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SLEEP AND EEG CHANGES ARE PART OF THE BIOLOGI-
CAL AND BEHAVIORAL MATURATION OF ADOLES-
CENCE. LEFT TO THEIR OWN DEVICES, ADOLESCENTS 
in developed countries shift their sleep patterns in a manner that 
produces later bedtimes and later wake times.1 The adolescent 
changes in the sleep electroencephalogram (EEG) are even more 
dramatic than sleep schedule changes. Cross-sectional studies 
demonstrated that visually scored slow wave sleep and com-
puter quantified slow wave EEG activity decline steeply across 
adolescence.2-7 Longitudinal measurements can provide a more 
precise assessment of adolescent sleep EEG changes. In our lon-
gitudinal study, all-night NREM delta (1-4 Hz) EEG power was 
unchanged between ages 9 and 11 and then decreased by more 
than 65% between ages 11 and 17 years.8 NREM theta (4-8 Hz) 
EEG power showed a different maturational pattern. It declined 
significantly between ages 9 and 11 years and still declined by 
more than 60% between ages 11 and 17 years.

The delta EEG of slow wave sleep reflects a process by 
which the brain reverses the effects of waking.3 In the recov-
ery sleep following sleep deprivation, visually scored slow 
wave sleep duration increases9 as does slow wave EEG pow-
er.10 Conversely, daytime napping decreases slow wave EEG 
power in subsequent NREM sleep.11-14 Slow wave EEG power 

declines across the night, and this decline indicates the pro-
gression of a recuperative or homeostatic process.3,15 On aver-
age, power is greatest in the first NREM period (NREMP1) 
and declines across consecutive NREMPs as the recuperative 
need is met. The delta decline across NREMPs differs great-
ly between individuals and also differs from night to night 
within an individual. However, the average trend in grouped 
data can provide useful information about sleep homeostasis. 
The model fit to the exponential delta decline, process S, has 
been an important stimulus for sleep research over the past 25 
years.15,16 

Several forms of the process S equations have been pub-
lished.16,17 A simple description of the exponential decline in 
slow wave activity across the night is the form:

SWAt  = (SWA0 - SWA∞) * e-t/Tau + SWA∞

The terms of the equation are as follows:
SWAt = slow wave activity at time t
SWA0 = slow wave activity at time 0
t  = time (min) from sleep onset
Tau = the time constant (min) of the exponential decline 
SWA∞ = the slow wave activity at the asymptote of the decline

Supplemental Figure S1 shows an exponential decline 
curve of this type and demonstrates how 25% changes in Tau, 
SWA0, and SWA∞ would affect the shape of the curve. An ex-
ponential decline equation can be fit to the across-night de-
cline of both delta and theta EEG within NREM sleep. In this 
report, we label the delta parameters SWA0, Tauδ, and SWA∞ 
and the theta parameters TWA0, Tauθ, and TWA∞. 
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Previous articles fitting an exponential curve to the slow 
wave activity decline across NREMPs have standardized the 
slow wave activity (power) in each NREMP as a percent of 
average all-night slow wave power. This standardization ad-
justs for individual differences in absolute EEG power. More 
importantly, the standardization allows us to investigate the 
maturational changes in the decline in slow wave EEG across 
the night independently of the huge maturational change in all-
night slow wave EEG power. Although delta power decreases 
substantially across adolescence, it is not clear whether there 
are changes in the regulation of standardized slow wave activity 
across the night (process S). Jenni and Carskadon7 and Jenni et 
al.18 investigated this question with cross-sectional data. They 
found that 2 groups of subjects (n = 8 each) with mean ages 
11.9 and 14.2 years differed in the accumulation of sleep pres-
sure during waking, but that the groups’ declines in slow wave 
activity across sleep did not differ significantly in any process 
S parameter. 

Here we use longitudinal data from 2 age cohorts covering 
the age range 9 to 18 years to determine whether slow wave 
sleep regulation changes across adolescence. We examine the 
across the night dynamics of both delta (1-4 Hz) and theta (4-8 
Hz) EEG, 2 frequencies that respond homeostatically to prior 
waking duration and decline exponentially across NREMPs. 
We test whether the proportion of NREM delta (or theta) spec-
tral energy in NREMP1 changes with age and whether there are 
age-related changes in the parameters of the process S expo-
nential decline. 

METHODS
The UC Davis Sleep Lab is carrying out a multiyear lon-

gitudinal study of adolescent changes in sleep and the EEG. 
This article uses data from the first 6 years of that study. The 
methods we use have been described in detail in 2 previous 
publications.19,20

Subjects
Seventy subjects in 2 cohorts were enrolled at the start of 

the study. We started recording EEG from subjects in the C9 
cohort (n = 32) at approximately age 9 years and from subjects 
in the C12 cohort (n = 38) at approximately age 12 years. Three 
subjects failed to complete the first 3 years of the study. Only 
the remaining 67 subjects (C9 N = 30, 15 female; C12 N = 37, 
19 female) are included in the analyses. Fifty-six subjects com-
pleted all 6 years of the study. The UC Davis IRB approved all 
procedures. Subjects received monetary compensation for their 
participation. 

Experiment Design
At approximately 6 month intervals, all-night EEG was re-

corded on 4 consecutive nights at the subjects’ homes under 
the subjects’ habitual sleep schedule and in their typical sleep 
environment. Laboratory personnel did not monitor the sub-
jects during the night. On the first 2 nights, typically Wednes-
day and Thursday, subjects kept their habitual weekday sleep 
schedules. The third and fourth nights (typically Friday and 
Saturday) were extended nights with the subjects keeping 
their habitual weekday bedtime but sleeping as long as pos-
sible (up to 12 h). Night 4 data were not used in this article 

because the extended sleep on night 3 would have affected the 
night 4 EEG.

Subjects’ sleep schedules changed across the 6years of this 
study. As described in Campbell et al.,21 their bedtimes became 
later, but their rise times did not change significantly. Although 
we allowed their sleep schedules to change with age, we re-
quired subjects to maintain their current habitual weekday sleep 
schedules for 5 days prior to the first night of recording. Wrist 
actigraphy (Mini Mitter Actiwatch A16) confirmed adherence 
to this schedule. Napping was prohibited. Subjects who napped 
or deviated from their habitual schedule were rescheduled for 
recording on a subsequent week.

EEG Recording
EEG electrodes were applied at Fz, C3, C4, Cz, O1, and 

either O2 or Pz with A1 and A2 mastoid electrodes. Signals 
were recorded versus a reference. The signal for EEG elec-
trode versus mastoid was obtained by subtraction (e.g., C3 
vs. ref minus A1 vs. ref). EOG was recorded as right and 
left outer canthi versus forehead. Grass H2O ambulatory 
EEG recorders (200 Hz digitization rate) were used for the 
1st through 9th recordings. During the 10th recording, Grass 
Instruments retired the H2O recorder and replaced it with the 
Aura ambulatory EEG recorder (400 Hz digitization rate). 
The Aura recorders were used for all subjects for the 11th 
and 12th recordings and for about 75% of the subjects for 
the 10th recording. Supplemental Figure S2 shows frequency 
response curves for the 2 types of ambulatory EEG recorders. 
The filter characteristics were very similar across 1 to 8 Hz. 
Thus, we obtained comparable data for delta and theta EEG 
from both recorders. 

Sleep Stage Scoring and EEG Analysis
Digitized EEG signals were displayed on a computer moni-

tor (using Pass Plus, Delta Software), and each 20-sec epoch 
was visually scored as wake, stage 1, NREM sleep, REM sleep, 
or movement using Rechtschaffen and Kales22 criteria, modi-
fied by collapsing stages 2, 3, and 4 into one NREM sleep stage. 
Artifacts were scored in addition to and independently of sleep 
stage. All records were scored by 2 raters, and a senior lab sci-
entist resolved discrepancies. Sleep cycles were defined accord-
ing to Feinberg and Floyd23 criteria. Children frequently have 
exceptionally long duration of cycle 1 because of “skipped” 
first REM periods.5,7,24 We separated these long first NREM pe-
riods into 2 cycles when all-night plots of delta EEG power 
showed 2 clear delta peaks separated by a trough ≥ 10 min. Of 
the 713 nights used in the cycle analysis, 154 had skipped first 
REM periods.

Based on the number of artifacts, we chose one central 
EEG lead for analysis, either C3 or C4 versus contralateral 
mastoid. Data from the primary lead were analyzed with spec-
tral analysis (Pass Plus, Delta Software) using Fast Fourier 
transform on 5.12 second Welch tapered windows25 with 2.62-
sec overlap, producing 8 windows per 20-sec epoch. Spectral 
energy in each frequency band was summed as the power in 
each 20-sec epoch. 

For each NREMP, energy for the delta (1-4 Hz) and theta 
(4-8 Hz) bands was summed for all artifact-free NREM sleep 
epochs. Power was calculated as energy divided by the sec-
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onds of artifact-free NREM sleep. Power was standardized 
for each night by expressing the power in each NREMP as a 
percent of average power in NREMPs 1 through 5 (averaged 
as NREMP1-5 energy divided by total seconds of NREMP1-5 
sleep duration). Only nights containing 5 complete NREMPs 
were used. We defined a complete NREMP5 as having ≥ 15 min 
of NREM followed by any amount of REM sleep. 

Statistics

Data used for statistical analysis 
The statistical analysis of trends across NREMPs requires 

a time point at which to locate the power measure for the 
NREMP. For this time point we (as have others before us7) 
used the NREMP midpoint. The timing of the NREMP mid-
points changes between recordings, complicating data averag-
ing from multiple nights. Therefore, we chose a single night 
(priority order: night 2, night 3, night 1) from each subject 
at each of the 12 semiannual recording periods. Occasionally 
(54 of 767 subject recording sessions) a missing data point 
arose when a subject lacked 5 complete cycles on any of the 
3 nights or neither C3-A2 nor C4-A1 was usable. For each 
semiannual recording period for both cohorts, Table 1 shows 
the number of subject-nights used in the analysis and the mean 
subject age. All statistical analyses were conducted on data 
from the 2 cohorts combined. Because of the number of analy-
ses, we used an α of 0.01. 

Analysis of age effects on average power 
Mixed-effect analysis is particularly suited for analyz-

ing longitudinal data.26,27 This analysis is somewhat similar 
to regression but allows for repeated measurements from a 
subject over time because it takes into account the inherent 
correlation of repeated measures. Longitudinal data violate 
the independent observation assumption of typical regression 
statistics. Mixed-effect analysis can also accommodate miss-
ing data which are virtually inevitable in extended longitudi-
nal studies. We used linear mixed-effect analysis to determine 
whether the average power (averaged from all NREM sleep in 
NREMPs  1‑5) in 1-4 Hz EEG during NREM sleep changed 
with age and whether the age change differed in the 2 cohorts. 
We conducted a similar analysis for average power in 4-8 Hz 
EEG during NREM sleep.

Analysis of age effects on the proportion of spectral energy in 
NREMP1 

We also used linear mixed-effect analysis to determine 
whether the proportion of NREM delta energy occurring in 
NREMP1 changed with age. We performed a separate linear 
mixed-effect analysis to determine whether the proportion of 
NREM theta energy in NREMP1 changed with age. 

Analysis of age effects on process S parameters 
We used an advanced nonlinear mixed-effect analysis (SAS 

proc NLMIXED) to determine if there were maturational chang-
es in the parameters of the exponential decline in delta power 
(and separately theta power) across consecutive NREMPs of 
the night. In this analysis, standardized power in each NREMP 
was the dependent variable, and midpoint of the NREMP and 

the subjects’ ages at which each recording occurred were in-
dependent variables. This analysis generated estimates (and 
standard errors) for the process S parameters SWA0, Tauδ, and 
SWA∞ and determined whether these parameters changed sig-
nificantly with age. In this advanced analysis that simultane-
ously evaluated both the exponential decline across the night 
and the age effects on this decline, age changes were evaluated 
using a linear model with an intercept at age 9 years. A separate 
analysis for theta power determined estimates of TWA0, Tauθ, 
and TWA∞ and whether they changed significantly with age. 
In yet another separate analysis, we included a cohort factor in 
order to evaluate whether the 2 cohorts differed in the param-
eters of the exponential decline and the age effects on these 
parameters.

Mixed-effect analysis refers to a combination of fixed effects 
and random effects such that the fixed effects account for the 
main effects of the study factors and the random effects account 
for the variance between subjects. The advanced nonlinear 
analysis was conducted with SWA0 and Tauδ as random effects, 
i.e., accounting for the between subject variance in these 2 pa-
rameters. The analysis also accounted for the covariance be-
tween SWA0 and Tauδ because the standardization of the data 
creates an interaction such that subjects with a higher SWA0 
tend to have a lower Tauδ. Similar random effects and inter-
actions in TWA0 and Tauθ were used for the analysis of theta 
trends. Previous analyses of the exponential decline in EEG 
power across NREMPs have not explicitly used methods that 
recognize that the consecutive NREMP data are repeated mea-
sures on the same subject, nor have these analyses recognized 
that the parameters of the exponential decline are necessarily 
correlated when the data are standardized. Because the present 
study appears to be the first to analyze the process S equation 
parameters with mixed-effect analysis, the SAS NLMixed pro-
gram for the analysis of age changes in the process S param-
eters for delta EEG is included as supplemental information. 

Table 1—Mean age and standard deviation (SD) at the 12 semiannual 
recordings for both the C9 and C12 cohorts. 

Cohort C9 Cohort C12

Recording N
Mean age 

(years) SD N
Mean age 

(years) SD
1 29 9.32 0.20 37 12.29 0.19
2 29 9.82 0.21 35 12.80 0.20
3 29 10.35 0.23 33 13.33 0.20
4 25 10.88 0.21 36 13.86 0.22
5 28 11.40 0.24 32 14.37 0.24
6 27 11.93 0.25 37 14.87 0.22
7 28 12.41 0.27 33 15.33 0.20
8 26 12.94 0.25 32 15.88 0.24
9 26 13.53 0.29 31 16.43 0.21

10 26 13.98 0.30 27 16.95 0.20
11 24 14.48 0.32 30 17.46 0.23
12 22 14.96 0.32 31 17.95 0.26

The number (N) of nights analyzed at each recording period are also 
shown. Data analyzed were from 713 nights with 5 complete NREM 
periods from 67 subjects.
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are plotted versus mean subject age at that recording. This pre-
sentation may give the incorrect impression that age was treated 
as a categorical variable. However, in all statistical analyses, 
age was a continuous variable. 

RESULTS

Age Effects on All-Night Power in Delta and Theta Bands during 
NREM Sleep

EEG power in the delta (1-4 Hz) frequency band during 
NREM sleep declined steeply and significantly (F1,645  =  405, 
P < 0.0001) across adolescence (Figure 1A). Between ages 9 
and 18 years, average delta power declined 69%. NREM theta 
(4-8 Hz) EEG power also declined steeply and significantly 
(F1,645 = 351, P < 0.0001) between ages 9 and 18 years (Figure 
1B). For both delta and theta EEG, average power for the 2 co-
horts was similar between ages 12 to 15 years where the cohort 
ages overlap, and the age related decline did not differ (delta 
P = 0.09, theta P = 0.11) between cohorts. All further analyses 
were conducted on standardized data. This standardization al-

Time course of maturational changes in process S parameters 
We tested if a linear model for the age change in process S 

parameters was the best model by comparing the BIC fit sta-
tistic from the linear model to the BIC fit statistic from models 
with centered age squared, centered age cubed, square root of 
centered age, natural log of centered age, and exponential cen-
tered age. We further evaluated the pattern of the age change in 
the process S parameters by determining the parameters at each 
recording period and plotting these values versus the mean age 
at each recording period. Nonlinear mixed-effect analysis with 
SWA0 (or TWA0) as the random effect estimated the process S 
parameters at each semiannual recording period (i.e., without 
an age factor) for each cohort. 

Data Presentation
Graphically presenting the data for 5 cycles for all subjects 

or for all 12 recording periods would produce an overwhelming 
number of figures. Figure 3 compares mean data from the first 
recording from the C9 cohort with the twelfth recording from 
the C12 cohort. In Figures 1, 2, and 4, values at each recording 

Figure 1—Age related decline in all night (cycles 1-5) average NREM 
delta (1-4 Hz) power and theta (4-8 Hz) power. Mean (± SE) power at 
each semiannual recording is plotted against mean age for both the C9 
(circles, solid lines) and C12 (triangles, dashed lines) cohorts. Both delta 
(A) and theta (B) power declined massively and significantly. 

Figure 2—Age-related decline in NREMP1 energy as a percent of total 
energy in NREMPs 1-5. Format is similar to Figure 1. A. Percent delta 
energy in NREMP1 declined across adolescence. B. Percent theta 
energy in NREMP1 also declined across adolescence. Cohort differences 
were not significant.
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per year. Tauθ increased with age but this increase did not reach 
the 0.01 level of significance. These age-related changes in the 
exponential decline in power are shown in Figures 3A (delta) 
and 3B (theta), which compare the across-NREMP exponential 
decline in standardized power between the first recording from 
the C9 cohort and the twelfth recording from the C12 cohort. 

Time course of maturational changes in process S parameters 
In the above evaluation of maturational changes in process 

S parameters, we used a simple linear model for age with age 
“centered” by subtracting 9 years from all ages. Examining 
the fit statistic, BIC, when other age models (e.g., squared or 

lowed us to examine the age related changes in delta distribu-
tion across the night independently of the decline in absolute 
power across age.

Age effects on the proportion of spectral energy in NREMP1 
The proportion of NREM delta energy in NREMP1 de-

creased significantly (F1,645 = 18.8, P < 0.0001) across adoles-
cence (Figure 2). From approximately 50% at age 9 years, the 
percent of total delta energy in NREMP1 decreased by about 
1 (0.95 estimate  ±  0.22 standard error) percentage point per 
year. The age cohorts did not differ in the intercept (F1,65 = 1.1, 
P = 0.30) or the rate of decline (F1,644 = 0.30, P = 0.59). The de-
crease in NREMP1 total energy resulted from both a NREMP1 
shortening (F1,645 = 9.4, P = 0.0023) and a NREMP1 standard-
ized power decline (F1,645 = 16.2, P < 0.0001). Also, the propor-
tion of NREM theta energy in NREMP1 decreased significantly 
(F1,645  =  80.0, P  <  0.0001) by approximately 1.2 percentage 
points per year across adolescence. For theta there was also no 
significant cohort effect in the intercept (F1,65 = 0.9, P = 0.34) or 
the decline rate (F1,644 = 0.18, P = 0.67).

Age effects on process S parameters 
Average standardized delta and theta power declined ex-

ponentially across the 5 NREMPs of the night (Figure 3). As 
noted in the introduction, this decline has been described by 
an exponential equation with the parameters SWA0, Tau, and 
SWA∞. Age effects on these parameters were tested with non-
linear mixed-effect analysis. The results, including P-values, 
are shown in Table 2. For standardized delta power, SWA0 de-
clined significantly by an average rate of about 7 percentage 
points per year. SWA∞ increased with age, but this increase did 
not reach the 0.01 level of significance. Tauδ did not change 
significantly with age. Compared to the age change in the delta 
power decline, the age change in the theta power decline was 
larger and statistically more robust. TWA0 declined signifi-
cantly by about 10 percentage points per year. The asymptote, 
TWA∞, increased significantly by about 1½ percentage points 

Table 2—Results of nonlinear mixed effect analysis of the age effects on 
across night exponential decline in standardized delta (1-4 Hz) power and 
theta (4-8 Hz) power. 

Curve Fit Test of Age Effects

Delta
Estimated 

Age 9 Value 
Standard 

Error
Change 
per year t65 P

SWA0 (%) 329 9.2 −7.4 −5.95 < 0.0001
Tau (min) 94 4.6 1.0 1.4 0.16
SWA∞ (%) 32 2.2 0.9 2.3 0.024

Theta
TWA0 (%) 276 4.9 −9.7 −13.2 < 0.0001
Tau (min) 75 3.1 1.1 2.1 0.044
TWA∞ (%) 59 1.0 1.6 8.9 < 0.0001

The table shows the estimated values at age 9 for the parameters of 
the exponential decline and how these parameters changed with age 
between 9 and 18 years. For both delta (SWA0) and theta (TWA0), 
standardized power at the start of the night declined significantly with 
age. Bold type indicates a significant (α = 0.01) age effect.

Figure 3—Mean (± SE) standardized power in each NREMP is plotted 
against time from sleep onset for the 1st recording from the C9 cohort 
(mean age 9.3 years; circles, solid lines) and 12th recording from the 
C12 cohort (mean age 17.9 years; triangles, dashed lines). Data at each 
NREMP are standardized as a percent of average power in NREMPs 1-5. 
Data are plotted at the average NREMP midpoint. Lines are exponential 
curves fit by nonlinear mixed-effect analysis. For delta power (A), the 
across-NREMP power decline began at lower starting point in the older 
subjects. This age-related change is even more pronounced for the 
across-NREMP theta power decline (B).
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periment raises the possibility of a seasonal contribution to the 
variability between recordings. We tested for this possibility 
by adding a seasonal factor to the analysis of age effects on the 
process-S parameters. SWA0 did not vary by season whether we 
compared spring and summer to fall and winter (P = 0.70), April 
through August to October through February (P  =  0.91), May 
through July to November through February (P = 0.36), or school 
year to summer vacation (P = 0.21). In all of these analyses the 
relation of SWA0 to age remained significant at P < 0.0001.

DISCUSSION
We used longitudinal data from two age cohorts to evaluate 

adolescent maturational changes in the regulation of delta and 
theta EEG across NREMPs. The proportion of delta in the first 
NREMP declined across ages 9 to 18 years, and the peak nor-
malized delta power at the start of the night (SWA0) declined 
significantly with age. Even stronger age changes were found 
for normalized theta EEG power. In the following discussion, 
we interpret these age changes in the two main homeostatic fre-
quency bands as reflecting maturational changes in homeostatic 
sleep regulation. We propose that these changes are manifesta-
tions of the pervasive adolescent brain reorganization driven by 
synaptic pruning, originally hypothesized in 1982.29 

Both visually scored slow wave sleep3,30 and computer mea-
sured slow wave EEG activity2,5-7 decline steeply across adoles-
cence. Our longitudinal data from age 9 to age 18 years show a 
strong age related decline in both NREM delta and NREM theta 
power. Our previous nonlinear analysis found that the adoles-
cent decline in delta power occurred later than the theta power 
decline.8 In the current analysis we use a linear model to simply 
document the age-related declines in power. The huge (69% 
decline) reduction in delta power across a 9-year age range em-
phasizes the importance of standardizing the data to remove the 
strong age effect on power in order to determine if the distribu-
tion of power across the night changes with age.

Had the adolescent decline in delta power been equally 
distributed across the night, the standardized delta decline 

natural log) were used, showed that none of these other models 
provided a better fit than the linear model (Table 3). In order to 
examine more closely the time course of the process S changes, 
we fitted an exponential curve to the data at each recording pe-
riod. Figure 4 shows the time course of the age change in SWA0, 
and TWA0, the parameters most significantly affected by age. 
SWA0 showed an overall decline from age 9 to age 18 years. 
However, the parameter is quite variable, changing greatly 
from one recording to the next and having a large between-sub-
ject variance as shown by the large standard errors. Despite the 
large cohort difference apparent at some recordings at which 
the ages overlap, e.g. 15 years, the age change in SWA0 did not 
show a significant (t65 = −0.55, P = 0.59) cohort difference. As 
can be seen in Figures 2 and 4, the maturational time course of 
SWA0 was quite similar to the maturational time course of the 
proportion of delta energy in NREMP1. 

Because light exposure affects slow wave EEG dynamics 
across the night,28 the semiannual recording design of our ex-

Figure 4—Nonlinear mixed-effect analysis estimates (± SE) of SWA0 
(A) and TWA0 (B) for C9 (circles, solid lines) and C12 (triangles, dashed 
lines). Both process S parameters show a general decrease with age, but 
the effect is variable. Differences between the C9 and C12 cohorts in the 
3 year period when the cohorts overlap are not statistically significant but 
further demonstrate the variability.

Table 3—Goodness of fit (BIC, smaller is better fit) for different models 
of age change in process S parameters and significance of age change 
in the parameters. 

Model BIC Fit SWA0 Tauδ SWA∞

Age-8.8 34661 < 0.0001 0.16 0.024
(Age-8.8)2 34679 < 0.0001 0.31 0.0077
(Age-8.8)3 34684 < 0.0001 0.58 0.0028
(Age-8.8)1/2 34672 < 0.0001 0.10 0.11
(Age-8.8)-1 34714 0.54 0.58 0.53
ln(Age-8.8) 34692 0.0008 0.16 0.43
e(age-8.8) 34703 < 0.0001 0.70 0.0014

The linear model of age change (centered by subtracting 8.8 years) 
provided the best fit. The age change in SWA0 was significant for all 
models except inverse of age. Bold type indicates a significant (α = 0.01) 
age effect. To avoid square roots and logs of negative numbers, age was 
centered by subtracting 8.8, the youngest age at which a subject was 
recorded, rather than 9.0.
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neuronal populations whose membrane potentials oscillate in 
synchrony. In addition, changes in synaptic density affect brain 
activity during waking and, thereby, indirectly contribute to the 
sleep homeostasis patterns reflected in the decline in delta pow-
er across the night. Declining synaptic density would decrease 
the neuronal flux of waking brain activity and thereby decrease 
the need for sleep-dependent recuperation by providing less 
“substrate” for the recuperative process. This reduced substrate 
would lower the initial rate of recuperation, decreasing SWA0. 
It is consistent with this model that synaptic density, waking 
cerebral metabolic rate and delta wave amplitude decline in 
parallel across adolescence.34 Using Tononi and Cirelli’s35 syn-
aptic homeostasis model of sleep to interpret the current data, 
younger adolescents with higher synaptic density accumulate 
synaptic weight more rapidly. This higher synaptic weight at 
the end of a normal day would position the younger subjects 
higher on the recuperation curve (as does sleep deprivation) and 
produce a greater proportion of delta energy in NREMP1 and 
a higher SWA0.

As we have noted previously, our longitudinal data show 
a significant reduction in sleep duration across adolescence.21 
This reduction raises the possibility that the SWA0 decline is re-
lated to reduced sleep duration rather than age. However, sleep 
deprivation increases SWA0.

31 Declining sleep duration across 
adolescence would likely act to increase rather than decrease 
SWA0. A post hoc analysis that added a sleep duration factor 
to our analysis of age effects on the process S parameters con-
firmed that the decline in SWA0 was not related to the change in 
sleep duration. The change in SWA0 with age remained signifi-
cant (P < 0.0001) when changes in sleep duration were statisti-
cally controlled.

Theta, like delta, responds homeostatically to sleep depriva-
tion.10 The preceding discussion of age-related changes in the 
homeostatic regulation of delta applies equally to theta. Com-
pared to delta, the decline in the proportion of theta energy in 
NREMP1 was slightly larger, and the yearly decline in TWA0 
exceeded the yearly decline in SWA0. We previously reported 
that the maturational reduction in theta power begins earlier than 
the reduction in delta power.8 All-night delta power begins to 
decrease after age 11 years, whereas theta power begins to de-
crease well before age 10 years. We hypothesize that the earlier 
and more reliable changes in theta regulation are due to earlier 
synaptic pruning in theta circuits and might parallel the earlier 
MRI measured thinning of allocortical (3-layer) structures.36

The decline of standardized delta across the night docu-
mented here was not detected in previous cross-sectional stud-
ies.6,18,37 As shown in Figure 4, the parameters of this model 
have substantial variability between subjects and from one 
semiannual recording to the next. This is in stark contrast to the 
adolescent decline in all-night delta and theta power (Figure 1), 
where the data from the two cohorts are highly similar in the 
three years of overlap. Only the increased power of a larger 
N and a longitudinal design using 12 repeated measurements 
allowed us to detect the age-related decline in SWA0. We dis-
cuss below the inherent variability of the across night decline 
in delta EEG. This variability impairs our ability to describe 
the time course of the adolescent decline in SWA0. Although 
the linear model of age change produced the best fit, one would 
need a larger subject pool using a consistent EEG derivation 

across NREMPs would not have changed. In that case, the first 
NREMP in a 9-year-old would have provided proportionally 
the same amount of recuperation (delta energy) as that in an 
18-year-old. The current data show that this is not the case. The 
proportion of delta energy in NREMP1 is higher at younger 
ages and declines across adolescence. Thus, not only does all 
night slow wave EEG activity decline across adolescence, but 
the regulation of slow wave EEG within the night also changes. 
The decline in the proportion of NREMP1 delta energy results 
from both a shortening of NREMP1 and a decline in the stan-
dardized delta power in NREMP1. Feinberg3 recognized the 
importance of NREMP1 delta by noting that the age differences 
in the across-night trends in slow wave sleep duration, NREMP 
duration, and REMP duration entirely depend on the difference 
in the first NREMP. 

The maturational change in homeostatic regulation of sleep 
within the night is also reflected in the age-related decline in 
SWA0, the process S parameter that represents the rate of delta 
production at the start of the night. SWA0 is closely related to 
the proportion of delta in NREMP1, as demonstrated by the 
similarity of the trends in Figures 2 and 4. The age-related de-
cline in SWA0 further indicates that, at age 9 compared to age 
18, the recuperative processes reflected by the 1-4 Hz EEG are 
more concentrated in the first part of the night. Despite the fact 
that Tauδ (the time constant or shape of the decline) does not 
change, the SWA0 decrease indicates a reduction in the rate of 
across-NREMP decline of normalized delta because the delta 
decline is initiated at a lower level and falls to a similar or high-
er asymptote.

In a recent study on the effects of age on delta EEG homeo-
stasis, Jenni et al.18 reported that process S, homeostatic sleep 
pressure, builds up more quickly across the day in younger 
children (mean age 11.9 years) than in adolescents (mean age 
14.2 years). Furthermore, children showed a smaller delta EEG 
response to sleep deprivation than did adolescents. The authors 
concluded that, compared to adolescents, younger children are 
closer to their maximum delta capacity after a normal day. Inte-
grating our current findings with their data suggests the follow-
ing model of the effects of adolescent brain maturation on slow 
wave sleep homeostasis. Homeostatic sleep need accumulates 
rapidly in pre-adolescents who then begin the night’s sleep at 
a high initial rate of recuperation. As children progress through 
adolescence, homeostatic need accumulates more slowly, and 
they begin their recuperation at a lower rate, as indicated by 
the decline in the proportion of delta in NREMP1 and in the 
decline in SWA0. 

Sleep deprivation is the classic stimulus for increasing ho-
meostatic need. Interestingly, sleep deprivation produces a 
similar effect as does youth, i.e., an increase in SWA0 with-
out a change in Tau.31 We are not proposing that preadolescent 
children are sleep deprived. Unlike sleep deprived adults, these 
children remain alert throughout the day. The children’s high 
level of waking brain activity, reflected in their higher rate of 
cerebral metabolism,32,33 would cause homeostatic sleep need to 
accumulate to high levels by the time the children go to sleep. 

We have long interpreted the high levels of delta EEG and 
the high rates of brain metabolism in pre-adolescents as the re-
sult of high levels of synaptic density.29 High synaptic density 
would directly elevate delta power by increasing the size of the 
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to firmly determine whether the decline proceeds linearly or 
is more complex. Despite the variability of the process S pa-
rameters, the declines of SWA0 and TWA0 across adolescence 
were highly significant (P < 0.0001). We are not as certain with 
regard to age changes in asymptotes and the time constants of 
the declines across the night. These process S parameters were 
either significant for theta and not for delta or approached but 
did not reach a significance level of 0.01. Although this study 
with 713 nights from 67 subjects included much more data 
than any previous analysis of adolescent age changes in slow 
wave EEG regulation, a still larger sample might be needed to 
determine whether the process S asymptote and time constant 
change across adolescence.

Although mixed-effect analysis accommodates repeated 
measurements from individual subjects, the resultant curve 
represents the average trend across NREMPs. Modeling aver-
age data obscures important properties of the across NREMP 
decline that are apparent in the individual subjects’ data.24,38 In 
our adolescent data, delta power rarely declines in a smooth 
exponential manner across consecutive NREM periods in in-
dividual subject nights. Indeed, Preud’homme et al.39 recently 
demonstrated that a declining exponential is not an appropriate 
function for a single night of human sleep. In our recordings 
from children and adolescents, delta power is almost always 
highest in the first NREM period, but the delta power in the 
second NREM period does, on rare occasions, exceed that in 
the first. A more frequent deviation from exponential decline 
is greater delta power in the third than in the second NREM 
period. The recuperative processes of sleep may be interrupted 
by internal and external factors that disrupt sleep and lower the 
delta power within a NREM period causing deviations from 
the exponential decline. Such interruptions might produce 
a delta debt that is compensated for later in the night. Thus, 
Dijk and Beersma40 demonstrated that disruption of slow wave 
sleep without waking the subject produces an increase in slow 
wave activity in subsequent sleep. In group data, the timing 
of any external and internal disruptions would average out to 
produce a smooth exponential decline. However, one of us (IF) 
has raised the possibility that the original hypothesis of an ex-
ponential decline based on a metabolic model is incorrect.38 
The pattern of delta decline across NREMPs in individuals 
may ultimately prove more consistent with the irregularity of a 
pulsatile endocrine model.38 

In summary, our longitudinal study used 713 nights of data 
from 67 subjects covering the age range 9 to 18 years. The 
maturational decline in the proportion of delta energy in the 
first NREMP and the maturational decline in SWA0 firmly 
establish that homeostatic sleep regulation changes across 
adolescence.
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Figure S1—Plots of the exponential decline equation SWAt = (300 - 30) 
* e-t/100 + 30 (solid lines) compared to plots (dashed lines) of the equation 
with 25% changes in the parameters Tau, SWA0, or SWA∞. A. Tau is 
increased from 100 min to 125 min. B. SWA0 is decreased from 300% to 
225%. C. SWA∞ is increased from 30% to 37.5%.

Figure S2—Frequency response curves for the H2O (solid circles) and 
Aura (open circles) amplifiers. Mean (+/- s.e., n = 15 channels) output 
amplitude as a percent of input amplitude is plotted against frequency on 
a log scale. Filtering on the H2O and Aura is very similar across 1-8 Hz, 
corresponding to delta and theta EEG frequencies. The greatest disparity 
is the 2% difference at 1 Hz. Low frequency filters for both the Aura and 
H2O are single pole filters with a -3 dB point at 0.5 Hz and a 6 dB/octave 
slope. High frequency filtering on the Aura and H2O eliminates possible 
aliasing in the delta and theta frequency range. The Aura has a three pole 
high frequency filter with a -3 dB point at 100 Hz and an 18 dB/octave 
slope. Based on the frequency response curve, the -3 dB point for the 
H2O high frequency filter is at approximately 55 Hz.
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data c9c12_5cyc;	
	 set cyclesAL.c9c12_5cyc;
	 centerA = 9;
	 agec = age - centerA;
run;

Proc NLmixed data=c9c12_5cyc;
parms betaAo=300 betaTau=100 betaAsym=35 S2bo=1000 s2bt=100 cbobt=-100

s2=1000 Go=0 GT=0 GA=0;
 Ao=(betaAo+bo+Go*agec);
 Tau=(betaTau+bt+GT*agec);
 Asym=(betaAsym+GA*agec);
 pred=(Ao-Asym)*(exp(-NR_pmp/Tau))+Asym;
 model NR_P14Pc ~ normal(pred,s2);
 random bo bt ~ normal([0,0],[S2bo,cbobt,S2bt]) subject=subject;
run;

SUPPLEMENTAL STATISTICAL INFORMATION
We used SAS proc NLMixed to evaluate age changes in pro-

cess S parameters. In the following SAS program the dependent 
variable is standardized NREM delta power (NR_P14Pc). Inde-
pendent variables are NREM period midpoint (NR_pmp) and 
subject age in years centered by subtracting 9. For details on the 
procedure see SAS v.9.1 example 51.1.


