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INTRODUCTION

Human sleep undergoes homeostatic regulation that is func-
tionally expressed by sleep need and sleep propensity.1 With 
elapsed time awake, the power of low-frequency components (< 
8 Hz) in the human electroencephalogram (EEG) accumulates ex-
ponentially and decreases during the following sleep episode.1,2 
These reliable physiologic hallmarks reflect a high degree of syn-
chronization in thalamocortical and cortical neuronal firing pat-
terns3 and may be functionally linked with restoration processes, 
whose underlying mechanisms remain to be elucidated.4,5 There 
is mounting evidence that genetic factors6,7 and processes related 
to synaptic plasticity5 are involved in the regulation of slow wave 
sleep (SWS) and slow-wave activity (SWA; EEG frequency range 
between 0.75 and 4.5 Hz) and thus in sleep homeostasis.

Challenging sleep-homeostatic processes in humans by pro-
longed wakefulness (sleep deprivation) has revealed an increase 
of both EEG theta activity (4.5-8 Hz) during wakefulness8-10 and 
SWA at the beginning of the recovery sleep episode, predomi-
nantly in frontal brain areas.11 In contrast, lowering homeostatic 
sleep pressure by naps lead to a decrease in SWA12 and EEG theta 

activity13 during the postnap night.13-15 In contrast to a frontal 
predominance of the relative SWA increase after sleep depriva-
tion, we have evidence for an “occipital predominance” of rela-
tive reduction in SWA in response to low sleep pressure in young 
participants.14 Taken together, the timing as well as the duration 
of the scheduled sleep or nap episodes in the above-mentioned 
studies determines the level of SWA during the following sleep 
episodes.12-16

Healthy aging is known to be accompanied by less consolidat-
ed sleep,17 more daytime napping, and higher sleepiness during 
the day.18 Additionally, most studies have reported advanced bed- 
and wake-up times in healthy elderly participants,17,19 and some 
of them an altered circadian phase angle between habitual wake 
time and circadian phase markers such as melatonin or core body 
temperature.20 Besides an attenuation of circadian amplitude with 
age, an impairment of the homeostatic sleep/wake regulatory sys-
tem in the elderly has been suggested to contribute to the above 
mentioned age-related changes.17 The homeostatic SWA response 
to sustained wakefulness in older participants is comparable with, 
but in several details not congruent, to that of younger ones. Older 
participants very consistently show reduced absolute SWA (and 
SWS) levels during both baseline and recovery nights compared 
to the young.21,22 It remains controversial whether this general 
decrease in SWA in the elderly reflects an age effect per se (eg, 
generally altered cortical functions; frontal aging hypothesis) or 
whether it reflects an additional age-related dysfunction of the 
sleep-wake homeostatic system.

Results from studies on homeostatic response to high sleep 
pressure in older and young participants have not been consistent. 
After 25 hours of sleep deprivation, elderly have been shown to 
have a significantly lower rebound of SWA during the recovery 
night.23 However, since the sleep-deprivation episode in this study 
ended at the habitual wake time, the circadian change imposed by 
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this protocol precludes direct interpretation of the sleep homeo-
static response per se. We recently found a significantly attenu-
ated frontal predominance of EEG delta-power rebound during 
the recovery night in older volunteers in response to 40 hours of 
sleep deprivation ending at habitual bedtime.24 Moreover, the dis-
sipation of SWA in the course of the recovery night after sleep 
deprivation exhibited a shallower decline in the elderly.24 

So far, rather few experiments under low sleep pressure condi-
tions and with older volunteers have been conducted.16, 25-29 To our 
knowledge, only one group has compared the postnap sleep epi-
sode of young and older participants.15 Here, a similar homeostat-
ic sleep response to a daytime nap (repeated at 4 different times 
of day) was found in younger and older volunteers, as indexed by 
equally reduced relative EEG delta (0.3-3 Hz) power during the 
following recovery nights.15 

Our first analyses of data from the 40-hour nap protocol indi-
cated that our older participants were sleepier in the late afternoon 
and evening (wake maintenance zone28) than the young, which 
corroborates the findings of Haimov and Lavie.25 Day-night differ-
ences in the lower alpha and spindle range were less pronounced 
than in younger participants, even though the total amount of 
sleep was not different, nor did the duration of wakefulness dur-
ing sleep episodes differ across naps between the age groups (for 
more results see28, 30). Based on our findings, we interpreted the 
higher sleepiness levels and the higher amount of total sleep time 
during the wake maintenance zone in the elderly as an age-related 
decline of the circadian arousal signal opposing homeostatic sleep 
pressure in the evening, which could have led to a higher sleep 
propensity in the older participants at this time of day.28 Since the 
total duration of prior sleep and wakefulness across the nap proto-
col was equal for both age groups,28,30 and if the circadian arousal 
signal in the evening undergoes an age-related weakening (as we 
earlier stated 28, 30), we assume that sleep propensity and thus sleep 
pressure before the recovery might be higher in older participants. 
This would result in higher relative SWA levels in the older than 
in the young participants, particularly at the beginning of the re-
covery period. Therefore, we focused on the question whether 
homeostatic sleep regulation shows age-related alterations under 
low sleep pressure conditions with respect to its dynamics and re-
gional differences during the recovery night. To test the influence 
of low sleep pressure conditions in both age groups, EEG sleep 
stages and EEG power spectra in baseline and recovery nights 
were compared under constant-posture conditions. In order to as-
sess the achieved level of (low) sleep pressure in both age groups, 
sleep stages and SWA during the naps were compared with those 
during the baseline and the recovery night.

METHODS

Study Participants

Potential study participants were recruited via advertisements 
in newspapers and at different Swiss Universities. Sixteen young 
(8 women, 8 men; age range 20-31 years; 25.3 ± 3.3 years; mean ± 
SD) and 15 older (7 women, 8 men; age range 57-74 years; 65.1 ± 
5.6 years; mean ± SD) volunteers were selected for the study. The 
screening procedure included detailed questionnaires; a medical 
examination; and, for the older group, a neuropsychological as-
sessment (CANTAB® test battery and the Stroop Test) to exclude 
motor, attention, or memory impairments. A screening night was 

recorded to exclude the presence of sleep disorders. The inclu-
sion criteria were a sleep efficiency of at least 80%, fewer than 
10 periodic leg movements per hour, and an apnea-hypopnoea in-
dex less than 10. Only participants without any medication (with 
the exception of 4 younger women using oral contraceptives) 
were included in the study. The drug-free status was verified by 
urinary toxicologic analysis (Drug-Screen Card Multi-6®; von 
Minden, Moers, Germany) for the young participants. All study 
participants were free from medical, psychiatric, and sleep disor-
ders; were nonsmokers; and had no shift work or transmeridian  
flights during the last 3 months before the study began. Extreme 
chronotypes, as assessed by the morningness-eveningness type 
questionnaire31 were excluded. Older volunteers had slightly but 
significantly higher ratings (earlier chronotypes) than the younger 
group (18.8 ± 3.0 vs 16.3 ± 3.3; mean ± SD; t-test, P < 0.05). The 
Pittsburgh Sleep Quality Index (inclusion criterion score ≤ 5 was 
also slightly higher in the older than in the younger participants 
(3.4 ± 1.7 vs 2.1 ± 1.3; mean ± SD; t-test, P < 0.05). Younger 
female participants were studied during the follicular phase of 
their menstrual cycle. All participants were paid to participate and 
gave their signed informed consent. The study protocol, screening 
questionnaires, and consent form were approved by the local Eth-
ics Committee and conformed with the Declaration of Helsinki.

Protocol

One week before the study began (baseline week) participants 
were asked to abstain from excessive caffeine and alcohol con-
sumption (at most one caffeine-containing beverage per day and 
fewer than five alcoholic beverages per week were allowed). They 
were instructed to keep a regular sleep-wake schedule during the 
baseline week at home (ie, bedtimes and wake times within ± 30 
minutes of a self-selected target time between 10:00 PM and 2:00 
AM) prior to admission to the laboratory. Compliance was verified 
by sleep logs and ambulatory activity measurements (wrist activity 
monitor, Cambridge Neurotechnology Ltd®, UK). The timing of the 
sleep-wake schedule during the protocol was adjusted to individual 
habitual bedtimes. For each participant, habitual bedtime was cal-
culated by centering the approximately 8-hour sleep episodes dur-
ing the baseline week at their midpoint. Habitual bedtimes did not 
significantly differ between the age groups: 11:39 PM ± 52 minutes 
(younger) vs 11:11 PM ± 40 minutes (older; mean ± SD; t-test: P= 
0.1). In the nights preceding the study, the young participants slept 
on average 8 hours 3 minutes ± 25 minutes (n = 16) and, the older 
participants, 8 hours 15 minutes ± 32 minutes (n = 15; mean ± SD; 
P > 0.2, 1-way analysis of variance [ANOVA]).

The protocol comprised two baseline sleep episodes in the 
chronobiology laboratory, followed by a 40-hour multiple nap 
protocol with 10 alternating sleep-wake cycles of 75/150 minutes’ 
duration and one recovery sleep episode (Figure 1). Baseline and 
recovery nights were scheduled at individual habitual bedtimes. 
Polysomnographic recordings and constant posture started in the 
afternoon after the first baseline night. Henceforth, participants 
remained in dim-light conditions (< 8 lux during wakefulness, 
0 lux during sleep episodes) under constant semirecumbent pos-
ture position in bed with regular meals (for details of the protocol 
see9). The older participants received a daily low-dose heparin in-
jection (Fragmin®, 0.2 mL, 2500 IE/UI, Pfizer AG, Switzerland) 
in order to prevent any venous thrombosis. All participants lived 
under conditions in which they received no time cues throughout 
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the study, nor did they know how long any of the sleep and wake 
episodes lasted.

Sleep Recordings and Data Analysis

Sleep episodes were polysomnographically recorded using the 
Vitaport Ambulatory system (Vitaport-3 digital recorder TEMEC 
Instruments BV, Kerkrade, the Netherlands). Twelve EEG deriva-
tions (F3, F4, Fz, C3, C4, Cz, P3, P4, Pz, O1, O2, Oz referenced against 
linked mastoids), two electrooculograms, one submental electro-
myogram, and one electrocardiogram were recorded. All EEG sig-
nals were filtered at 30 Hz (fourth-order Bessel-type antialiasing 
low-pass filter, total 24 dB/Oct), and a time constant of 1.0 second 
was used prior to online digitization (range 610 μV, 12 bit AD 
converter, 0.15 μV/bit; storage sampling rate at 128 Hz). The raw 
signals were stored online on a Flash RAM Card (Viking, Rancho 
Santa Margarita, Calif) and downloaded offline to a PC hard drive. 
All sleep episodes were visually scored on a 20-second epoch ba-
sis according to standard criteria.32 EEGs were subjected to spec-
tral analysis using a fast Fourier transform (10% cosine 4-second 
window), which resulted in a 0.25-Hz resolution. EEG artifacts 
were detected by automated artifact-detection software (CASA, 
2000 Phy Vision BV Kerkrade, The Netherlands). Artifact-free 4-
second epochs were averaged over 20-second epochs and matched 
with the 20-second epochs of the visual sleep scoring. 

Sleep stages (1-4), rapid eye movement (REM) sleep, wakeful-

ness, and movement time (MT) were expressed as percentage of 
total sleep time (TST) during the respective night for all partici-
pants (∑ stages 1-4, REM sleep). TST and sleep latencies and REM 
sleep latency (RL) were indicated in minutes. All sleep latencies 
(latency to stage 1[SL1], latency to stage 2 [SL2], RL) were log-
transformed before statistical analysis. Sleep efficiency (SE) was 
defined as follows: SE = TST/time between lights off and lights on 
x 100. Wakefulness after lights off (WALO; % of TST) and wake-
fulness after sleep onset (WASO; % of TST) were also measured. 
Non-rapid eye movement (NREM) sleep was defined as stages 2 to 
4 (% of TST). In order to compare sleep stages during the 10 naps 
with those in the baseline night, all sleep stages were additionally 
expressed as percentage of TST during the baseline night.

EEG spectra during the baseline and recovery nights were cal-
culated in the frequency range from 0.5 to 25 Hz for the mid-
line derivations (Fz, Cz, Pz, and Oz) on log-transformed data. The 
recovery night values were expressed as percentage of baseline 
mean. For graphical illustration, the log-transformed mean val-
ues per participant were averaged for each age group separately 
and then retransformed. Sex differences in EEG power density 
were assessed by repeated-measures ANOVAs (rANOVA), which 
yielded a significant 3-way interaction (sex × age group × deri-
vation) for relative EEG power density in the frequency range 
between 0.5 and 1 Hz (3-way rANOVA; F3,81 > 2.8, P < 0.05). 
However, posthoc comparisons (Duncan’s multiple range test) 
between men and women for the different EEG derivations and 
age groups revealed no significant sex differences in this frequen-
cy range (0.5-1 Hz; P >0.1).

NREM/REM sleep cycles were defined according to the criteria 
of Feinberg and Floyd,33 with the exception that, for the last sleep 
cycle, no minimum REM-sleep duration was required. Thereafter, 
each sleep cycle was divided into 10 equal time intervals during 
NREM sleep and 4 equal time intervals during REM sleep. 

Accumulated SWA was binned into 15-minute intervals during 
11 naps (the first 75 minutes of the recovery night were consid-
ered as an additional nap) and into 30-minute intervals for base-
line and recovery nights, respectively. Accumulated SWA was 
expressed as percentage of baseline means for all participants 
(during NREM sleep; for Fz). The rANOVA for SWA accumula-
tion during baseline and recovery nights was done for the first 7 
hours (in order to include all participants in the analysis). 

To investigate the decay of EEG delta-power density (0.5-1.25 
Hz) across the baseline and the recovery night in young and older 
volunteers, an exponential decay function was fitted to the data 
of all participants and NREM cycles: delta = delta0 x e(-rt); with 
delta0 = intercept on the y axis, delta = mean EEG delta power 
per sleep cycle, r = slope of the decay, t = average timing of the 
cycle midpoint.

To evaluate the lowering of sleep pressure in both age groups, 
we simulated the homeostatic build-up of sleep pressure across 
the baseline night, 10 naps, and the recovery night with an ex-
ponential rising component of process S during wakefulness and 
an exponential decay rate during sleep 1,8 (data not shown). The 
simulation included all sleep stages and REM sleep, and was per-
formed based on the formula: Asim,t = Smax-(Smax- Asim,0)× exp(-t/τ). 
Asim,t is the simulated value of Process S at time t, Asim,0 the initial 
value at time 0, and Smax represents the asymptote of the exponen-
tial function. The time constant was 18.8 hours during wakeful-
ness and 4.2 hours during sleep, according to 1,8. The simulations 
were based on the 20-second epoch visual-scoring data. For the 
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Figure 1—Schematic illustration of the study protocol with two 8-
hour baseline (BL) sleep episodes, ten 75-minute naps and one 8-hour 
recovery sleep episode (REC). Black bars (0 lux) indicate scheduled 
sleep episodes and white bars episodes of scheduled wakefulness (< 
8 lux). Hatched bars delineate the time of controlled posture position 
(semirecumbent during wakefulness and supine during sleep).
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simulated data, we found no differences between young and older 
participants in the lowering of sleep pressure after the 10 naps (2-
way rANOVA: age × elapsed time; P >0.3). 

Statistics

The statistical packages SAS ® (SAS Institute, Inc., Cary, 

NC; Version 6.12) and Statistica ® (StatSoft Inc., STATISTICA 
for windows, Tulsa, Okla, Version 6.1) were used. EEG power 
density was averaged during NREM sleep and expressed as log 
ratio (recovery night/baseline night) per participant. 1-, 2- and 
3-way rANOVAs were used with the categorical factor age group 
(young vs older) and the repetitive factors derivation, time in-
terval, or sleep cycle. All P values derived from rANOVAs were 
based on Huynh-Feldt corrected degrees of freedom, but the orig-
inal degrees of freedom are reported. For posthoc comparisons, 
Duncan’s multiple range test and t-tests were performed. If nor-
mal distribution was lacking, a non-parametric test was applied 
(Mann-Whitney U). All posthoc comparisons were corrected for 
multiple comparisons according to Curran-Everett.34

RESULTS

Sleep Stages

Recovery Versus Baseline Sleep Episode

Visually scored sleep stages during the baseline and recovery 
(expressed as percentage of TST during the respective night) of 
the young (n = 16) and older (n = 15) participants are summa-
rized in Table 1A. The older participants had significantly less 
TST; less stage 3, 4, and SWS; and a lower SE than the young in 
both the baseline and recovery night (P < 0.05; 2-way rANOVA: 
main effect of age group). Furthermore, older participants were 
significantly longer awake (WALO, WASO) and had more stage 
2 sleep (P < 0.05; main effect of age group) during both nights. 
The interaction between the factors age group and night yielded 
significance for stage 2, 4, and SWS (P < 0.05; 2-way rANOVA). 
This interaction came about via a reduction of stage 2 during the 
recovery in comparison to the baseline night in the older partici-

Table 1A—Sleep Stages Derived From Visual Scoring for both Age Groups, Averaged Across Baseline and Recovery Night

Parameter Young Older 2-way rANOVA
 Baseline Recovery Baseline Recovery Age P Night P Age × Night P
     F1,29  F1,29  F1,29
TST, min 441.4 ± 25.1 413.7 ± 47.0 408.9 ± 46.1 368.7 ± 54.1 8.1 * 16.9 ** 0.6
SE, % 92.0 ± 5.1 86.2 ± 9.8 85.2 ± 9.6 76.9 ± 11.3 8.1 * 16.9 ** 0.5
WALO, % 6.1 ± 5.4 13.7 ± 13.6 16.8 ± 13.7 29.2 ± 21.7 9.35 * 10.7 * 0.7
WASO, % 4.0 ± 4.8 8.3 ± 9.3 14.5 ± 12.2 22.9 ± 20.3 11.1 * 5.7 * 0.6
MT, % 2.9 ± 1.7 4.0 ± 3.1 2.2 ± 1.2 3.9 ± 2.8 0.27  11.1 * 0.6

Sleep Stage, % of TST
 1 12.3 ± 4.6 14.4 ± 4.9 14.1 ± 4.9 15.6 ± 5.6 0.9  4.8 * 0.1
 2 49.7 ± 5.0 51.3 ± 5.9 60.8 ± 9.4 57.4 ± 10.2 10.9 * 0.7  5.3 *
 3 10.2 ± 3.9 9.4 ± 2.8 6.7 ± 4.8 7.0 ± 4.3 4.6 * 0.3  2.0
 4 7.5 ± 5.4 5.5 ± 4.2 1.5 ± 2.1 1.6 ± 2.5 14.9 ** 4.6 * 5.3 *
 SWS 17.7 ± 6.5 14.8 ± 5.6 8.2 ± 6.6 8.6 ± 6.3 13.3 * 3.7 ° 7.0 *
 NREM 79.7 ± 4.5 80.4 ± 5.0 83.1 ± 5.1 81.6 ± 5.3 2.2  0.2  1.3
 REM 20.3 ± 4.5 19.6 ± 5.0 16.9 ± 5.1 18.4 ± 5.3 2.2  0.2  1.3
SL1, min 9.3 ± 5.1 20.3 ± 20.1 8.6 ± 6.2 22.5 ± 13.9 0.3  27.9 ** 2.7
SL2, min 14.7 ± 7.4 29.7 ± 20.0 12.1 ± 8.2 33.3 ± 24.8 0.1  57.5 ** 2.4
RL, min 68.9 ± 18.1 80.8 ± 42.1 80.1 ± 38.5 94.4 ± 33.0 1.7  1.5  0.6

Sleep stages derived from visual scoring for both age groups, averaged across baseline and recovery nights. N = 16 for young and n = 15 for older 
participants (mean ± SD). TST refers to total sleep time; SE, sleep efficiency; WALO, wakefulness after lights off; WASO, wake after sleep onset; 
SWS, slow wave sleep; non-rapid eye movement (NREM) sleep; SL1, latency to stage 1 sleep; SL2, latency to stage 2 sleep; RL, latency to rapid 
eye movement (REM) sleep. The last 6 columns indicate the F and P values of the respective 2-way rANOVA; *P < 0.05, **P ≤ 0.001, °P < 0.1.

Table 1B—Sleep During 10 Naps 

Sleep Parameter Young Older Age P
   F1,29
TST (% of TST 
during baseline 
night) 104.2 ± 17.3 109.6 ± 12.2 0.7
SE (% of TST 
during baseline 
night) 67.1 ± 11.1 69.7 ± 7.9 0.4

Sleep Stages, % of TST during Baseline
1 21.7 ± 8.6 23.2 ± 9.7 0.2
2 44.6 ± 11.3 68.6 ± 12.3 32.2 *
3 13.5 ± 4.1 7.1 ± 4.9 15.7 *
4 9.0 ± 5.9 1.3 ± 2.4 21.6 *
SWS 22.4 ± 7.0 8.4 ± 6.7 32.4 *
NREM 67.1 ± 12.6 77.0 ± 8.6 6.5 *
REM 15.6 ± 7.5 8.7 ± 5.8 8.0 *

TST refers to total sleep time; SE, sleep efficiency; SWS, slow wave 
sleep; NREM, non-rapid eye movement sleep; REM, rapid eye 
movement sleep. N = 16 for young and n = 15 for older participants 
(mean ± SD). F and P values of the respective 1-way ANOVA are 
indicated.
*P < 0.05. 
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pants, whereas the amount of stage 2 sleep in the recovery night 
remained unchanged in the young (P < 0.05; Duncan’s multiple 
range test). For SWS, the young participants responded to the 
multiple nap protocol with less SWS in the recovery night, while 
the older participants showed no changes (P < 0.05; Duncan’s 
multiple range test). 

Nap Versus Baseline Sleep Episode

Sleep stages during the naps (expressed as percentage of base-
line night) are indicated in Table 1B. The older participants (n = 
15) had more NREM sleep (more stage 2 but less stage 3, 4) and 
less REM sleep during 10 naps than the young (n = 16; 1-way 
ANOVA; F1,29 = at least 6.6; P < 0.05; main effect of age group). 
TST, SE, and percentage of stage 1 sleep did not differ between 
age groups (P > 0.1). There was no significant difference within 
the young and within the older volunteers for stage 4 sleep (P > 
0.1; t-test for dependent samples). Both age groups showed sig-
nificantly less stage 1 sleep and concomitantly more NREM and 
REM sleep and a higher SE (P < 0.05) during the baseline night 
in comparison to nap sleep. Only the young group had more stage 
3 and SWS during the nap sleep than during the baseline night 
(P < 0.05), whereas the older slept more during the naps than the 
baseline night (young: 460.1 ± 75.6 minutes [nap] vs 441.4 ± 25.1 
[baseline], P > 0.1; older: 448.3 ± 85.4 [nap] vs 408.9 ± 46 minutes 
[baseline]; mean ± SD, P < 0.05 t-test for dependent samples).

Relative EEG Spectra 

Baseline vs Recovery Sleep Episode

Young participants showed significantly less relative EEG 
power (percentage of baseline night) during the recovery night 
than the older in some of the frequency bins in the delta (0.5-
1.25 Hz) and significantly more relative EEG power in some of 
the frequency bins in the theta (7.25-7.75 Hz) range (Figure 2; 
2-way rANOVA, main effect of age group; P < 0.05). The interac-
tion for the factors age group × derivation yielded significance in 
the delta-frequency bins (0.5-1 Hz, 1.75-2 Hz, 3-3.5 Hz) and in 
the alpha-frequency bins (10-10.5 Hz, 10.75-11.25 Hz; P < 0.05). 
Posthoc comparisons resulted in significantly lower values for 
younger participants during the recovery night in the delta bins 
for Cz (0.5-1 Hz), Pz (0.75-1 Hz), and Oz (0.5-1 Hz, 1.75-2 Hz, 3-
3.5 Hz; black squares in Figure 2 represent these posthoc compar-
isons) and concomitantly higher values in the alpha range for Oz 
(10-10.5 Hz) than for older participants (P < 0.05; t-test and cor-
rected for multiple comparisons34). Finally, the main factor deri-
vation was significant in some frequency bins in the delta (0.5-1 
Hz, 1.75-2 Hz), theta (4.25-7.75 Hz), alpha (8-8.5 Hz, 11.25-12 
Hz), and sigma range (12-12.75 Hz, 14.75-15 Hz; P < 0.05). A 1-
way rANOVA for the averaged SWA over four derivations (Fz, Cz, 
Pz, Oz) revealed significantly higher SWA (percentage of baseline; 
on log-ratios) in the older participants during the recovery night 
than in the young (1-way ANOVA; F1,29 = 6.8; P < 0.05). Both 
age groups revealed an increased EEG power density during the 
recovery night in the EEG spindle range between 13.0 and 15.25 
Hz when compared to baseline levels (for Fz, Cz, Pz and Oz; P < 
0.05). 

In a next step, relative EEG spectra per NREM-REM sleep cy-
cle (percentage of baseline night cycle) were calculated for both 

age groups for the midline derivations (Figure 3). Because not all 
participants completed 4 sleep cycles, the analyses were restrict-
ed to the first 3. A 3-way rANOVA with the factors age group, 
derivation, and sleep cycle reached significant interaction only 
for three 0.25-Hz frequency bins: 1.25 to 1.5 Hz, 9.5 to 9.75 Hz, 
and 10 to 10.25 Hz (P < 0.05). Therefore, each sleep cycle was 
analyzed separately (Figure 3). The main effect of age group was 
significant during NREM sleep episode 1 for frequency bins in the 
sigma range (15.25-15-5 Hz,16.5-16.75 Hz) and for NREM sleep 
episode 2 in the delta range (0.5-1.25 Hz), alpha range (8.25-9.75 
Hz, 10.5-10.75 Hz), and sigma range (11-13.25 Hz, 14.25-15.5 
Hz). For NREM sleep episode 3, some frequency bins in the theta 
(4.25-4.5 Hz, 4.75-5 Hz, 5.25-5.75 Hz, 6-7.75 Hz), alpha (9-9.25 
Hz), and sigma frequency range yielded significance (15.5-15.75 
Hz; P < 0.05; 2-way rANOVA). The interaction with the factors 
age group × derivation yielded significance for some frequency 
bins in the alpha range (9.75-11 Hz, 10.25-10.5 Hz) for cycle 2 
and 3 (P < 0.05), and posthoc comparisons revealed significantly 
higher values for the younger volunteers in Pz and Oz during the 

Homeostatic Sleep EEG Changes with Aging —Munch et al
21

Figure 2 

Frequency (Hz)

5 10 15 20 25

EE
G

 P
ow

er
 D

en
si

ty
 d

ur
in

g 
R

ec
ov

er
y 

ni
gh

t  
(%

 o
f B

as
el

in
e)

80

100

120

80

100

120

FZ

80

100

120

CZ

80

100

120

PZ

OZ

Young (n=16)
Older (n=15)

Fz

Cz

Pz

Oz

EE
G 

Po
we

r D
en

sit
y d

ur
in

g 
Re

co
ve

ry
 N

ig
ht

 (%
 o

f B
as

eli
ne

Figure 2—Relative EEG spectra during recovery night (% of base-
line) between 0.5-25 Hz for Fz, Cz, Pz, and Oz for young (open cir-
cles; n = 16) and older participants (black circles; n = 15). Black 
squares illustrate significant posthoc comparisons between the 
young and older age group (P < 0.05; t-test corrected for multiple 
comparisons).
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second and for Oz during the third sleep cycle (P < 0.05; t-test for 
independent samples). 

To investigate the time course of EEG delta activity in more 
detail, percentiles (see Methods) in the frequency range between 
0.5 and 1.25 Hz were expressed as a percentage of the baseline 
mean and calculated for NREM-REM sleep cycle 1 to 3 in Fz, 
Cz, Pz, and Oz (Figure 4). These EEG bands were chosen based 
on the significant main effect of age group across the relative re-
covery (percentage of baseline) night in this frequency range. A 
4-way rANOVA (age group, cycle, night and derivation) was not 
significant (P = 0.2), and, therefore, each derivation was analyzed 
separately. A 3-way rANOVA (age group × cycle × night) per der-
ivation revealed significant interaction for Fz, Cz, Pz, and Oz (P < 
0.05; F at least 3.3). These interactions most likely reflect the age-
related difference in the time course of the 0.5- to 1.25-Hz band 
across the first 3 NREM-REM sleep cycles. Posthoc comparisons 
within each age group separately (Figure 4) indicated for both 

young and older participants a significant decrease in EEG delta 
power during the first NREM sleep episode in the recovery night 
compared to the baseline for all derivations along the midline. 
This significant decrease in EEG delta power continued into the 
second NREM sleep episode in the young (Cz, Pz; P < 0.05; ten-
dency for Fz and Oz P < 0.1; Duncan’s multiple range test) but not 
in the older participants. The lengths of the first three sleep cycles 
during the baseline and recovery nights did not significantly dif-
fer between both age groups in any cycle (2-way rANOVA; P > 
0.1, data not shown). 

In order to analyze the decay function of EEG delta power for 
young and older participants during both nights, the mean value 
of all sleep cycles in the relative EEG delta range (0.5-1.25 Hz; 
percentage of baseline night) of all sleep cycles was fitted with 
a nonlinear regression function (see Methods). Figure 5 shows 
the fitted decline of both age groups during the baseline and re-
covery night for Fz (1 data point is missing in Figure 5 because it 
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differed more than 2 SD from the next.) The missing data point 
was higher and came from one young participant in sleep cycle 
2 (eg, 2.84 hours after sleep onset). Table 2 depicts the values of 
the decay rates for both groups, Fz. The mean values of the base-
line slopes did not overlap with the 95% confidence interval of 
recovery nights within young and older participants; neither did 

the mean decay of the baseline night of one group reach the 95% 
confidence interval of the baseline night of the other age group. 
A slight overlap occurred between the mean recovery night val-
ues of the older with the 95% confidence interval of the recovery 
night in the young group (Figure 5, Table 2). The goodness of fit 
is indexed by R-values for the respective regression curve. The 

Homeostatic Sleep EEG Changes with Aging —Munch et al

23

Figure 4 

Young (n=16)

0

90

180

0

90

180

0

90

180

23:25 00:45 02:01 03:24 04:43

0

90

180

        Older (n=15)

0

90

180

Oz

0

90

180

Fz

Cz

Pz

0

90

180

EE
G

 D
el

ta
 P

ow
er

 (0
.5

-1
.2

5 
H

z;
 %

 o
f B

L)

0

90

180

Relative Clock Time (h)

23:25 00:45 02:01 03:24 04:43

*

*

*

*

*

*

*

*

*

*

°

*

*

BL
REC

BL
REC

Fz

Cz

Pz

Oz

Figure 4—EEG delta activity (0.5-1.25 Hz) per sleep cycle (1-3) for midline derivations (Fz, Cz, Pz and Oz). The left hand panels shows mean val-
ues per NREM/REM sleep cycle for the young (n = 16) and the right hand panels those for the older age group (n = 15; mean + or - SEM). White 
circles indicate the baseline (BL) and filled circles the recovery (REC) night. Asterisks indicate significant differences between mean values per 
cycle between baseline and recovery night within each group (* P < 0.05; Duncan’s multiple range test). 



SLEEP, Vol. 30, No. 6, 2007 788

estimation of the delta decay rates during the recovery night per-
formed for Fz, Cz, Pz and Oz revealed R-values ≤ 0.5 for both age 
groups (for Fz see Table 2). 

Figure 6A shows the accumulated relative SWA (percentage 
of baseline mean; on a log-scale) during the first 7 hours of the 
baseline and recovery sleep episode (30-minute intervals; n = 16 
for the young and n = 15 for the older group). There was no sig-
nificant interaction between the factors age × night × time interval 
(3-way rANOVA; P > 0.2), nor any other interaction with the fac-
tor age.

Baseline Night vs Naps

The accumulation of relative SWA (percentage of baseline 
mean) within 11 naps (nap 11 = first 75 minutes of recovery night) 
is shown for both age groups across 15-minute intervals in Figure 
6B. In the older group, significantly higher SWA values were found 

in three time intervals during the first nap and in two and three 
time intervals, respectively, during nap 4 and 10 (coincided with 
the wake maintenance zone in the evening), as well as during nap 6 
and 7. Lower relative SWA occurred in the older participants dur-
ing nap 5 (P < 0.05; all Mann-Whitney U test and corrected for 
multiple comparisons). Young participants had, on average, signifi-
cantly more accumulated SWA across the nap sleep episode than 
the older group (P < 0.05; 1-way ANOVA with mean values of 
accumulated SWA during 10 naps for Fz ; F1,29 = 11.8, on log-ratios; 
n = 16 for the young and n = 15 for the older). 

DISCUSSION

We have investigated the impact of low sleep pressure on sleep 
structure and spectral components of the sleep EEG in young and 
older volunteers. The main differences in the spectral EEG com-
ponents between the age groups across the entire recovery night 
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Table 2—Nonlinear Regression Analysis for the Decay of EEG Delta Power During Baseline and Recovery Nights in Young and Older Partici-
pants

 Young Older
 Baseline Recovery Baseline Recovery
Estimated Decay Rate, /h  0.209 ± 0.018 0.119 ± 0.024 0.144 ± 0.017 0.074 ± 0.02
95% Confidence Interval 0.174-0.244 0.072-0.166 0.111-0.177 0.035-0.113
R value 0.85 0.53 0.75 0.44
P < 0.05 * ** * ** * ** *

Parameters of the nonlinear regression analysis for the decay of EEG delta power during baseline and recovery nights for both age groups are 
indicated for Fz during all NREM sleep episodes (mean of all cycles ± SEM). The 95% confidence intervals are shown for both age groups and 
nights; *indicates the lack of overlap of mean values with the 95% confidence intervals between baseline and recovery night within the respective 
age groups and **between young and older volunteers for the baseline and recovery night (P < 0.05).
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occurred in EEG frequency bins of the delta and alpha range: the 
young participants responded with a significant relative decline 
of EEG delta power, predominantly in more occipital brain re-
gions. This occipital predominance of the SWA response to low 
sleep pressure found in the younger participants was not present 
in the older group. This came about an altered time course of EEG 
delta activity during the recovery night, such that during the first 
NREM sleep cycle EEG delta power declined equally in both age 
groups but increased significantly earlier (eg, during the second 
sleep cycle) in the older participants. Thus, our results turned out 
to be more complex than originally hypothesized and did not un-
ambiguously show a weaker homeostatic EEG delta response dur-
ing the recovery in the elderly when compared to the young. This 
suggests that low sleep pressure elicits age-related changes in the 
sleep EEG during the recovery night different from those after 
high sleep pressure,24 which is at least true for regional differences 
(attenuated frontal vs occipital predominance of EEG delta activ-
ity) and the time course of EEG delta activity across the night.

The build up of relative SWA during the individual 75-minute 
naps showed age differences, such that the older participants accu-
mulated more SWA during the first nap and naps coinciding with 
the wake maintenance zone (nap 4 and 10). Transient changes in 
the SWA accumulation curve (Figure 6b) during naps occurring in 
the second half of the biological night and early morning (naps 1, 
6, 7) could be explained by the fact that the young participants had 
more REM sleep at that time of day (eg, greater circadian ampli-
tude in REM sleep propensity).24,30 As the older participants slept 
more during the first nap after the baseline night might be a con-
sequence that they slept less during the baseline than the young, 
even though they felt subjectively more alert (please see our pre-
vious reports30). The young participants accumulated more SWA 
in the nap following the first wake maintenance zone (nap 5). We 
interpret these findings as a weaker evening circadian arousal sig-
nal in the older participants, allowing more SWA to build up in the 
evening compared with in the young. 

Indexes for an Age-Related Weakening of the Homeostatic Process 

Based on three results in this study, one could argue for a 
weaker homeostatic sleep regulation with increasing age: first, the 
less-pronounced EEG delta response to low sleep pressure as ob-
served in the all-night EEG spectra in the older group, second, the 
earlier increase of EEG delta power in the course of the recovery 
and, third, the higher subjective sleepiness ratings prior the recov-
ery. Since the amount of prior wakefulness is the most important 
predictor for sleep EEG delta activity, it could be that the older 
participants were longer awake during the multiple nap protocol 
and hence showed a different delta response than the young. This 
argument can be rejected because we did not observe any sig-
nificant difference in TST or SE between both age groups across 
the preceding 10 nap episodes (with all participants included), al-
though the distribution of TST and SE across the scheduled naps 
was different between the age groups.28 When we only included 
those participants who could sleep during 8 naps (eg, without nap 
4 and 10, because only few of the young were able to sleep dur-
ing these two naps during the wake maintenance zone14), then the 
young (n = 8) slept longer than the elderly (n = 11). But this again 
is a circular argument, as the distribution over time and not the 
total amount of sleep differed between age groups. Nevertheless, 
the older participants had less SWS (and stage 3 and 4) during the 

10 naps (percentage of TST during baseline) but more NREM and 
stage 2 than the young, which points to a less deep sleep during 
the naps with a concomitant higher homeostatic increase of sleep 
pressure. In line with this is also less accumulated relative SWA 
across 10 naps in the older participants when compared with the 
young. 

When looking at a subjective correlate of sleep pressure dur-
ing wakefulness, we found that the older volunteers were sleepier 
than the young in the afternoon and early evening on the first and 
also on the second day of the nap protocol.28 Objective evidence 
for higher sleep pressure during the preceding wake episodes in 
the elderly will come from the waking EEG. Preliminary results 
from the high sleep pressure protocol (40-hour sleep deprivation) 
revealed more EEG power in the low-frequency range (< 7 Hz) in 
the older participants during the wake maintenance zone.35 Con-
comitantly, the elderly performed worse during the biological 
day (ie, outside the melatonin secretory phase, during the first 16 
hours after baseline night), as assessed by the Psychomotor Vigi-
lance Test,36 and were sleepier (unpublished data). Therefore, one 
could argue that the elderly exhibited a faster wake-dependent 
homeostatic increase of sleep pressure, at least under “normal” 
sleep pressure conditions. The elderly may live under higher sleep 
pressure during wakefulness, as has been reported for short sleep-
ers.37 Relative SWA during the entire recovery night (percentage 
of baseline) was higher in our older group. In line with this is the 
earlier increase of EEG delta activity during the second sleep cy-
cle, indicating either a shorter lasting response to low sleep pres-
sure or an intrasleep rebound of sleep pressure. The increase in 
the EEG spindle range was also shorter lasting in the elderly than 
in the young. Similar immediate intranight rebounds in SWA have 
been reported after artificial reduction of SWA levels in the first 
part of the night via acoustic stimuli.38 Interestingly, an altered 
time course of homeostatic sleep regulation is also suspected in 
young narcoleptic patients, with an intrasleep increase of SWS 
during the third sleep cycle after high sleep-pressure conditions.39 
It was assumed that this intrasleep rebound reflects a higher sleep 
need. 

Another explanation could be that the circadian signal is atten-
uated in the elderly and thus weaker in opposing the homeostatic 
sleep pressure build up during wakefulness. This eventually leads 
to a more “linear” increase in sleepiness and a less consolidated 
16-hour bout of wakefulness, as is normally seen in young par-
ticipants. In line with a weaker circadian arousal signal are the 
less-pronounced day-night differences in the lower EEG alpha 
and spindle frequency range during the nap sleep episodes with 
less REM sleep,28 as well as a weaker coupling of the circadian 
rhythm of EEG spindle frequency and sleep propensity to the cir-
cadian rhythm of melatonin secretion in the older volunteers.30 
Furthermore, we have evidence for an age-related diminution in 
the circadian rhythms of salivary melatonin28,30 and core body 
temperature (unpublished data). Thus, we argue that the interac-
tion of the circadian with the homeostatic process plays an im-
portant role in age-related changes of sleep regulation and sleep 
timing, rather than alterations in the homeostatic process per se.

How alterations in the dynamics of EEG delta activity under 
low sleep pressure are reflected in cellular and molecular mecha-
nisms is not known. According to Saper et al,40 there is some evi-
dence that at least one mechanism for sleep drive is the accumula-
tion of a sleep-promoting substance that enhances the activity of 
sleep-promoting cells and reduces the activity of wake-promot-
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ing neurons. Potential mechanisms for a weakened homeostatic 
sleep regulation with age might be found in the connection among 
sleep drive, SWA, and adenosine concentrations in the forebrain. 
Recently, a reduced sensitivity for adenosine41 and a decline in 
adenosine A1 receptors42 were found in aged rat brains, which 
may, for the first time, indicate a weaker responsiveness of the 
homeostatic system with age. It remains to be elucidated whether 
this also plays a role in the human central nervous system.

Evidence for Intact Homeostatic Sleep Regulation in Elderly 

There was no age difference between relative TST and SE dur-
ing the naps, and both age groups responded to low sleep pressure 
with lower SE, longer sleep latencies, and more wakefulness after 
lights out during the recovery night. Concerning the EEG spec-
tra, which allow quantification of the sleep homeostatic process, 
a very similar EEG delta power decline during the first NREM 
cycle was found in both age groups during the recovery night. If 
we assume that the SWA level at the beginning of the sleep epi-
sode is one of the most reliable physiologic markers for accumu-
lated homeostatic sleep pressure,1 we do not have strong evidence 
for an age difference in homeostatic delta response to low sleep 
pressure, similar to the findings of Campbell and Feinberg.15 In 
that study, neither age-related differences in the mean EEG delta 
response (0.3-3.0 Hz) during the postnap night nor a change in 
the period-amplitude incidence of EEG delta power were found.15 
The increase in EEG power density in the spindle frequency range 
in response to low sleep pressure was very similar for both age 
groups in our study, at least at the beginning of the night. This is 
a further argument for intact homeostatic sleep regulation in the 
elderly, since EEG power density in the spindle frequency range 
is under clear homeostatic control.14

The time constants of the fitted decay function for delta dis-
sipation during baseline were different between the age groups, 
which is in accordance with results of other studies.21,22The same 
was true for the recovery night, although the goodness of fit, as 
indexed by the R-values, was rather low for both age groups, indi-
cating that using exponential decay functions is not a very reliable 
way to fit the delta dissipation after low sleep pressure conditions, 
particularly in occipital EEG derivations. 

CONCLUSION 

Our results confirm and further extend the conclusion that age-
related sleep deterioration cannot unambiguously be attributed 
to a weakening of the homeostatic sleep-regulatory system. The 
age-related, diminished occipital decline of EEG delta activity in 
response to low sleep pressure in the all-night EEG spectra was 
no longer present when we took a closer look at the time course of 
the delta dissipation across sleep cycles, in which both age groups 
showed a similar decrease in EEG delta activity during the first 
sleep cycle. Subsequently, older participants exhibited an earlier 
intrasleep increase of EEG delta activity. Whether this reflects a 
homeostatic intrasleep rebound in the elderly, and a possible rela-
tionship to the age-related lower sleep consolidation and weaken-
ing of homeostatic sleep regulation, remains to be elucidated. We 
conclude that it is the interaction of circadian with homeostatic 
processes that play an important role in age-related changes in 
sleep regulation and sleep timing, rather than alterations in the 
homeostatic process per se.
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