is itself sig-
nificant. The complexity of the age curve for total SFP results,
in part, from the opposing age trends of power in the low and
high frequencies within 11-15 Hz. It is, therefore, more mean-
ingful to discuss separately the trajectories of low and high
frequency sigma power.

197 Maturation of NREM Sigma EEG—Campbell and Feinberg
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Maturational Decline in SFP-LF
Low frequencies within 11-15 Hz exhibit an age trajectory that
parallels the curve for NREM delta power in these subjects.
Both delta and low frequency spindle power increase from age
6 to 8 y, then decline slowly to age 12 y when their declines ac-
celerate before slowing markedly at age 16—16.5 y. The sharp
declines between 12 and 16 y reduce delta power by 61% and
low SFP by 50% (see Figure 5). We previously reported signifi-
cant sex differences in the delta decline, a difference we did
not observe for the sigma decline. The absence of a significant
sex difference may be biologically meaningful, or the larger
interindividual differences in sigma power may have obscured
existing sex differences. These interindividual differences
created a C9-C12 cohort difference in sigma that we did not
observe in other frequency bands. The change from the H20
to Aura amplifier cannot account for the cohort difference, not
only because of the correction factor we applied, but also be-
cause the difference is greatest between ages 12 and 13 y when
both cohorts were recorded on the H20O recorders.

We have previously interpreted the decline in NREM
slow wave power across childhood/adolescence as a result
of synaptic pruning. In 1982% we noted the similarity of
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the ontogenetic curve for NREM delta amplitude to the age
curve for synaptic density reported by Huttenlocher.! Synaptic
pruning could directly decrease delta power by reducing the
size of the neuronal pools capable of producing synchronous
oscillations. Studies that concurrently measured gray matter
thickness and EEG activity support the interpretation that
these maturational changes are correlated with reduced slow
wave EEG activity.?*?” Because current theory holds that slow
wave (delta) and sleep spindle oscillations are controlled by the
same thalamocortical networks,' this relation might account
for the similar maturational trajectories for SFP-LF and delta
power.

However, the magnitude of the delta age decline is greater
than that of sigma. We propose that although both are affected
by the diminishing numbers of interconnected neurons, delta
power is, in addition, reduced by the decreasing need for the
recuperative processes of sleep. According to the restorative
model of slow wave sleep first outlined in 1974, neuronal-
metabolic changes produced by plastic brain activities during
waking are reversed in NREM rather than REM sleep. The
rate of reversal is proportional to the level (i.e., power) of
high- amplitude NREM slow waves. In brief, the 1982 model
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Figure 6—The trend in power across the night differs by frequency band. Mean power (+ standard error) for nonrapid eye movement (NREM) periods
1-4 for the seventh recording of the C9 cohort (mean age = 12.4 y) is plotted against NREM period for (A) a subfrequency, 12.6-12.8 Hz, which increases
in power across the night and for (B) a subfrequency, 14.6-14.7 Hz, which decreases in power across the night. The trends across the night change
as children mature. Thus, Figure 6C shows for each recording period for each cohort, the lowest 0.195 Hz frequency band for which power increases
significantly across the night (solid line), the highest 0.195 Hz frequency band for which power increases significantly across the night (dotted line), and the
lowest 0.195 Hz frequency band at which the trend reverses and power decreases significantly across the night (dashed line).

hypothesized the following causal relationships: decreasing
synaptic density across adolescence decreases the intensity
(and hence metabolic rate) of waking neuronal activity.” The
decreased intensity of waking neuronal activity decreases the
demand (i.e., “substrate”) for NREM recovery processes. This
declining recuperative need augments the delta power decline
directly produced by the effects of synaptic pruning on the size
of neuronal pools.

Maturational Increase in SFP-HF

A group of higher sigma frequencies increases in power across
adolescence. This increase appears unique to the upper fre-
quency of the sigma range (13.4 to 14.4 Hz in our data). Power
in all the other NREM EEG frequencies we have examined
(0.3-30 Hz) either decreases significantly with age or does not
change. We hypothesize that the linear increase in sigma peak
frequencies is related to the age-dependent increase in 13.4 to
14.4 Hz power as follows. Prior to the increase in peak sigma
frequencies, these fast EEG waves did not possess the higher
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amplitude sinusoidal patterns of organized spindle EEG. In-
stead, they behaved biologically as did the low-amplitude beta
waves, which decrease in power with age. As the brain ma-
tures across childhood/adolescence, organized spindle EEG
becomes faster, incorporating 13.4 — 14.4 Hz waves and in-
creasing power in this band. This possibility can be investi-
gated with the reanalyses of our digitized data with spindle
detection and time-domain measurements.*

A possible physiological mechanism for the increase in
spindle frequency is that it is a consequence of the reduction in
deep sleep caused by synaptic pruning. Spindle wave frequency
is inversely related to the duration and degree of thalamocor-
tical hyperpolarization.*® Adrillon et al.*' recently proposed
that the increased spindle frequency later in the sleep period
when sleep is lighter reflects a decreased level of thalamocor-
tical hyperpolarization. A similar mechanism might produce
higher spindle frequencies across adolescence. As described
previously, the intense waking brain activity (i.e., metabolic
rate) produced by high synaptic density in childhood and early
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adolescence creates a high need for neuronal recovery. As syn-
aptic pruning proceeds through adolescence, the intensity of
waking neuronal activity falls, as evidenced by decreasing ce-
rebral metabolic rate. This decline in waking brain metabolism
reduces recuperative sleep need. Therefore, sleep becomes less
deep, the degree of membrane hyperpolarization diminishes,
and spindle frequency (and the frequency of peak sigma power)
increases. Support for this interpretation is the finding that an
experimental increase in sleep recuperative need produced by
sleep deprivation decreases spindle frequency in adults.” In
this interpretation, the deeper sleep after sleep deprivation pro-
duces greater membrane hyperpolarization and slower spindle
frequencies.

Alternatively (or, in addition), spindle peak frequencies
might increase across adolescence because synaptic pruning
streamlines circuits, making them more efficient and increasing
the speed of central processing. Although some contradictory
evidence exists, it has been proposed that sleep spindles are
associated with both cognitive ability and memory consolida-
tion.*>* Bodizs et al.” found an increase in fast spindle activity
with age across adolescence and found that in girls, intelli-
gence quotient (IQ) was correlated with density of fast spindle
and that in boys IQ was correlated with fast spindle frequency.
In a study of sleep and motor skills, spindle frequency was pos-
itively related to motor performance.** The authors concluded
that slower spindles indicate immature neural networks. If fast
spindling EEG reflects the speed of neural transmission/pro-
cessing, completion of the bulk of synaptic pruning at about
age 16.5 y could account for the sharp increase in fast sigma
power after that age. We have suggested elsewhere that syn-
aptic pruning during adolescence contributes to the increase in
cognitive power over the second decade of life.”

SFP-LF and SFP-HF Have Opposite Trends Across NREMPs
Power in several low sigma frequencies increases significantly
across NREMPs, and power in several high sigma frequen-
cies shows the reverse trend, decreasing significantly across
the night. Werth et al.'® described a somewhat similar pattern
in young adults, although the specific frequencies differ. In
addition, our analyses show that the decline in power in high
spindle subfrequencies is entirely produced by a decline from
NREMP1 to NREMP2. This observation provides another
example of the special biological significance of NREMPI,
which is also demonstrated in human ontogenetic and nap
studies. 3536

Adolescent brain maturation also affects the frequencies
within sigma that change across NREMPs, raising the lower
and upper boundaries of the sigma frequencies that increase in
power, and also raising the lower boundary of frequencies that
decrease in power. Whatever its mechanistic basis, the reliable
across-night increase in EEG power in the low sigma frequen-
cies is interesting because low frequency sigma power shows
an age decline similar to that of delta, but, in contrast to delta,
it increases across the night.

There are many other questions raised by spindle burst
phenomena. The major issue is that of functional significance.
We briefly discussed the proposal that spindles play a role in
memory consolidation. It has also been proposed that spindles
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serve to maintain sleep by inhibiting sensory input.’” Theories
on spindle function must be able to reconcile the substantial
changes in sigma frequency and spindle activity across child-
hood and adolescence.

Spindles, along with NREM delta and theta, exemplify the
extraordinary sensitivity of the NREM EEG to postnatal brain
development. We have long argued that this close relationship
holds powerful clues to such fundamental questions in human
neurobiology as the function of sleep and the processes under-
lying late brain maturation and brain aging.
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