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EpidEmiological studiEs havE documEntEd an 

incrEasEd prEvalEncE of slEEp complaints, in-

cluding insomnia, in oldEr adults.1,2 thE ratE 

of prescriptions for hypnotics is high for this segment of the 

population although the effectiveness of current hypnotics re-

mains unsatisfactory.3 Whether and how the age-dependent in-

crease in insomnia is related to the age-related changes in sleep 

regulation in healthy individuals is currently not known.

healthy aging is associated with profound changes in sleep 

but there is no consensus on the interpretation of these changes 

in the context of models of sleep regulation and the consequenc-

es of these changes in nocturnal sleep for daytime function have 

not been established.

sleep complaints frequently mentioned in relation to aging 

are sleep interruptions, early morning awakening, and difficulty 
falling asleep.4 these changes in nocturnal sleep are thought 

to be related to the complaints of waking-not-refreshed, day-

time napping and sleepiness.1,5 this linkage between nocturnal 

and diurnal complaints is supported by the widespread view of 

sleep as a recovery process in which the increase in sleep in-

terruptions and the loss of deep sleep with age are viewed as 

indicators of less recuperative or insufficient sleep.

the question of whether these age-related changes in sleep 

and daytime sleepiness are secondary to poor health and sleep 

disorders or are also observed in healthy aging has received 

some attention.6 one common answer is that aging in healthy 

people is not necessarily associated with poor sleep and that 

sleep need is not reduced in old age,7 but experimental evidence 

in favor or against this view is rather limited.

physiological studies of sleep have also documented marked 

changes in sleep structure in healthy older people. Key chang-

es include a striking age-related reduction in slow wave sleep 

(sWs) and computer detected slow wave activity (sWa), as 

well as reductions in sleep continuity and sleep maintenance 

parameters.8,9 reductions in rEm sleep and total sleep time 

(tst) are also observed with aging, although these changes are 

less striking.10 these age-related changes in physiological sleep 

parameters are nearly continuous across the adult lifespan but 

the time course of changes differs between the various sleep 

parameters.8,10

changes in sleep structure, sleep continuity, sleep mainte-

nance, and early morning awakening can be interpreted within 

the framework of the homeostatic and circadian regulation of 

sleep.11-13 in this widely accepted conceptualization of sleep 

regulation, sWs/sWa is considered a principle marker of the 

homeostatic process, whereas sleep continuity, maintenance, 

and early morning awakening are determined by the interac-

tion of the circadian and homeostatic processes. several ex-

perimental approaches have attempted to identify the relative 

contribution of these 2 processes, and their interaction with the 

age-related changes in sleep.14,15 sleep deprivation and sleep 

satiation experiments have probed sleep homeostasis in older 
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adults. circadian phase shifting through scheduled light expo-

sure experiments have quantified the contribution of circadian 
phase. forced desynchrony experiments investigated the inter-

action of the circadian and sleep process. Key findings that are 
consistent across these protocols are: (1) the homeostatic and 

circadian regulation of sleep operates in old age; and (2) age-

related changes in sWs and sleep continuity/duration persist 

across all circadian phases.

One overarching interpretation of these findings is that the 
age-related reduction in SWS sleep reflects a reduction in ho-

meostatic sleep drive/need. according to this interpretation, 

the reduced sleep continuity and maintenance, early morning 

awakening, and increased susceptibility to circadian phase mis-

alignment and other internal and external stimuli are secondary 

to the reduction in homeostatic sleep drive and the depth of 

sleep. an alternative interpretation is that the changes in sWs 

and sleep continuity primarily reflect sleep that is less efficient 
in dissipating sleep pressure without an underlying reduction 

in homeostatic sleep drive or sleep requirement. When sleep is 

seen as a restorative process, these 2 interpretations lead to op-

posite predictions with respect to daytime consequences—such 

as sleepiness— of the age-related nocturnal sleep changes. the 

interpretation that aging is associated with a reduced homeo-

static sleep drive predicts age-related reductions or no change 

in daytime sleep propensity, provided that sleep opportunity 

does not change with age. in contrast, when the age-related 

changes in sleep are seen as an indication of sleep being less 

efficient in dissipating sleep pressure or insufficient, a build up 
of homeostatic sleep pressure is predicted. this should lead to 

excessive daytime sleepiness in older people, if not pathologi-

cal sleepiness seen in clinical examples of disrupted sleep such 

as in sleep apnea.16

Insufficient sleep resulting in a build-up of homeostatic sleep 
pressure without changing total sleep duration can be modelled 

by experimental disruption of sWs. in sWs deprivation ex-

periments, in which subjects are prevented from entering deep 

sleep by administration of acoustic stimuli contingent upon the 

ongoing EEg, a homeostatically regulated rebound of sWs 

occurs.17-19 this rebound is observed within a sleep episode if 

the sWs disruption takes place at the beginning of the sleep 

episode. the rebound is observed during the subsequent sleep 

episode when the sleep disruption is continued to the end of 

the nocturnal sleep episode.20 This implies that the SWS deficit 
is carried over an intervening wake episode and that homeo-

static sleep pressure is higher during wake episodes following 

sWs disruption. the daytime consequences of either age-relat-

ed changes in sleep or experimental disturbances of sWs and 

sleep continuity, however, have not been studied extensively.

one early study, in which daytime sleep propensity was 

assessed using the multiple sleep latency test (mslt), it was 

found that older people were sleepier,21,16 or at least as sleepy 

as young people.22 Subsequent studies have largely confirmed 
these findings although in some it was noticed that older people 
may be as sleepy or less sleepy than young people.6,23 stud-

ies of the effects of aging on daytime functioning, including 

sleepiness, varied considerably in their control of sleep-wake 

history and the extent of the general health and sleep screening 

and nocturnal sleep structure and continuity were not always 

quantified. Therefore, firm conclusions on the relationship be-

tween daytime sleep propensity and aging can currently not be 

drawn.

the association between sWs and sleep continuity and 

daytime sleep propensity has not been firmly established in 
healthy individuals, and it is not known whether this relation-

ship changes with age. descriptive studies in patient popula-

tions have provided some evidence for a role of sleep continuity 

and sWs in the regulation of daytime sleep propensity.24 small-

scale experimental studies of sWs disturbances and associated 

changes in sleep continuity have been shown to affect daytime 

sleep propensity in healthy individuals,25-27 but whether these 

effects are of a similar magnitude in all age-groups is not cur-

rently known.

in order to better understand the nature of the age-related 

changes in sleep and daytime sleep propensity and to investi-

gate the role of sWs sleep and sleep continuity in the regula-

tion of daytime sleep propensity, we conducted a large-scale 

experiment in which sleep and daytime sleep propensity was 

quantified under baseline conditions as well as during and after 
experimental disruption of sWs. the experimental disruption 

of sWs allowed for the assessment of responsiveness of day-

time sleep propensity to insufficient sleep. The experiment was 
conducted in carefully screened healthy young, middle-aged, 

and older individuals, all of whom were scheduled to an 8-h 

sleep opportunity for at least 5 nights prior to the 4-day labo-

ratory experiment. the data demonstrate that, whereas experi-

mental disturbances of sWs lead to increased daytime sleep 

propensity in all age groups, at baseline aging is associated with 

a reduction of daytime sleep propensity, despite reductions in 

nocturnal sWs and sleep continuity.

METHODS

the study was conducted at the clinical research centre 

(crc) of the university of surrey. after an independent eth-

ics committee had reviewed the protocol and given a favorable 

opinion, healthy young (20-30 y), middle-aged (40-55 y) and 

older (66-83 y) men and women, without sleep disorders or 

sleep complaints (see visits 1 and 2 below), were recruited to 

the study. all subjects gave written informed consent prior to 

screening and study procedures. the study consisted of 3 vis-

its: (1) a general medical screening visit, (2) a sleep laboratory 

screening and habituation session which consisted of 1 night/

day for polysomnography (psg)/daytime function and mslt 

assessment, and (3) a 4-night and four and one half day visit 

during which the experimental protocol was conducted.

Visit 1: subjects underwent a medical and psychiatric 

screening. all included subjects were healthy on the basis of a 

physical examination, medical history, vital signs, electrocar-

diogram, and routine (clinical chemistry and hematological) 

laboratory tests. prohibited recent (within 2 weeks of screen-

ing) and concomitant medication included investigational 

compounds, melatonin, antidepressants, fluoxetine (within 4 
weeks of screening), antipsychotics, benzodiazepines, anxi-

olytics, hypnotics, any cns depressant, stimulants, diet pills, 

antihistamines, and otc medications that could affect sleep. 

subjects underwent a psychiatric examination using the mini 

mental state Examination (mmsE, elderly subjects only)28 and 

the mini international neuropsychiatric interview (mini).29 

Subjects with a MMSE score ≤ 25 or significant psychiatric 
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symptoms were excluded. subjects who reported drinking > 

3 alcoholic beverages or > 5 caffeine-containing beverages or 

smoking > 5 cigarettes per day were not included in the study. 

subjects were excluded if they reported sleep complaints, as 

assessed by interview and the pittsburgh sleep Quality index.30 

subjects were excluded if the composite score on the pittsburgh 

sleep Quality index was > 5. subjects who had conducted shift 

work, maintained an irregular sleep/wake schedule or travelled 

through > 2 time zones during the preceding 1 month were ex-

cluded. additional inclusion criteria related to sleep included 

a reported bedtime between 22:00 and 00:00 on at least 5 of 

7 nights per week and reported typical sleep duration between 

6.5 and 8.5 h. following visit 1 subjects wore actigraphs (cam-

bridge neurotechnology, ltd, uK) and completed an electronic 

sleep diary (invivodata inc, usa) throughout the study. sub-

jects were required to have adequate vision and manual dexter-

ity to use the electronic sleep diary. actigraphy recordings were 

reviewed at visit 2 and visit 3.

During Visit 2 subjects underwent a polysomnographic 

screening with scheduled recordings between 23:00-07:00. 

subjects with an apnea-hypopnea index of > 15/h or a periodic 

leg movements arousal index > 15/h were excluded. on the day 

following the psg screening subjects conducted waking per-

formance tests starting at 08:00, 10:00, 12:00, 14:00, and 16:00 

and the mslts with individual sleep latency tests at 09:00, 

11:00, 13:00, 15:00 and 17:00. thus during visit 2 subjects 

were familiarized with the laboratory environment, the psg 

recordings, performance tests and the mslt. subjects were in-

structed to adhere to a sleep schedule of 23:00-07:00 between 

visit 2 and visit 3 for which the inter-visit period was a mini-

mum of 5 and a maximum of 14 nights. compliance with this 

schedule was determined by inspection of actigraphy record-

ings and sleep diaries on admission for visit 3. actigraphy anal-

ysis showed that that prior to visit 3 average sleep start-times 

were 23h:28min (sd: 32 min), 23:17 (29), and 23:08 (26); and 

average sleep-end times were 07:34 (33), 07:17 (29), and 07:08 

(25) for young, middle-aged and older people, respectively. ac-

tigraphically assessed total sleep time was 07h: 09 min (sd 23 

min), 07:08 (24), and 07:16 (27) in young, middle-aged, and 

older adults, respectively.

Visit 3: this intervention period consisted of 1 baseline 

night and day, 2 nights and 2 days with or without selective 

sWs/sWa disruption and 1 recovery night and day. the study 

was run according to a parallel group design, in which subjects 

were randomly assigned to the sWs/sWa disruption or control 

condition. Randomization was stratified by age group. Subjects 
were resident in the crc for the duration of this intervention 

period. during this period the subjects were not allowed to drink 

caffeinated beverages, coffee or tea, or alcohol, did not engage 

in strenuous activity, and were under continuous supervision. 

all nocturnal sleep episodes were scheduled for 23:00-07:00, 

and no naps were allowed except those that occurred during the 

mslt. on each day of visit 3, waking performance tests and 

mslts were conducted as in visit 2.

SWS/SWA disruption and control group.

sWs disruption was accomplished through acoustic stimula-

tion.20 technicians trained by the investigators, monitored the 

EEg during the sleep episodes. as soon as at least two delta 

waves (< 3.5 hz; > 75µv) appeared in a 15-sec recording in-

terval, a 1000 hz tone, duration 1 sec, was delivered through 

a custom made system (glensound Electronics ltd, maid-

stone, uK). the initial intensity was 40 dB and was increased 

in steps of 5 dB if no response (EEG desynchronization, α 
burst, K complex) was observed, to a maximum of 110 dB. the 

acoustic stimuli were delivered through a loudspeaker placed 

about 40 cm above the subject’s head; each sound-attenuated 

bedroom was configured to ensure that each bed received the 
same level of sound. this method has been shown to lead to 

minimal changes in rEm sleep and total sleep duration, in par-

ticular on the second night of sWs disruption.20 a control group 

slept in identical bedrooms under identical conditions, but no 

sounds were administered. this control group served to assess 

the changes in sleep and daytime sleep propensity associated 

with the sleep schedule and laboratory conditions in the 3 age 

groups during 4 consecutive nights and days. please note that 

the primary objective of the acoustic stimulation was to disrupt 

sWs without major changes in rEm sleep and tst, and to in-

vestigate whether responsiveness to this disruption with respect 

to daytime sleep propensity and recovery sleep was maintained 

in all 3 age groups. We did not aim to investigate whether the 

quantitative relationship between sWs disruption and daytime 

sleep propensity was affected by age. the answer to that ques-

tion requires a dose-response study.

PSG recordings all psg recordings were conducted on dig-

ital psg acquisition systems (compumedics limited, victoria, 

au). left and right electrooculogram (Eog), submental myo-

gram (Emg), electrocardiogram (Ecg), and electroencephalo-

gram (EEg) from 8 positions (c3-a2, c4-a1, o1-a2, o2-a1, 

fpz-a1, fz-a1, cz-a1, and oz-a1) were digitized. psg sleep 

recording were scored according to standardized criteria,31 by 

one scorer (author ns) who was blind to the group/interven-

tion. psg recordings were also converted to Edf and exported 

to vitascore software (temec, Bv, Kerkrade, the netherlands) 

for spectral analysis of the EEg after all EEg had been visu-

ally inspected and artifacts had been removed as described else-

where.32 here we only present data on sWa, i.e., EEg power 

density 0.75-4.5 hz during nrEm sleep from the c3-a2, or if 

the quality of this channel was insufficient, from the C4-A1 der-
ivation. sWa values were obtained by adding the power values 

of the 0.25 hz bins, which had been created using the top-top 

amplitude setting in vitascore.

Multiple Sleep Latency Test (MSLT) the mslt is the 

accepted standard procedure “to measure physiological sleep 

tendency in the absence of external alerting factors,”33 and 

has been shown to be responsive to variations in homeostatic 

sleep pressure.34 mslts were performed in accordance with the 

standard criteria for assessment. subjects were asked to lie in 

a comfortable position on the bed of their individual bedroom. 

at lights out, subjects were asked try to fall asleep. sleep onset 

was said to occur when, on observation of channel(s) c4-a1 

and o2-a1 in real time, there were either 3 complete epochs 

of stage 1 sleep or any 1 epoch of unequivocal sleep. on ob-

servation of either of these the recording was terminated and 

the subject awoken. if neither of these events was observed, the 

recording was continued for a total duration of 20 min before 

the test was terminated. Sleep latency was defined as the inter-
val between lights out and the first of the 3 epochs of stage 1 
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of sWs disruption, and (3) effects of sWs disruption sepa-

rately in the 3 age groups and differences between age groups 

with respect to the response to sWs disruption. daytime sleep 

propensity was considered the primary variable of interest and 

the other variables were considered secondary and exploratory. 

p values were not corrected for multiplicity.

differences between age groups on baseline measures of sleep 

and sleep propensity were assessed using proc miXEd and 

the lsmEans statement (tables 2, 3). mslt data as presented 

in figure 1 were analyzed with proc miXEd, with the mslt 

values at each of time points 1 to 5, on d-1, as the model de-

pendent variable, with age group as fixed effect, with time (tak-

ing values 1, 2, 3, 4, and 5) as a repeated measure with spatial 

power variance-covariance matrix, and with interactions for age 

by time. Provided a significant effect of age was observed, age 
comparisons were estimated using the lsmEans statement.

the effects of sWs deprivation were assessed using data of 

each of the nights n-1, n1, n2, and n3 (table 4), or the average 

of the 5 mslts on d-1, d1, d2, d3 (figure 2), as the model 

dependent variable, with group (no-sWs disruption, sWs dis-

ruption) as a fixed effect, night (taking values −1, 1, 2, and 3) 
as a repeated measure with unstructured variance-covariance 

matrix, and with a group (no-sWs disruption, sWs disruption) 

by night interaction. Provided a significant group by night in-

teraction was observed, estimates of the effect of treatment on 

the deviation from baseline values in the different nights were 

estimated using the lsmEans statement.

to investigate the effects of sWs disruption in the 3 age 

groups (tables 5, 6: figures 3, 4), data were expressed as de-

viation from baseline, and the contrast between sWs disruption 

and the control group was analyzed separately by age group. 

We also investigated whether the response to sWs disrup-

tion differed between age groups. for this, we computed the 

2-way interaction (age*group) and the 3-way interaction 

(age*group*day) on the change from baseline data.

the statistics for figure 2 were based on sas proc miXEd 

with mslt values at each of the nights n-1, n1, n2, and n3 

sleep or unequivocal sleep stage. in this study mslt is used as 

a measure of sleep propensity.

Karolinska Sleepiness Scale (KSS). the Karolinska sleepi-

ness scale is a validated 9-point likert-type scale of subjec-

tive sleepiness.35 it was administered 5 times a day prior to the 

mslt.

Subjective Assessment of Sleep Quality and Daytime Function

subjective sleep Quality and refreshed upon awaken-

ing was assessed by a 100-point visual analogue scale (vas). 

subjective sleep latency and number of awakenings as well as 

estimates of the total duration of awakenings and total sleep 

time were assessed at approximately 20 min after lights on. a 

subjective assessment of daytime function was obtained at the 

end of the waking day (using a vas). how relaxed, how tired, 

how energetic and ability to function were all assessed by vas 

using the e-diary.

Statistical Analyses

The per-protocol set (pps) consisted of all subjects, who, as 

assessed during a blinded data review, did not violate any of the 

inclusion and exclusion criteria and had completed the mslt 

on days d-1 and d2.

This PPS was used to analyze all the efficacy variables pro-

vided that the subjects included in such analysis had completed 

4 or more of the relevant performance measurements on each 

of days of the study involved in the contrasts being reported on, 

for performance measurements involving 5 time points per day, 

and otherwise, had completed at least one measurement on each 

of these days.

data and statistical analyses were conducted by research-

ers and statisticians at the surrey sleep research centre and 

clinical research centre of the university of surrey using sas 

proc miXEd (sas versions 8 and 9). some variables were 

log transformed prior to statistical analysis.

the statistical approaches were chosen to address 3 ques-

tions: (1) differences between age groups at baseline, (2) effects 

Figure 1—MSLT (mean ± SE) at 9, 11, 13, 15, and 17 h, in young (●), 
middle-aged (○), and older subjects ( ▼). *P < 0.05; **P < 0.01; P < 0.001. 
Y vs. O = Young vs. Older; Y vs. M = Young vs. Middle-aged; M vs. O = 

Middle-aged vs. Older
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proximately equal numbers of men and women in the young 

and middle-aged groups but more women than men in the older 

group.

Baseline Nocturnal Sleep: Objective and Subjective Measures

Objective Measures: total sleep time per 8 h time in bed 

decreased significantly and progressively across the age groups, 

(expressed as an average over the 5 within-day time points), 

as the model dependent variable, with treatment group (group 

1: those subjects in the analysis population who underwent no 

sWs deprivation; and group 2: the remaining subjects in the 

analysis population) as fixed effect, with day (taking values −1, 
1, 2, and 3) as a repeated measure with unstructured variance-

covariance matrix, and with a group by day interaction.

RESULTS

Subject Disposition

a total of 257 subjects were screened, and 117 subjects 

were randomized (all subjects treated set). the main reason for 

screening failure was illness/medical history. during a blinded 

data review, 7 subjects were removed from the analyses be-

cause of incomplete data (5), protocol noncompliance (1), and 

EEg abnormality before intervention took place (1). one hun-

dred and ten subjects therefore constituted the pps; 44 were 

young, 35 middle-aged, and 31 older (table 1). there were ap-

Figure 3—Change from baseline for the MSLT (mean ± SE) at 5 time 

points during D1 and D2 in the Control (●) and SWS disruption (○) group. 
D1, D2 the days after one and two nights of SWS disruption/Control re-

spectively

*P < 0.05; **P < 0.01; *** P < 0.001 Control vs. SWS Disruption.  
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more refreshed waking up than older people, 

but the contrasts between older and young 

and middle-aged and young were not signifi-

cant (table 2).

Baseline Daytime Sleep Propensity: 

Objective and Subjective Measures

Objective Measures: the average of 

the 5 daytime sleep latency tests showed a 

marked, significant, and progressive increase across the 3 age 
groups. the mslt values of older and middle-aged subjects 

were significantly longer than the value in young people, and 
the daily mean value in older people tended to be longer than in 

middle-aged subjects (table 3). the time course of sleep pro-

pensity displayed the typical pattern for adults: longest sleep 

latencies in the morning, shortest sleep latencies at 15:00, fol-

lowed by an increase at 17:00 in all 3 age groups (figure 1). 

the age-related reduction in sleep propensity was observed at 

all 5 time points, and the interaction between age and time of 

day was not significant. A significant effect of gender was not 
observed.

subjective Measures: the average of the 5 Kss measure-

ments varied significantly with age (Table 3). The young people 
were significantly sleepier than the middle-aged people, who 
were the least sleepy of the 3 groups. the subjective sleepiness 

of the older people fell in between the other 2 age groups and 

was not significantly different from either.

SWS Disruption: Effect on Objective and Subjective Sleep 

Measures

Objective Measures: as anticipated, sWs and sWa were 

significantly reduced during the 2 SWS disruption nights, and 
this reduction was followed by a significant rebound during 
the recovery sleep episode (table 4). When all age groups 

were considered together, sWs disruption did not lead to a 

significant reduction in TST on either the first or second night 
of disruption, but a significant increase was observed on the 
recovery night. latency to persistent sleep was prolonged on 

the first night of SWS disruption and was reduced during the 
recovery sleep episode. sWs disruption was associated with 

a significant increase in stage 1 and 2 during the 2 nights of 
sWs disruption followed by a reduction during the recovery 

sleep episode, although this reduction was only significant for 
stage 1. the number of psg awakenings was increased sig-

nificantly on both SWS disruption nights but wakefulness after 
sleep onset was not affected during these 2 nights. no effects 

of sWs disruption on rEm sleep were observed. analyses by 

age group did not suggest major differences between the age 

groups in the response to sWs disruption (table 5). this was 

substantiated by computing the interaction between age and 

treatment as well as the interaction between age, treatment, 

and day for the data expressed as deviation from baseline. 

The 2-way interaction was not significant for any of the vari-
ables. The 3-way interactions were not statistically significant 
for any of the objective psg variables in table 5, with the 

exception for sWa% (p = 0.036) and sWs (p = 0.030), but 

the Age*Treatment interaction was not significant for these 
variables. for these variables we next analyzed the contrasts 

between the age groups with respect to the difference between 

such that older adults slept approximately 20 min less than 

middle-aged, who slept 23 min less than young adults (table 

2). this reduction in total sleep time was primarily related to 

an increase in the number of awakenings and the duration of 

wakefulness after sleep onset, rather than an increase in latency 

to sleep onset. This led to sleep efficiencies of 92.1% (4.0%), 
86.6% (7.9%), and 82.0% (8.1%) in the young, middle-aged, 

and older age groups (effect of age: p < 0.0001; young vs. 

middle-aged: p = 0.0006; older vs. middle-aged: p = 0.0082). 

Within sleep, an age-related reduction in stage 4, sWs, and 

sWa was observed, which was primarily attributable to the 

middle-aged group. stage 4 values expressed as a percentage 

of tst were 17.3% (4.9%), 11.6% (6.9%), and 9.8% (6.5%) 

for the young, middle-aged, and older age group, respectively, 

and differed significantly across age groups (P < 0.0001). Stage 
4% was significantly higher in the young compared to both the 
middle-aged and older age group (p < 0.0001), but the differ-

ence between the middle-aged and older age groups was not 

statistically significant. When SWS was expressed as a percent-
age of tst, the values were 27.3%, (7.3%) 20.9% (7.6%), and 

21.5% (8.0%) for the young, middle-aged, and older age group, 

respectively, and differed significantly across age groups (P = 
0.0004). SWS% was significantly higher in the young com-

pared to both the middle-aged (p = 0.0004) and older age group 

(p = 0.0015), but the difference between the middle-aged and 

older age groups was not statistically significant.
there were more women in the oldest group, and women 

have more sWs and sWa than men. to investigate whether 

this could explain the absence of a decline from the middle-

age to older group we computed the contrasts separately for the 

men and women. Stage 4 in the older women was significantly 
lower than in middle-aged group, but the difference was not 

significantly different for either SWS or SWA. The decline in 
sWs was mirrored by an increase in stage 2. although this ef-

fect was not significant for the duration of stage 2, it was sig-

nificant (P < 0.001) when stage 2 was expressed as percentage 
of tst. stage 2 expressed as percentage of tst was 45.80% 

(5.76%), 51.74% (7.09%), and 52.46% (7.93%) in the young, 

middle-aged, and older age groups, respectively. stage 1 did not 

differ significantly across the age groups. REM sleep duration 
was shorter in the older age group. rEm sleep values expressed 

as a percentage of tst were 20.3% (3.7%), 20.2% (5.3%), and 

19.0% (4.7%) in the young, middle-aged, and older age groups, 

respectively, and did not differ significantly between the age 
groups.

subjective Measures: A significant and progressive in-

crease was noted in the reported total duration of night awaken-

ings, but no significant differences in the reported number of 
awakenings, total sleep time, sleep latency or quality of sleep 

were observed across the 3 age groups. middle-aged people felt 

Table 1—Subject disposition in the 3 age groups in the per protocol set 

N Men Women Mean Age (SD) Minimum Maximum

Young 44 21 23 24.9 (2.9) 20 30

Middle-Aged 35 15 20 47.7 (4.8) 40 55

Older 31 6 25 70.8 (4.6) 66 83

Age-Related Reduction in Daytime Sleep Propensity—Dijk et al
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Table 2—Nocturnal objective and subjective baseline sleep parameters in young, middle-aged, and older subjects 

Young

Mean (SD)

Middle-Aged

Mean (SD)

Older

Mean (SD)

Effect

 of Age

Middle-Aged 

vs. Young

Older vs.

Young

Older vs. 

Middle-Aged

Objective (PSG) 

sleep measures

Total sleep 

time (min)
433.5 (23.7) 409.9 (40.9) 390.4 (38.5) P < 0.0001 P = 0.0042 P < 0.0001 P = 0.025

Latency to 

persistent 

sleep (min)

20.6 (16.0) 16.6 (12.8) 19.2 (24.8) NS NS NS NS

Awakenings 

(number)
20.1 (6.4) 22.9 (6.6) 27.9 (11.8) P < 0.001 P = 0.152 P < 0.001 P = 0.020

Wake after sleep

onset  (min)
21.0 (15.9) 49.9 (31.3) 70.7 (36.7) P < 0.0001 P < 0.0001 P < 0.0001 P = 0.0041

Stage 1 (min) 28.1 (14.3) 29.0 (14.1) 26.7 (10.5) NS NS NS NS

Stage 2 (min) 198.9 (28.7) 211.8 (32.5) 204.5 (32.0) NS (P = 0.079) NS NS

Stage 3 (min) 43.5 (23.9) 37.4 (11.4) 45.6 (12.8) NS NS NS NS

Stage 4 (min) 75.0 (21.7) 47.9 (28.3) 38.6 (26.0) P < 0.0001 P < 0.0001 P < 0.0001 NS

Slow wave sleep 

(min)
118.4 (32.5) 85.3 (30.3) 84.2 (32.6) P < 0.001 P < 0.001 P < 0.001 NS

Slow wave 

activity (μV2)
3280 (1412) 1923 (836) 1754 (746) P < 0.001 P < 0.001 P < 0.001 NS

REM sleep (min) 87.9 (17.2) 83.9 (26.0) 75.0 (21.2) P = 0.0377 NS P = 0.0113 NS

Subjective 

sleep measures

Total sleep 

time (h)
7.25 (0.89) 7.29 (0.62) 7.12 (1.06) NS NS NS NS

Sleep onset 

latency (min)
30.3 (32.3) 15.5 (14.8) 40.2 (109.0) NS NS NS NS

Number of 

awakenings
2.2 (1.6) 2.9 (2.0) 2.4 (2.0) NS NS NS NS

Total duration 

of awakenings 

(min)

14.4 (25.6) 28.1 (27.3) 59.3 (114.5) P = 0.0124 NS P = 0.0033 P = 0.0499

Quality of sleep 

(mm; more is 

worse)

46.6 (20.1) 46.4 (23.4) 54.4 (19.9) NS NS NS NS

Refreshed upon 

awakening (mm; 

more is better)

52.8 (17.6) 61.3 (22.7) 48.8 (20.8) P = 0.0355 (P = 0.0636) NS P = 0.0126

For objective measures: N = 41, 31, 31 for the young, middle-aged, and older subjects, respectively. For subjective measures: N = 44, 35, 31. min = minutes. 

Please note that Lights out was 23:00 and Lights on at 07:00 in all 3 age groups 

Table 3—Objective (MSLT) and subjective (KSS) daytime sleep propensity at baseline 

Young

Mean (SD)

Middle-Aged

Mean (SD)

Older

Mean (SD)

Effect

 of Age

Middle-Aged 

vs. Young

Older vs. 

Young

Older vs. 

Middle-Aged

MSLT (min) 8.7 (4.5) 11.7 (5.1) 14.2 (4.1) P < 0.0001 P = 0.0078 P < 0.0001 (P = 0.0567)

KSS points 

(max = 9) 3.7 (1.0) 3.2 (0.9) 3.4 (0.6) P = 0.0310 P = 0.0088 NS NS

MSLT: N = 44, 35, 31 for the young, middle-aged, and older, respectively. KSS: N = 39, 35, 31. Statistics for MSLT on log transformed values. 
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the middle aged-group (p = 0.023), but only on d1. impor-

tantly, a reduction of sWs during the deprivation nights and a 

rebound during the recovery nights was observed in all 3 age 

groups.

subjective Measures: sWs disruption was associated 

with a reduction in reported sleep duration on both nights, 

the control and sWs disruption group separately for d1, d2, 

and d3. for sWs, the difference between control and sWs 

disruption was significantly greater in young than in older sub-

jects on d1 only (p = 0.029), and for sWa the difference be-

tween control and disruption was significantly greater in the 
young age group compared to both the older (p = 0.007) and 

Table 4—Effect of SWS deprivation on objective and subjective sleep parameters 

Intervention 

group
Baseline N1 N2 N3Objective (PSG) 

sleep measures

Total sleep time (min)
Control 417.2 (32.2) 52 −5.8 (34.4) 49 2.5 (31.2) 50 −7.8 (35.5) 52

Disruption 409.6 (43.8) 51 −18.9 (57.1) 50 2.3 (52.0) 50 23.7 (41.5) 50***
Latency to persistent sleep 

(min)

Control 15.5 (11.5) 4.9 (19.9) 3.0 (16.9) 13.4 (30.5)

Disruption 22.5 (22.8) 22.8 (49.4)* 2.5 (34.6) −6.1 (20.7)***

PSG awakenings (number)
Control 24.0 (9.8) −1.5 (8.8) −1.5 (7.6) −1.7 (9.4)

Disruption 22.6 (8.0) 9.7 (11.3)***  10.5 (9.7) *** −3.9 (9.0)

Wake after sleep onset (min)
Control 43.2 (30.5) 0.7 (29.7) −5.8 (28.1) −1.1 (27.6)

Disruption 46.1 (39.3) 8.8 (40.3) −3.6 (33.2) −17.9 (33.7)**

Stage 1 (min)
Control 26.9 (12.4) −2.5 (9.9) −0.9 (10.3) −1.3 (11.7)

Disruption 29.1 (13.8) 9.1 (16.2)*** 3.6 (14.6)* −7.9 (15.1)*

Stage 2 (min)
Control 206.4 (31.0) −8.6 (29.5) −6.2 (25.3) −12.8 (29.6)

Disruption 202.5 (31.3) 26.9 (43.4)*** 25.5 (36.7)*** −7.9 (34.6)

Stage 3 (min)
Control 42.0 (14.6) −1.3 (14.8) −2.5 (14.6) −5.2 (14.4)

Disruption 42.6 (21.0) −5.3 (22.2) 8.2 (28.7)* −1.4 (20.4)

Stage 4 (min)
Control 58.6 (31.6) 1.5 (14.9) 0.7 (16.2) 0.8 (15.2)

Disruption 53.0 (27.4) −45.4 (27.9)*** −41.9 (21.5)*** 22.4 (23.1)***

Slow wave sleep (min)
Control 100.6 (34.9) 0.2 (20.0) −1.85 (21.8) −4.4 (21.1)

Disruption 95.6 (36.6) −50.7 (32.1)*** −33.7 (28.8)*** 20.9 (27.1)***
SWA (Baseline: μV2, N1-3: % 

from baseline)

Control 2456 (1305) 52 −0.1 (15.8) 47 1.2 (17.7) 49 0.9 (17.5) 52

Disruption 2368 (1280) 51 -20.3 (21.7) 50*** −10.2 (25.3) 48** 24.2 (28.5) 50 ***

REM sleep (min)
Control 83.3 (21.1) 5.0 (23.5) 11.4 (23.2) 10.6 (22.9)

Disruption 82.3 (22.7) −4.3 (25.9) 6.9 (31.3) 18.6 (31.8)

Subjective 

sleep measures

Total sleep time (h)
Control 7.4 (0.6) 56 −0.0 (0.7) 54 0.1 (0.7) 56 −0.1 (0.8) 56

Disruption 7.0 (1.1) 54 −0.6 (1.5) 53* −0.4 (1.5) 54 P = 0.054 0.6 (1.1) 54***

Latency to sleep onset (min)
Control 29.5 (80.2) −14.0 (82.2) −15.5 (79.5) −5.4 (84.2)

Disruption 27.2 (35.1) 0.6 (38.7) −9.7 (44.4) −15.3 (36.4)

Number of awakenings
Control 2.3 (1.8) 0.6 (2.2) 0.0 (2.4) −0.4 (2.1)

Disruption 2.6 (1.9) 7.3 (10.9)*** 5.8 (8.7)*** −1.4 (1.7)**
Subjective duration of 

awakenings (min)

Control 35.9 (87.7) 8.8 (109.5) −10.3 (112.2) −13.6 (94.8)
Disruption 26.7 (33.3) 44.8 (89.5) 45.7 (181.7) P = 0.05 2.1 (98.2)

Quality of sleep (mm; more 

is bad)

Control 43.9 (20.8) −2.5 (24.1) −2.7 (22.9) −1.2 (23.0)
Disruption 53.8 (20.7) 13.1 (28.7)** 6.4 (30.8) −27.5 (32.7)***

Refreshed upon awakening 

(mm; more is better)

Control 57.7 (19.9) 1.4 (23.7) 2.9 (23.3) 0.8 (23.4)

Disruption 51.0 (21.0) −13.1 (27.7)** −3.6 (28.0) 14.6 (28.1)**

N1-N3 data are expressed as deviation from baseline and the contrast between SWS Disruption and SWS Control was computed for these difference scores. 

*P < 0.05; **P < 0.01; ***P < 0.001. Mean (SD) N. Please note that number of subjects contributing to the mean are indicated only once for the visually scored 
PSG measures (see TST), SWA and subjective measures (TST).
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reported quality of sleep and feeling refreshed upon awaken-

ing, but the contrast with the control group was significant 
only after the first night of SWS disruption. In general, the 
subjective measures that were affected negatively by sWs 

disruption were no longer different from baseline after the 

recovery sleep episode. analyses by age group did not sug-

gest major differences between age groups in the subjective 

response to sWs disruption. in fact the interaction between 

Age and Treatment was not statistically significant for the 

although this failed to reach statistical significance for the 
second night of sWs disruption (p = 0.053). subjective la-

tency to sleep onset was not affected, but the reported number 

of awakenings was increased after both nights of sWs dis-

ruption and was reduced during the recovery sleep episode. 

the reported total duration of these awakenings was not sig-

nificantly affected by SWS deprivation, although there was 
a tendency for an increase during night 2 (p = 0.054). sWs 

disruption was also associated with a significant reduction in 

Table 5—Effect of SWS disruption on objective and subjective sleep parameters during the 2 SWS disruption nights (N1, N2) and the recovery sleep episode 

(N3). 

Age group
Intervention 

group 
N1 N2 N3Objective (PSG)

sleep measures

Total sleep 

time (min)

Young Control 3.8 (21.0) 21 4.0 (21.7) 19 0.7 (26.0) 21

Young Disruption −18.1 (38.7) 20* 3.7 (31.5) 20 21.3 (28.9) 19*
Middle-Aged Control −8.5 (51.5) 13 5.2 (47.9) 15 1.8 (33.3) 15

Middle-Aged Disruption −13.5 (65.5) 15 3.5 (61.0) 16 19.6 (38.8) 16

Older Control −16.9 (29.8) 15 −1.9 (20.7) 16 −27.9 (41.5) 16
Older Disruption −25.3 (70.7) 15 −1.1 (66.4) 14 31.1 (56.9) 15***

PSG 

awakenings 

(number)

Young Control −0.5 (6.1 ) 0.4 (6.7) −0.1 (8.1)
Young Disruption 11.5 (9.2)*** 10.7 (10.6)*** −6.4 (6.6)*

Middle-Aged Control −1.4 (7.7) −1.8 (7.0) −1.2 (6.0)
Middle-Aged Disruption 9.0 (11.3)** 10.3 (11.2)** −3.3 (9.8)

Older Control −3.0 (12.6) −3.3 (9.1) −4.2 (12.9)
Older Disruption 7.9 (14.2)* 10.6 (6.7)*** −1.3 (10.3)

SWS (min)

Young Control 2.5 (19.2) −0.7 (23.6) −6.1 (20.1)
Young Disruption −60.8 (32.9)*** −33.9 (32.1)*** 27.7 (25.7)***

Middle-Aged Control −1.6 (20.6) −3.1 (21.9) 6.8 (18.2)

Middle-Aged Disruption −50.9 (22.2)*** −33.2 (32.4)* 20.7 (32.8)†

Older Control −1.5 (21.7) −2.0 (20.7) −12.5 (21.6)
Older Disruption −36.8 (35.9)** −34.2 (20.3)*** 12.6 (21.0)**

SWA (% from 

baseline)

Young Control 4.8 (14.4) 21 5.5 (19.6) 19 2.8 (17.4) 21

Young Disruption −28.2 (12.8) 20*** −15.5 (20.4) 19** 29.2 (30.9) 19**
Middle-Aged Control −5.2 (16.6) 11 −2.6 (15.8) 14 2.2 (19.2) 15

Middle-Aged Disruption −18.7 (31.5) 15†† −6.9 (31.4) 15 23.3 (32.1) 16*
Older Control −3.2 (16.2) 15 −0.7 (16.8) 16 −2.7 (16.4) 16
Older Disruption −11.3 (16.1) 15 −6.3 (24.5) 14 18.9 (21.3) 15**

Subjective 

sleep measures

Total sleep time 

(h)

Young Control −0.0 (0.5) 22 0.1 (0.6) 23 −0.0 (0.6) 23
Young Disruption −0.6 (2.0) 20 0.1 (1.5) 21 0.8 (1.1) 21**

Middle-Aged Control 0.3 (0.5) 17 0.3 (0.7) 17 0.1 (0.6) 17

Middle-Aged Disruption −0.7 (1.0) 18*** −0.4 (1.1) 18* 0.2 (0.5) 18

Older Control −0.3 (0.9) 15 −0.1 (0.8) 16 −0.5 (1.0) 16
Older Disruption −0.3 (1.2) 15 −1.0 (1.8) 15 0.8 (1.5) 15*

Number of 

awakenings

Young Control 1.1 (2.5) 1.1 (2.9) −0.5 (1.8)
Young Disruption 10.7 (13.8)** 5.9 (8.5)* −1.5 (1.7)

Middle-Aged Control −0.3 (1.4) −0.8 (1.8) −0.8 (1.8)
Middle-Aged Disruption 7.8 (10.1)** 6.6 (9.6)** −1.2 (1.3)

Older Control 0.7 (2.4) −0.8 (1.3) 0.1 (2.7)

Older Disruption 2.3 (4.2) 4.8 (8.3)* −1.5 (2.0)

All N1-N3 data are expressed as change from baseline and the contrast between SWS Disruption and SWS Control was computed for these difference 

scores. Mean, (SD) N. Number of observations is indicated once for PSG measures, SWA, and once for subjective measures. : *P < 0.05; **P < 0.01;  
***P < 0.001; †P = 0.07; ††P = 0.09. Contrast SWS disruption vs. SWS Control. 
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in MSLT was significant only 
in the young subjects, after 

2 nights of sWs disruption 

MSLT values were significant-
ly lower in the sWs disruption 

group compared to the control 

group, in all 3 age groups and 

neither the interaction between 

age and treatment nor the in-

teraction between age, treat-

ment, and Day was significant. 
(table 6, figure 4).

subjective Measures: the 

average of the 5 Kss measure-

ments was significantly affect-
ed by sWs disruption (table 

6). sWs disruption led to a 

significant increase in subjec-

tive sleepiness after both 1 and 

2 nights of sWs disruption. 

the increase in subjective 

sleepiness was observed and 

of similar magnitude in each 

of the 3 age groups and neither 

the age*treatment, nor the 

age*treatment*day interac-

tion was significant.
to investigate to what extent the effects of sWs disruption 

on objective and subjective sleep propensity may have been 

mediated by its effects on objective and subjective sleep conti-

nuity, we conducted a covariance analysis. the number of psg 

awakenings as a covariate was not significant in the analysis of 
the effect of 2 nights of sWs deprivation on either objective or 

subjective sleep propensity. the number of reported awaken-

ings as a covariate was not significant for the MSLT but was 
significant (P = 0.0018) for the KSS, but the effect of SWS dis-

ruption nevertheless remained reliable.

DISCUSSION

the data show that (1) both subjective and objective daytime 

sleep propensity are reduced in healthy older adults compared 

to young adults; and (2) experimental disruption of sWs leads 

to an increase in daytime sleep propensity and a rebound of 

sWs in young, middle-aged, and older adults. taking these two 

findings together implies that the age-related changes in sleep 
structure and maintenance do not lead to increases in sleep debt. 

Instead, these age-related changes may reflect reductions in the 
sleep (duration and depth) required to maintain alertness.

Aging and Daytime Sleep Propensity in Young, Middle-Aged, 

and Older Adults

the observed age-related reduction in daytime sleep propen-

sity cannot be attributed to an increase in time in bed or total 

sleep time in the middle-aged and older adults during the nights 

prior to the laboratory phase because all subjects were sched-

uled to 8 h time in bed, compliance to which was confirmed. 
furthermore, actigraphically assessed total sleep times during 

the pre-laboratory phase were similar in the three age groups. 

the observed age-related reduction in daytime sleep propen-

subjective measures. We only observed a statistically signifi-

cant interaction between age, treatment, and day for sub-

jective sleep time (p = 0.036) and subjective number of 

awakenings (p = 0.037).

We next computed the contrast between the age groups with 

respect to the difference between control and sWs disruption, 

separately for all days, for those variables for which the inter-

action was significant. For subjective TST, the only significant 
contrast was observed between the older and middle-aged 

groups on d3, such that the older group showed a larger in-

crease in subjective total sleep time than the middle-aged group 

(p = 0.02). for the subjective number of awakenings, the only 

significant difference in the response was observed between the 
older and young group on d1, such that the total number of 

awakenings was greater in the young group (p = 0.03).

SWS Disruption: Effect on Objective and Subjective Daytime 

Sleep Propensity

Objective Measures: sWs disruption led to an increase in 

objective daytime sleep propensity (figure 2). after one night 

of sWs disruption, the average mslt value was already sig-

nificantly lower, and a further significant reduction was ob-

served after the second night of sWs disruption. after one 

night of recovery sleep, the difference between the sWs dis-

ruption and SWS control group was no longer significant. The 
effect of sWs disruption was observed at all 5 times of day. 

Whereas after one night of sWs disruption daytime sleep la-

tencies were significantly shorter at 11:00 and 17:00, on day 2, 
i.e. after 2 nights of sWs disruption, daytime sleep latency was 

significantly shorter at 9, 11, 13, 15, and 17 h (Figure 3). The 
increase in daytime sleep propensity was observed in all age 

groups. Whereas after 1 night of sWs disruption, the reduction 

Table 6—Change in objective (MSLT) and subjective (KSS) sleep propensity during the day after the first (D1) and 
second (D2) night of SWS disruption, as well as the recovery sleep episode (D3). 

Age group Intervention 

group 

D1 D2 D3

MSLT 

(min)

PPS Control 0.1 (3.2) 56 1.1 (3.9) 56 1.8 (4.3) 56

PPS Disruption −2.6 (4.0) 54*** −3.9 (5.1) 54*** 0.2 (4.5) 54

Young Control 1.3 (3.2) 23 2.3 (3.8) 23 2.4 (4.6) 23

Young Disruption −2.4 (3.7) 21*** −4.3 (4.3) 21*** −0.5 (4.7) 21
Middle-Aged Control −0.1 (2.8) 17 −0.1 (4.1) 17 2.3 (4.7) 17

Middle-Aged Disruption −1.8 (4.2) 18 −3.8 (6.1) 18* 1.3 (4.4) 18

Older Control −1.3 (3.2) 16 0.6 (0.9) 16 0.5 (3.3) 16

Older Disruption −3.7 (4.3) 15 −3.5 (5.1) 15* −0.3 (4.4) 15

KSS 

(points)

PPS Control −0.0 (0.7) 53 0.2 (0.6) 54 0.0 (0.7) 54

PPS Disruption 0.4 (0.9) 51** 0.8 (1.0) 51*** 0.1 (0.9) 52

Young Control −0.1 (0.7) 20 0.1 (0.7) 21 −0.2 (0.7) 20
Young Disruption 0.5 (1.3) 18 1.0 (1.3) 18* −0.1 (0.8) 19

Middle-Aged Control 0.0 (0.8) 17 0.3 (0.8) 17 0.2 (0.9) 17

Middle-Aged Disruption 0.4 (0.5) 18 0.8 (0.7) 18* 0.3 (0.8) 18

Older Control 0.1 (0.5) 16 0.1 (0.4) 16 0.2 (0.4) 16

Older Disruption 0.4 (0.7) 15 0.7 (0.9) 15* 0.1 (1.0) 15

All D1-D3 data are expressed as change from baseline and the contrast between SWS Disruption and SWS Control 

was computed for these difference scores. 

Mean (SD) N. *P < 0.05; **P < 0.01; ***P < 0.001 Contrast SWS disruption vs. SWS Control
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group. It may be difficult to separate the effects of SWS depri-
vation from the effects of sleep fragmentation because of the 

intricate association between these two aspects of sleep. this 

association is underscored by the significant negative associa-

tion between the duration of sWs and the number of awaken-

ings during the baseline nights of the present study (r = −0.36; 
P < 0.0001). This association remained significant even when 
the effects of age were controlled for in the regression analy-

ses. similarly associations were reported in other studies.24 

furthermore, statistically controlling for the number of awak-

enings did not abolish the effect of sWs disruption on daytime 

sleep propensity. taken together, this suggests that the effect 

of sWs disruption is not only related to sleep fragmentation, 

but that nocturnal sWs is an important determinant of at least 

one aspect of waking function, i.e., daytime sleep propensity. 

further analyses, using approaches such as multiple regression 

or structural equation modelling could be used to identify in 

more detail the contribution of the various sleep parameters to 

daytime sleep propensity.

importantly, application of the model to all three age groups 

showed that experimental disruption of sWs was more or less 

equally effective in inducing daytime sleepiness in all three age 

groups. from this we conclude that the age-related changes in 

nocturnal sleep at baseline sleep should not be interpreted as in-

sufficient sleep, at least not in the sense that it is associated with 
a cumulative increase in homeostatic sleep pressure that leads 

to daytime sleepiness. in fact, based on the baseline daytime 

sleep propensity data one may argue that an 8-h sleep episode 

rich in SWS is insufficient for young adults but that an 8-h sleep 
episode with less SWS is sufficient for older adults.

The data, however, also show that SWS deficiency, as in-

duced by, for example, experimental sWs disruption, leads to 

an increase in daytime sleep propensity. in accordance with 

the proposed contribution of sWs to daytime sleep propensity, 

pharmacological enhancement of sWs has been reported to 

reduce the increase in sleep propensity associated with sleep 

restriction.40

Relation to Homeostatic Models of Sleep Regulation and Sleep 

Function

homeostatic models of sleep regulation state that daytime 

sleep propensity is determined by initial sleep debt at the on-

set of wakefulness and the increase of sleep pressure with time 

awake, in interaction with the circadian arousal signal.41 initial 

sleep pressure at wake onset is determined by the dissipation of 

sleep pressure during sleep, i.e., the duration and intensity of 

the nocturnal sleep episode. the dynamics of this homeostatic 

process can be monitored by measuring sWs/sWa and sleep 

propensity. in the present and most published studies on healthy 

aging both daytime sleep propensity and sWs are reduced, in 

particular when the duration of the night time sleep opportu-

nity is similar, as was the case in the present study in which 

sleep duration prior to the laboratory study was carefully moni-

tored. taken together, the most parsimonious explanation for 

the present data and most published data is that with aging the 

wake dependent increase in sleep pressure, declines. this in-

terpretation is in accordance with a rapidly accumulating body 

of evidence showing that older adults are less affected and less 

impaired by extension of wakefulness than younger people.42 in 

sity is unlikely to be attributable to age-related reductions in 

adaptation to the laboratory environment because all subjects 

had undergone a screening mslt session prior to the baseline 

assessment. in addition, no change in mslt that could be in-

dicative of adaptation was observed in those elderly who were 

randomized to the control group. in this control group mslt 

was assessed after undisturbed sleep on 4 consecutive days.

the age-related reduction in daytime sleep propensity is also 

unlikely to be related to an age-related reduction in the ability to 

fall asleep because sleep latency for nocturnal sleep was similar 

in the 3 age groups.

finally, the lack of increased subjective and objective sleep 

propensity in the presence of age-related deterioration of objec-

tive sleep quality cannot be attributed to unresponsiveness to 

variations in homeostatic sleep pressure because all age groups 

responded to sWs disruption with a rebound in sWs as well 

as with a similar increase in objective and subjective daytime 

sleep propensity. We therefore conclude that healthy aging is 

associated with a reduction in daytime sleep propensity. this 

conclusion is in accordance with some previous mslt stud-

ies,34 ultrashort sleep-wake studies in which daytime sleep 

propensity was assessed on the basis of sleep initiation or total 

sleep time,13 or in time-free environments.36 the data are also in 

accordance with a recent study in which daytime sleep propen-

sity of young and older people was assessed after they had slept 

at their habitual times and duration.37,38 We add that our study 

does not address sleep propensity during the evening hours and 

it may still be that older adults are sleepier than young adults at 

this time of day, and this could be due to a reduced strength of 

the wake maintenance signal.39

the age-related reduction in daytime sleep propensity was 

observed despite an age-related reduction of objective sleep 

duration, increase in wake after sleep onset, reduction in sleep 

intensity and sleep continuity in these subjects. the changes in 

sleep across the three age groups observed in our study are in 

line with those previously reported for healthy subjects although 

the age-related reduction in visually scored sWs in our sample 

is smaller and this may be related to the overrepresentation of 

women in our sample of very carefully screened subjects.10 the 

somewhat high values for wake after sleep onset may be related 

to the imposed 8-h time in bed for several nights prior to the 

laboratory assessments.

SWS, SWS Disruption, and Daytime Sleep Propensity

daytime sleep propensity and sleepiness have been shown to 

be exquisitely sensitive to increases in homeostatic sleep pres-

sure.34,37 increases in homeostatic sleep pressure can be accom-

plished by total, partial, and selective sWs deprivation, as well 

as sleep fragmentation. all of these manipulations have been 

shown to reduce mslt values and increase subjective sleepi-

ness, i.e., increase daytime sleep propensity, and to induce a 

rebound of sWs during undisturbed recovery sleep. the model 

of experimental sWs disruption used in this study led to an 

increased daytime sleep propensity and rebound of sWs and 

sWa, which is in accordance with previous studies.19,20,27 the 

model was selective to the extent that the reduction in sWs 

and sWa was not associated with a reduction in either rEm 

sleep or total sleep time, although measures of sleep continu-

ity indicated greater sleep fragmentation in the sWs disruption 
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successful behavioral therapy for insomnia in older people.46 

Whether increasing homeostatic sleep drive by enhancing 

sWs, leads to similar improvements remains to be investi-

gated.

Whatever the correct interpretation of the data, they may 

help to firmly establish that healthy older people can expect to 
be less sleepy than young adults.
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