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MRI and waking EEG measures by recording both in healthy 
individuals ages 10 to 30 years.4 In this study, 2 min of awake 
eyes closed EEG was recorded in subjects who had undergone 
an MRI scan. This study found a decline in EEG power and cor-
tical gray matter with age, and the authors attributed both find-
ings to synaptic pruning. A more recent study confirmed this 
association by examining the relationship between the sleeping 
EEG and MRI in 41 healthy children and adolescents ages 8 
to 19 years.11 An expected decline in EEG spectral power and 
gray matter volume was found across age. These authors also 
reported a significant correlation of delta power (1-4.5 Hz) at 
derivation C4 and gray matter volume in a number of cortical 
regions, suggesting that sleep EEG activity is a reliable index of 
the structural changes in the brain.

Indeed, because the EEG is a measure of synchronous syn-
aptic activity, reduced EEG signal amplitude likely reflects 
decreased number of synapses. A number of cross-section-
al waking EEG studies support this association, showing a 
diminution of EEG spectral power with increasing age.9,12-14 
Furthermore, this decline in EEG spectral power appears for 
most frequencies, supporting the notion that the EEG reflects a 
global process, such as synaptic pruning. For example, a cross-
sectional study by Boord et al.9 examined waking EEG power 
in 1831 subjects, ages 6 to 86 years, and found a decline in 
power with age during adolescence across frequencies in the 
delta (1.4-3.5 Hz), theta (4-7.5 Hz), alpha (8-13 Hz), and beta 
(14.5-30 Hz) bands.

As with MRI studies, waking EEG studies have shown re-
gional differences in the timing of the decline of spectral power. 
One such study examined left and right central and occipital 
electrodes in 222 healthy males ages 4 to 90 years and showed 
that power at the occipital derivations in young children (ages 4 

INTRODUCTION
The human brain enters a new phase in late childhood involv-

ing significant cortical restructuring. That this brain reorganiza-
tion is reflected in the sleep EEG is known for early adolescents 
but less well examined with longitudinal data from older ado-
lescents. The brain—that had until now been building synaptic 
connections—begins to prune them. Postmortem studies in-
dicate that pruning of cortical synapses in the healthy human 
brain across the second decade is expansive throughout the cor-
tex.1 Some have proposed that this process is reflected in MRI 
structural scans as reduced cortical gray matter. Thus, a number 
of cross-sectional2-4 and longitudinal5-7 MRI studies show that 
cortical gray matter declines between the ages of about 9 to 25 
years. Furthermore, the age at which this decline in gray matter 
begins appears to differ among cortical regions.3,5-7 One study 
using a combined longitudinal and cross-sectional approach, 
for example, found that the gray matter decline begins as early 
as 6.8 years in the left occipital pole and as late as 18.1 years in 
the right temporal insula.7

The pruning of synapses across adolescence may be re-
flected in other measures of neural activity, including positron 
emission tomography (PET)8 and the electroencephalogram 
(EEG).4,9,10 One cross-sectional study bridged the gap between 

SLEEP EEG AND PERSISTENCE OF CORTICAL CHANGES IN ADOLESCENCE
doi: 10.5665/sleep.1284

Sleep EEG Provides Evidence that Cortical Changes Persist into Late 
Adolescence
Leila Tarokh, PhD1,2,3; Eliza Van Reen, PhD1,2; Monique LeBourgeois, PhD2,4; Ronald Seifer, PhD2,5; Mary A. Carskadon, PhD1,2

1E.P. Bradley Sleep Research Laboratory, Providence, RI; 2Department of Psychiatry and Human Behavior, The Warren Alpert Medical School of Brown 
University, Providence, RI; 3Institute of Pharmacology and Toxicology, University of Zurich, Zurich, Switzerland; 4Department of Integrative Physiology, 
University of Colorado at Boulder, Boulder, CO; 5E.P. Bradley Hospital, East Providence, RI

Study Objectives: To examine developmental changes in the human sleep electroencephalogram (EEG) during late adolescence.
Setting: A 4-bed sleep laboratory.
Participants: Fourteen adolescents (5 boys) were studied at ages 15 or 16 (initial) and again at ages 17 to 19 (follow-up).
Interventions: N/A
Measurements and Results: All-night polysomnography was recorded at each assessment and scored according to the criteria of Rechtschaffen 
and Kales. A 27% decline in duration of slow wave sleep, and a 22% increase of stage 2 sleep was observed from the initial to the follow-up session. 
All-night spectral analysis of 2 central and 2 occipital leads revealed a significant decline of NREM and REM sleep EEG power with increasing age 
across frequencies in both states. Time-frequency analysis revealed that the decline in power was consistent across the night for all bands except 
the delta band. The decreases in power were most pronounced over the left central (C3/A2) and right occipital (O2/A1) derivations.
Conclusions: Using longitudinal data, we show that the developmental changes to the sleeping EEG that begin in early adolescence continue into 
late adolescence. As with early adolescents, we observed hemispheric asymmetry in the decline of sleep EEG power. This decline was state and 
frequency nonspecific, suggesting that it may be due to the pruning of synapses known to occur during adolescence.
Keywords: Sleep EEG, development, adolescence, spectral analysis
Citation: Tarokh L; Van Reen E; LeBourgeois M; Seifer R; Carskadon MA. Sleep EEG provides evidence that cortical changes persist into late 
adolescence. SLEEP 2011;34(10):1385-1393.

A commentary on this article appears in this issue on page 1287.
Submitted for publication November, 2010
Submitted in final revised form April, 2011
Accepted for publication April, 2011
Address correspondence to: Leila Tarokh, E.P. Bradley Sleep Research 
Laboratory, 300 Duncan Drive, Providence, RI 02906; Tel: (401) 421-
9440; Fax: (401) 453-3578; E-mail: Leila_Tarokh@brown.edu



SLEEP, Vol. 34, No. 10, 2011 1386 Sleep EEG in Late Adolescence—Tarokh et al

tion begins in posterior cortices and proceeds anteriorly. There 
are, however, noteworthy deviations from this pattern: MRI data 
indicate that a majority of the temporal lobe matures after the 
frontal lobes and sleeping EEG data indicate that the posterior 
to anterior progression occurs only for the delta band.17,18 With 
a few exceptions, however, the aforementioned EEG studies 
were cross-sectional, limiting the interpretation of the results 
due to large interindividual variability in EEG power.20,21 The 
aim of the present study was to extend the literature by examin-
ing changes to the sleep EEG in late adolescence. To this end, 
we analyzed all-night sleep EEG in 14 teens who were 15 or 16 
years old, and again 2 to 3 years later at ages 17 to 19 years. We 
examined sleep EEG changes across 4 derivations, the night, 
and a range of frequencies. If the decline in sleep EEG power 
reflects structural changes in the brain (e.g., declines in corti-
cal gray matter volume), this decline should be nonspecific for 
state and frequency. Furthermore, evidence from imaging stud-
ies indicates that the extent and timing of the diminution of cor-
tical gray matter is region specific. Therefore, we hypothesized 
that we would observe regional differences in the reduction of 
sleep EEG power in late adolescents.

METHODS

Participants
Participants were recruited using flyers, mailings to previous 

participants, and radio and newspaper advertisements. Exclu-
sion criteria assessed using questionnaires included a current or 
chronic illness, evidence of learning disability, sleep disorder, 
or a pattern of insufficient sleep or excessive daytime sleepiness 
as indicated by sleeping < 8 h nightly and/or taking ≥ 2 naps per 
week. Additional exclusion criteria included a personal or fam-
ily history of psychopathology as assessed through the depres-
sion, psychosis and alcohol abuse/dependence modules from 
the Structured Clinical Interview for DSM-IV22 and the Family 
History Screen.23

Fourteen participants, ages 15 to 16 years (mean 15.8, SD 
0.5) at the time of the initial recording and 17 to 19 years (mean 
18.3, SD 0.6) at the time of the follow-up recording participated 
in this study (Table 1). Ten participants were white, 3 were mul-
tiracial, and 1 was black. Nine girls and 5 boys participated in 
this study. The Lifespan Institutional Review Board for the Pro-
tection of Human Subjects approved all procedures, informed 
consent was obtained from the participants and their parents, 
and participants received monetary compensation.

Procedures
Participants slept in the lab on 2 separate occasions, initially 

when they were 15 or 16 years old (referred to as the Initial 
recording throughout this paper) and again 26 to 33 months 
(mean 30, SD 1.7) later (referred to as the Follow-up recording 
throughout this paper). Before the sleep lab assessments, partic-
ipants slept on a schedule of ≥ 9 h time in bed (TIB) for at least 
one week, using the participants’ school day rise time to anchor 
scheduled sleep. Scheduled time in bed was the same at both 
assessments (see Table 2), although the precise bed and rise 
times may have varied. The in-lab mean bedtime and rise times 
at the initial session were 21:42 (SD 23 min) and 06:42 (SD 
23 min), respectively, while at the follow-up session bedtime 

to 8) exceeded power at central derivations; by adulthood, how-
ever, the occipital-central differences were minimal.14 The com-
bination of crude age categorization (13- to 17-year-olds in one 
category and 18- to 30-year-olds in another category) and the 
cross-sectional nature of the study limit the assessment of EEG 
power changes during adolescence. Another cross-sectional 
study recorded waking EEG at 8 derivations (F4, F3, C3, C4, 
Cz, Pz, O2, and O1) across a narrower age range (6 to 17 years) 
in 158 healthy individuals.12 This study provided evidence for 
a decline in EEG power that began in posterior electrodes (O1 
and O2) and progressed towards the frontal regions with age. 
In summary, waking EEG studies indicate that the decline in 
power is frequency nonspecific and shows a posterior to ante-
rior progression of the change.

When the sleep EEG has been examined in cross-section-
al and longitudinal samples, similar declines of EEG power 
with increasing age have been reported. The cross-sectional 
study of Gaudreau and colleagues15 recorded sleeping EEG in 
54 participants, including children (6-10 years), adolescents 
(14-16 years), young adults (19-29 years), and middle-aged 
adults (36-60 years). They reported greatest NREM sleep EEG 
power in all frequency bands examined (delta, theta, alpha, and 
sigma) for children compared to the older groups, and EEG 
spectral power for the adolescent group was in between the 
children and young adult groups. One EEG electrode (left 
central, C3/A2) was used; therefore, no regional information 
was available. Another cross-sectional study, using the same 
electrode derivation, found that prepubertal children (mean 
age 11.3 years) had less NREM and REM sleep EEG spectral 
power than mature adolescents (mean age 14.1 years) across a 
range of frequencies.16 Kurth and colleagues17 recorded high-
density sleep EEG (109 derivations) in 55 subjects ages 2.4 
to 19.4 years. As in other studies, this cross-sectional analysis 
showed a frequency-nonspecific spectral power decline in chil-
dren over age 10 years.

Several groups have reported findings from sleep EEG re-
corded in longitudinal studies. Feinberg et al.18 examined sleep 
in 2 cohorts studied at 6-month intervals spanning ages 9 to 18 
years, with an overlap at ages 12 to 15 years. The sleep EEG 
signal was examined for 2 frequency bands (delta = 1-4 Hz and 
theta = 4-8 Hz) at 5 EEG derivations (Fz, Cz, C3, C4, and O1) 
during NREM sleep. They found delta and theta power density 
declined with age in both cohorts; however, the decline began 
earlier in the theta band. Delta, but not theta, power showed 
a “back to front” pattern, with O1 as the first place the power 
decline began and Fz as the last. Furthermore, they report that 
the rate of decline in delta and theta power slowed after the 
age of 16.4 years.19 Tarokh and Carskadon20 used longitudinal 
data to show reduction of NREM and REM sleep EEG power 
across frequencies from 1 to 16 Hz in children ages 9 or 10 fol-
lowed up 1.5 to 3 years later. They also examined power at 4 
derivations (left/right central and occipital) and showed that the 
decline in power was asymmetrical, with the greatest change 
in power occurring at the right occipital and left central deriva-
tions for NREM and REM sleep and for most frequencies.

The overall picture emerging from the study of waking and 
sleep EEG in adolescence is a state-independent, frequency-
independent decline in power with age. Furthermore, data from 
EEG and MRI studies indicate that adolescent cortical matura-
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Definition of the Sleep Cycles
Sleep cycles were defined using a modified version of the 

criteria of Feinberg and Floyd.25 A NREM sleep episode was 
required to last 15 min, beginning with stage 2 and ending with 
the occurrence of a REM sleep epoch. Furthermore, the defini-
tion of Feinberg and Floyd requires that a REM sleep episode 
(with the exception of the first REM episode) last ≥ 5 minutes. 
We modified these criteria, such that a REM sleep episode of 
any length signaled the end of a NREM sleep episode. An accu-
rate assessment of the sleep EEG spectra, however, requires ≥ 3 

was 22:10 (SD 49 min) and rise time was 07:12 (SD 54 min). 
This schedule was maintained for at least one week prior to the 
in-lab. Compliance to the sleep schedule was confirmed using 
sleep diaries, continuous wrist actigraphy, and daily phone calls 
to the lab’s time-stamped answering machine at rise times and 
bedtimes. On study days, participants were well slept, healthy, 
and taking no medications. Participants slept in individual 
darkened bedrooms while polysomnography (PSG) was re-
corded for 2 nights on each occasion. The first night included 
a screen for sleep related breathing abnormalities and periodic 
limb movements using oral/nasal thermocouples, and leg 
electromyogram (EMG), respectively. No sleep disorders 
were detected, i.e., participants experienced few apneas or 
hypopneas (AHI < 5), no sleep onset REM episodes, and 
no signs of periodic limb movements or parasomnias. The 
data from the second night are reported here for all partici-
pants, except for one (subject 14) in which the adaptation 
night was used at the follow-up session due to an extended 
bout (67 min) of wakefulness on the baseline night.

Polysomnography (PSG) Recording
Right and left electrooculogram (EOG), electromyo-

gram (EMG; mentalis, submentalis), and electrocardio-
gram (ECG) along with 2 central (C3/A2 and C4/A1) and 
2 occipital (O1/A2 and O2/A1) EEG electrodes placed ac-
cording to the international 10-20 system24 were recorded. 
The recordings were performed on 2 separate systems. The 
initial recordings were performed using the Albert Grass 
Heritage System (Astromed, Grass, West Warwick, RI) 
with GAMMA software. The signals were collected and 
stored at a sampling frequency of at least 100 Hz, filtered 
with Grass Model 8 amplifiers (high-pass EEG filter, 0.3 
Hz; low-pass EEG filter, 35 Hz; notch filter 60 Hz) and 
digitized online (12 bit AD converter; Butterworth filter, 
−12 dB/octave; low pass-filter, −6 dB at 35 Hz, time con-
stant 1.0 s). All follow-up recordings were performed on 
the TWin system (Astromed, Grass, West Warwick, RI) us-
ing TWin AS40 bedside amplifiers, from which the signals 
were collected digitally with a sampling frequency of 400 
Hz and filtered offline 
(high-pass EEG filter 
0.3 Hz; low-pass filter 
35 Hz; notch filter 60 
Hz). Electrode imped-
ance values were below 
10 KΩ. A known signal 
was input into both sys-
tems simultaneously to 
assess whether signals 
from the two systems 
were comparable. Sig-
nals from the 2 systems 
were in good agreement 
from 0.2 to 16 Hz; how-
ever, small discrepan-
cies emerged at higher 
frequencies. Therefore, 
spectral power > 16 Hz 
was not examined.

Table 1—Individual and mean data for all participants

Subject Sex Age1 Age2

NREM 
Power 

Change

Spindle 
1 

(Hz)

Spindle 
2 

(Hz)
S1 F 16.6 19.2 -3.4 13.4 13.8
S2 F 16.6 19.3 -25.7 13.4 13.4
S3 F 15.1 17.6 -26.2 13.2 13.6
S4 M 15.2 17.7 -13.0 12.8 12.8
S5 M 15.3 17.9 -16.2 12.8 13.0
S6 F 15.4 17.9 -48.5 13.0 14.0
S7 F 15.4 17.8 -17.4 13.6 14.2
S8 M 15.6 18.1 -19.9 13.0 13.2
S9 F 15.6 18.1 -14.7 12.6 13.0
S10 M 15.8 18.4 -19.9 13.4 13.4
S11 M 15.9 18.1 -27.7 13.0 13.0
S12 F 16.2 18.9 -17.3 13.0 14.2
S13 F 16.3 18.8 -21.2 13.6 14.0
S14 F 16.4 19.1 -19.9 13.6 14.2
Mean N/A 15.8 18.3 -20.8 13.2 13.6
Std N/A 0.5 0.6 10.1 0.3 0.5

Age1, Age at the initial assessment (years); Age2, Age at the follow-up assessment 
(years); NREM Sleep Power Change, Percent change in mean power from the 
initial to the follow-up assessment from 0.6 to 16 Hz at electrode C3/A2; Spindle 
1, Frequency of the peak in the sigma band at the initial assessment; Spindle 2, 
Frequency of the peak in the sigma band at the follow-up assessment.

Table 2—Sleep stage variables

Sleep Variable Initial Follow-Up P-values
Girls Boys Girls Boys Sex Time Sex × Time

Stage 1 35 (11) 28 (7) 43 (10) 32 (9) 0.02 0.11 0.65
Stage 2 226 (35) 205 (40) 259 (40) 261 (18) 0.51 0.004 0.42
SWS 156 (30) 180 (49) 115 (28) 125 (39) 0.23 0.002 0.60
REM 99 (17) 103 (18) 107 (44) 101 (22) 0.97 0.79 0.67
WASO 10 (13) 7 (6) 18 (36) 6 (6) 0.38 0.70 0.64
Sleep latency 7 (4) 10 (6) 11 (5) 6 (5) 0.67 0.86 0.07
REM sleep latency 165 (51) 161 (36) 141 (50) 165 (50) 0.59 0.62 0.46
Total sleep time 516 (11) 517 (7) 524 (58) 520 (11) 0.88 0.67 0.85
Total recording Time 540 (< 1) 541 (1) 557 (40) 540 (< 1) 0.38 0.39 0.35

Means (standard deviations) in minutes and p-values of sleep stage variables. SWS, slow wave sleep; WASO, wake after 
sleep onset; Sleep latency, time in minutes to the first 1.5 consecutive minutes of stage 1 or first stage 2; Sex, main effect 
of sex (male versus female); Time, main effect of recording session (Initial versus Follow-up); Sex × Time, Interaction of 
sex and time.
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The large number of statistical tests raises the issue of mul-
tiple comparisons; however, traditional approaches to correct 
for multiple comparisons such as the Bonferroni correction are 
too conservative for EEG data because they are based on the as-
sumption that each sample is independent. Furthermore, Maris 
and Oostenveld29 have shown that such nonparametric tests as 
the bootstrap applied to EEG and MEG data control the false 
alarm rate. Nonetheless, we addressed the issue of multiple 
comparisons in two ways: first, we reported statistically signifi-
cant effects only when they were present at the same frequency 
for multiple electrodes or at adjacent frequency bins; second, 
we reported P-values so that the magnitude of the statistical 
significance would be apparent.

We also assessed whether the age-related decline in sleep 
EEG power was consistent across the night. Thus, we averaged 
spectra within each of the first 4 NREM sleep and first 3 REM 
sleep episodes and performed an ANOVA at each frequency bin 
with factors episode (1-4 for NREM sleep, and 1-3 for REM 
sleep) and assessment (initial versus follow-up). We examined 
the interaction term to assess whether the developmental de-
cline in power was the same across episodes.

RESULTS

Sleep Stage Variables
As noted in the methods section, total recording time and 

total sleep time were nearly identical at both assessments (Ta-
ble 2). In contrast, we found a significant decline in minutes 
of slow wave sleep (P = 0.002) and a significant increase in 
minutes of stage 2 sleep (P = 0.004) with maturation. Within-
subjects calculations showed a 27% decline in SWS and a 22% 
increase in stage 2 sleep. In addition, girls had approximate-
ly 10 minutes more stage 1 sleep than boys at both recording 
sessions (P = 0.02).

All-Night Power Spectra
Sleep EEG power decreased from the initial to the follow-

up assessments during NREM and REM sleep. For NREM 
sleep, power in the 2 central derivations (C3/A2 and C4/A1) 
was diminished at follow-up compared to the initial session at 
all frequencies except a narrow band in the high sigma range 
(Figure 1). The decline in power over the occipital channels 
was asymmetrical, with greater decline in power at the right oc-
cipital derivation. Over the right occipital derivation, power at 
the initial session was greater in all frequency bins. In contrast, 
over the left occipital derivation this was true only for frequen-
cies < 7 Hz and a few bins in the sigma band.

The changes in the NREM sleep spectra were mirrored in 
the REM sleep spectra (Figure 2). In the central derivations, 
power decreased with increasing age in all frequency bins. Fur-
thermore, similar to the NREM sleep spectra, the decline in oc-
cipital power was larger over the right hemisphere. Power was 
significantly greater at the initial session in all frequency bins 
for the right occipital derivation and at most bins below 9 Hz in 
the left occipital derivations.

Frequency of the Spindle Peak
Visual inspection of the NREM sleep spectra showed the fre-

quency of the peak in the sigma band (11-16 Hz) increased at 

min; therefore, only REM sleep episodes that were sufficiently 
long were used.

Children often “skip” their first REM sleep episode, and be-
cause a skipped first REM sleep episode affects calculation of the 
first and second NREM sleep episodes, we applied the criteria of 
Jenni and Carskadon16 to correct for this. These criteria consider 
the first REM sleep episode skipped when a continuous episode 
of stage 1, 2, awake, or movement time lasting ≥ 12 min is fol-
lowed by stage 3 or 4 (slow wave sleep; SWS) sleep. According 
to this criterion, the first NREM sleep episode ends with the ep-
och preceding the interval of non-SWS, and the second NREM 
sleep episode begins with the first epoch of SWS following this 
interval, ending with the onset of REM sleep. Applying these 
criteria, 4 of the 14 participants skipped their first REM sleep 
episode on the initial recording session, while 3 skipped their first 
REM sleep episode on the follow-up recording session.

Power Spectral Analysis
The criteria of Rechtschaffen and Kales26 were used to vi-

sually score EEG in 30-sec epochs. Interrater and intrarater 
reliability were ≥ 86%, and epochs with artifacts were visu-
ally identified and rejected for spectral analysis. A fast Fou-
rier transform (Matlab, The MathWorks Inc., Natick, MA) 
was used to calculate power spectra (0.6 to 16 Hz) on each 
30-sec artifact-free epoch at all EEG derivations (C3/A2, C4/
A1, O2/A1, and O1/A2). A Hanning window was applied to 
the data before the transform, and averages of six 5-sec ep-
ochs were calculated. The frequency resolution was 0.2 Hz, 
and the lowest 2 frequency bins, 0.2 and 0.4 Hz, were dis-
carded due to the sensitivity of these bins to noise. Spectra 
were calculated separately for NREM sleep (stages 2, 3, and 
4) and REM sleep.

Time-frequency analyses were performed to examine the 
evolution of the EEG signal across the night. To account for 
NREM and REM sleep episodes of different durations across 
participants, the definition of Jenni and Carskadon16 was used 
to subdivide each NREM sleep episode into 10 equal intervals, 
and each REM sleep episode into 3 equal intervals. Therefore, 
all participants had an equal number of intervals over which to 
average and perform statistical testing. All participants had ≥ 4 
NREM sleep and 3 REM sleep episodes; therefore, only these 
cycles were further analyzed.

Statistics
Statistical analysis of the sleep stage variables was made us-

ing a 2 (sex: male versus female) by 2 (recording session: ini-
tial versus follow-up) repeated-measures analysis of variance 
(ANOVA), with α set to 0.05.

The EEG power changes in the all-night spectra in addition 
to the time-frequency spectra were assessed using a bootstrap 
test. The bootstrap method makes no assumptions regarding the 
distribution of the data set; its application to sleep EEG data has 
been described.20,27 The principle underlying the bootstrap is to 
generate a random sample, called the bootstrap distribution, by 
randomly sampling (with replacement) from the original pool 
of data. Separate bootstrap tests were performed at each fre-
quency and derivation for the all-night spectra; individual boot-
strap tests were performed at each frequency, derivation, and 
time point for the time-frequency data.
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respectively. We plot PΔ for both cohorts in Figure 4. A t-test 
comparing PΔ in the early adolescent versus the late adolescent 
group revealed no significant difference between the groups 
(t26 = −1.62; P = 0.11).

DISCUSSION
Our longitudinal data show changes to the sleep EEG in late 

adolescents, perhaps a continuation of a process that emerges 
in early adolescence. An important feature of this study is the 

the follow-up assessment (Figure 1). We tested 
whether this observation was statistically sig-
nificant by performing a paired t-test on the fre-
quency of the peak value in the sigma band at 
the left central (C3/A2) derivation. We found a 
statistically significant increase in the frequency 
of the peak (P = 0.002). The frequency of the 
peak for individuals at both assessments is re-
ported in Table 1.

Time-Frequency Analysis
The results from the time-frequency analysis 

paralleled the all-night findings. The develop-
mental decline in power was most pronounced 
over the left and right central and right occipital 
derivations (Figure 3). On the other hand, the 
left occipital derivation showed the least change 
in power with age. Notably absent is signifi-
cance (or low significance in the case of O2/A1) 
in the high sigma band (~13.5 to 15 Hz) across 
the night. This is most likely due to the shift in 
the frequency of the peak in the spindle band 
described above. The declines in power were 
not restricted to one sleep state or portion of the 
night. Therefore, the findings from the all-night 
sleep EEG were not driven by one particular 
sleep cycle.

The interaction term of the ANOVA with fac-
tors cycle and assessment was examined to as-
sess whether the developmental decline in sleep 
EEG power was consistent across the night. For 
NREM sleep we found a significant interaction 
for all derivations in the delta band with α set to 
0.05: C3/A2 (significant frequencies = 0.6 to 3.8 
Hz; 5 to 5.2 Hz), C4/A1 (significant frequencies 
= 1.4 to 2.4 Hz), O1/A2 (significant frequencies 
= 1.8 Hz), and O2/A1 (significant frequencies 
= 0.6 to 3 Hz). We found no significant interac-
tions for REM sleep.

Comparison with Previously Published Data in 
Early Adolescents

To examine how the sleep EEG changes in 
the late adolescents reported here compare to 
our previous longitudinal study in early adoles-
cents (ages 9-10 years at the initial assessment 
and 11 to 13 years at follow-up)20 we construct-
ed a summary variable to describe the change in 
power across frequency normalized by the time 
between assessments. Specifically, we define 
the rate of decline at C3/A2 as follows:

PF – PIPΔ = 
AF – AI

In this equation, PI and PF are average all-night NREM sleep 
power from 0.6 to 16 Hz (measured in μV2) at the initial and 
follow-up session, respectively; and AI and AF are age (mea-
sured in decimal years) at the initial and follow-up session, 

Figure 1—All night NREM sleep spectra. Subject average NREM sleep spectra of the log 
power at 2 central (C3/A2 and C4/A1) and 2 occipital (O2/A1 and O1/A2) derivations. The solid 
line corresponds to data from the initial session, while the dashed line corresponds to data 
from the follow-up session. Significance at 3 different levels (P < 0.05, P < 0.01, and P < 0.001) 
is indicated at the bottom of each plot for each frequency bin by an asterisk. The frequency 
resolution was 0.2 Hz.
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longitudinal32,33 sleep studies have found such a 
change in early to mid-adolescence. Two studies 
estimate about a 40% decline in stage 416 and 
SWS32 between Tanner stage 1 and Tanner stage 
5 adolescents. The changes we observed in sleep 
stage variables in later adolescence were compa-
rable to those observed during early adolescence 
(between the mean age of 10.1 and 12.4) in our 
previous longitudinal study.20 To wit, the decline 
in SWS and increase in stage 2 sleep in the pres-
ent study were 27% and 22%, respectively; in 
our early adolescent sample, the decline in SWS 
was 29% and the increase in stage 2 sleep was 
17%.

We also report here a significant decline of 
NREM and REM sleep EEG power over a short 
interval of approximately 2.5 years in late ado-
lescence. We attribute this decline to the synap-
tic pruning that takes place in the healthy human 
cortex. Support for this notion includes: (1) the 
decline in power was state nonspecific (found in 
NREM and REM sleep), and (2) the decline was 
consistent across the night with the exception of 
the delta band. We found that the maturational 
decline in NREM sleep EEG power was greater 
at the beginning of the night in the delta band 
for all derivations. NREM sleep EEG activity in 
the delta band has been proposed as a marker of 
sleep homeostasis, and the decrease in this mea-
sure over the course of sleep is thought to reflect 
the dissipation of sleep pressure.34 Thus, our 
finding may indicate that there is a developmen-
tal change in the dissipation of sleep pressure 
during late adolescence. The analyses reported 
here, however, cannot address sleep homeosta-
sis since the dissipation of sleep pressure across 
the night requires additional analyses to fit an 
exponential decay function to EEG delta activ-
ity. Campbell and colleagues35 examined this is-
sue across the ages of 9 to 18 years and found no 
change in the rate of dissipation of sleep pres-
sure in their sample. Further longitudinal study 
of this phenomenon, under well-controlled ex-
perimental conditions (e.g., control of prior 
sleep duration and sleeping environment) is 
necessary to achieve a definitive assessment of 
whether homeostatic sleep regulation changes 
across adolescence.

The change in NREM sleep EEG power was comparable in 
the current late adolescent cohort to that of our early adolescent 
group (Figure 4).20 This issue, however, needs to be more thor-
oughly examined with data from extended well-controlled longi-
tudinal studies. Figure 4 also raises an important point regarding 
individual variability in the decline of sleep EEG power across 
development. In both data sets, the rate of decay is variable across 
individuals and unrelated to age at the initial assessment. Individ-
ual variability is also apparent in Figure 2 in the data of Camp-
bell and Feinberg,19 showing delta and theta sleep EEG power 
as a function of age. Furthermore, a study in macaque monkeys 

sleep-wake schedule control imposed on adolescents prior to 
the laboratory sessions. In particular, the duration and timing 
of sleep before PSG assessments was the same at both record-
ing sessions for each teen, ensuring that such factors as sleep 
pressure did not affect our findings. Furthermore, the duration 
of recordings was the same at both sessions for each teen, and 
recordings were performed under monitored laboratory condi-
tions (lighting, temperature, and noise were controlled).

Under these controlled conditions, we found changes in sleep 
architecture: less slow wave sleep time and an increase in the 
minutes of stage 2 sleep. A number of cross-sectional16,29-31 and 

Figure 2—All-night REM sleep spectra. Subject average spectra for REM sleep. For details, 
see the caption of Figure 1.
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of equal thickness in the posterior lobes. Our data show a simi-
lar pattern with greater power at the right occipital derivation 
than the left occipital derivation at the initial session (ages 15/16 
years) and no difference between the derivations at follow-up 
(age 17.6 to 19.3 years). At the follow-up session, power in the 
two central derivations was similar, as was power at the two 
occipital derivations, suggesting that hemispheric asymmetry is 
diminished or gone towards the end of adolescence. In contrast, 
a recent study by Feinberg and colleagues18 using a Gompertz 
function to fit delta and theta sleep EEG power between the ages 
of 9 and 18 years, did not find a difference between the right 
and left central derivations in the parameters of the fit. Further 
longitudinal studies with more dense EEG electrode arrays are 
necessary to characterize topographic brain changes during ado-
lescence as observed through the sleep EEG.

Several limitations of this study are important to note. First, 
the sample size was too small to examine effects of sex and oth-
er factors (such as pubertal status) on the changes to the sleep 

also showed large interindividual variability in the synaptic prun-
ing phase of primate development.36 Studies with larger sample 
sizes are needed to examine what factors lead to the large degree 
of interindividual variability in the decline of sleep EEG power, 
which likely is a reflection of synaptic pruning.

Another important feature of our data was hemispheric asym-
metry in the decline of sleep EEG power, with greater reduction 
across more frequencies in the left central and right occipital 
channels. This finding is similar to the asymmetry found in our 
previous report of early adolescents.20 A number of MRI studies 
have shown significant regional differences in the timing and 
rate of change of cortical thickness across development.3,5-7 Us-
ing MRI data, Shaw7 noted that the left frontal cortex is thicker 
than the right, while the right occipital cortex is thicker than the 
left in children (~ age 5 years). Over the course of development 
this pattern is reversed, and by the age of 20 years cortical thick-
ness is greater over the left posterior cortex than the right. MRI 
data show that around age 17 years, the left and right cortices are 

Figure 3—Time-Frequency plots averaged over participants. In each plot, 4 NREM sleep episodes (10 data points) interleaved with 3 REM sleep episodes 
(3 data points) are plotted on the x-axis and frequency is plotted on the y-axis (with a frequency resolution of 0.2 Hz). Each row of the figure represents an 
EEG derivation. The leftmost column of the figure is the log of the power data from the initial session while the plot in the column to the right is the log of the 
power data from the follow-up session. The third column from the left is log power at the initial session minus log power at the follow-up session. The far right 
column of the figure shows color-coded p-values.
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was well controlled.

A number of psychiatric illnesses (e.g., anxiety and mood 
disorders, psychosis, eating disorders, personality disorders, 
schizophrenia, and substance abuse) emerge during adoles-
cence. One prevailing explanation is that the age of onset may 
result from a malfunction in the timing and/or magnitude of 
the structural changes to the cerebral cortex.10 The sleep EEG 
provides a means to track brain development noninvasively. We 
hope the normative data presented will help further our under-
standing of the emergence of psychiatric illness during this pe-
riod by making aberrations from this trajectory apparent.
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Figure 4—Rate of power decline as a function of age at the initial recording session for the teens in this study and children in a previous study.20 Teens are 
plotted with open symbols and children are depicted with filled symbols. Females are shown as diamonds and males as circles.
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