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Summary: The delta integrated amplitude (DIA) in nonrapid eye movement period I (NREMPI) of daytime naps 
was precisely subtracted from the NREMPI s of ensuing nocturnal sleep, indicating that the brain can retain a record 
ofDIA expressed in sleep episodes initiated 12.5 and 8.5 hours before nocturnal sleep onset. The DIA subtraction 
was primarily accomplished by reduced NREMPI duration [earlier rapid eye movement (REM) onset], suggesting 
that the timing of REM period I (REMPI) onset is (;ontrolled by delta need. This result is consistent with the 
hypothesis that REM sleep occurs when a stimulus for NREM has been partially depleted. Key Words: Sleep
EEG-Naps-Delta-Homeostasis-Period-amplitude -Computer. 

In a previous report (1), we demonstrated precise 
homeostatic conservation of delta electroencephalo
gram (EEG) across a 5:00 p.m. nap and postnap sleep. 
In that study, conservation was the result of reduced 
delta in several nonrapid eye movement periods 
(NREMPs) of postnap sleep. In this study, we show 
that when naps are taken earlier in the day, delta con
servation occurs entirely within NREM period 1 
(NREMP1). A more extensive presentation of these 
results will appear in a future publication. 

METHODS 

Subjects were paid college student volunteers who 
gave informed consent. For the morning nap, n = 27, 
mean age = 21.3 years (SD = 1.7), females/males == 

18/9, For the afternoon nap, n = 16, mean age = 21.6 
years (SD = 2.1), females/males = 1115. We chose a 
larger sample for the morning nap because a previous 
study (2) suggested that any effects of a morning nap 
on delta EEG might be quite small. 

Subjects underwent sleep laboratory recording on an 
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adaptation night, a baseline night (BN), a nap (either 
at 11 :00 a.m. or 3:00 p.m.), and a postnap night (PNN). 
For the adaptation, BN and PNN, subjects were in bed 
with lights out from 11 :30 p.m. to 7:00 a.m. During 
the naps, subjects were instructed to remain in bed for 
2 hours and to sleep as much as possible. 

EEG and electrooculogram (EOG) measures were 
amplified and recorded on a Grass Model 78 poly
graph. Period and amplitude (PA) analysis algorithms 
(3) were applied to the C3-A2 EEG as described in an 
earlier study (4). The PA measure used here is delta 
(0.3-3 Hz) integrated amplitude (DIA), which is almost 
exactly proportional to power density in spectral anal
ysis (5,6). Visual sleep stage scoring was carried out 
without knowledge of the computer measures. 

RESULTS 

Table 1 shows that sleep latency increased slightly 
above baseline (by 5-7 minutes) on the PNNs. Total 
sleep time (TST) was the same in the morning and 
afternoon naps (94.3 and 94.9 minutes). The naps did 
not significantly reduce TST on the postnap nights. 
One subject did not have REM sleep in the morning 
nap and two subjects had no REM sleep in the after
noon nap. For subjects with REM sleep, mean REMPI 
duration in the 11:00 a.m. nap was significantly greater 
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TABLE 1. Mean (and SEM) sleep measures for baseline night (BN), nap and postnap night (PNN) for the 11:00 a.m. and 
3:00 p.m. nap conditions 

11 :00 a.m. Nap 3:00 p.m. Nap 
(n = 27)a (n= 16)~ 

BN Nap PNN pi' BN Nap PNN 

Sleep latency 16.8 15.8 22.0 0.051 22.0 14.0 28.2 
(Minutes) (2.0) (3.2) (2.8) (3.9) (2.9) (2.8) 

Total sleep 417.7 94.3 413.7 410.0 94.9 414.5 
(Minutes) (6.0) (3.7) (6.3) (6.4) (6.1) (3.8) 

NREMPI 
Duration 92.3 47.0 72.7 0.051 89.3 51.7 57.3 0.004 

(Minutes) (7.3) (4.0) (6.7) (9.3) (5.0) (2.7) 
0.3-3 Hz EEG 

Total integrated amplitude (IA) 120.5 33.5 90.6 0.026 110.5 45.8 65.0 <0.001 
(JL Y . second x 103) (11.8) (4.0) (10.0) (10.9) (8.2) (7.3) 

lA/epoch 433.0 223.0 406.0 422.0 270.0 368.0 0.016 
(JL Y . second) (21.5) (15.5) (24.6) (27.8) (22.2) (34.6) 

Time/epoch 12.6 9.3 12.3 12.4 10.0 11.8 0.062 
(Seconds) (0.2) (0.3) (0.3) (0.3) (0.4) (0.4) 

Average sample amplitude' 33.9 23.5 32.5 33.7 26.4 30.4 0.012 
(JLV) (1.3) (1.1) (1.5) (1.5) (1.2) (2.0) 

REMPI 
Duration 15.6 24.7d 14.4 22.9 27.7 20.4 

(Minutes) (2.9) (3.0) (1.4) (3.9) (3.5) (4.2) 

a For REMPl, n = 26 and n = 14 in the 11:00 a.m. and 3:00 p.m. studies; only those subjects with REM in the nap were included. 
b Paired two-tailed t tests, BN vs. PNN. 
, Average sample amplitude is equal to integrated amplitude (JLY·sec) in 0.3-3 Hz divided by Time (sec) in the 0.3-3 Hz band. 
d Significantly greater than BN (p = 0.011) and PNN (p = 0.003). 

than in baseline and postnap nights. For the 3:00 p.m. 
nap, REMP 1 duration did not differ significantly across 
conditions. REM occurring in the naps did not reduce 
the amount of REM in the PNNs, a result consistent 
with the general nonconservation of REM sleep (4). 

Table 1 shows that NREMPI duration was reduced 
below BN on both postnap nights. DIA in NREMPI 
was significantly reduced below its baseline level on 
each postnap night. The amount of this reduction was 
almost exactly equal to the DIA expressed in the 
NREMPI of each nap. Therefore, for NREMPI: 
DIANAP + DIAPNN = DIABN (see Fig. I). The conser
vation was within 3% and 0.3% of baseline for the 
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FIG. 1. Delta (0.3-3 Hz) integrated amplitude in NREMPI on 
Baseline Night (BN), Nap and Postnap night (PNN) for naps initiated 
at 11 :00 a.m. or 3:00 p.m. For both nap conditions, DIA in Nap + 
PNN = DIA in BN. 

morning and afternoon naps, respectively. Examina
tion of frequencies within 0.3-3 Hz showed that the 
conservation was most precise (within 1 % for both 
naps) for the 1-2 Hz band, which contained about 53% 
of the total DIA in 0.3-3 Hz. 

Although the delta conservation in both nap studies 
was quite precise, it is important to note that this is 
an average effect that does not hold within each in
dividual. This variability is characteristic of all sleep 
cycle sums and is one of the factors that led us to 
propose that these cycles are more likely the result of 
pulsatile endocrine processes than of the metabolic 
consumption of an accumulated substrate. 

The compensatory DIA reduction in NREMPI on 
both PNNs resulted mainly from the substantial trun
cation of NREMPI duration (i.e. earlier REM onset) 
noted above. In addition, Table 1 shows that the rate 
of delta production (average DIN20 seconds) was sig
nificantly reduced after the afternoon nap as a result 
of a significant decrease in average delta wave ampli
tude and a near-significant decrease in delta wave in
cidence (delta time/20 seconds). Similar effects were 
observed after the morning nap, but these changes were 
smaller and not statistically significant. 

Figure 2 plots total DINNREMP across NREMPs 
1-4 for baseline and postnap nights. The DIA effects 
of the nap were clearly limited to NREMPI of post nap 
sleep. As a consequence, the DIA patterns in Fig. 2 do 
not describe an exponential decline on either PNN. 

Our main focus in this study was on the effects of 
nap DIA on the quantity of DINNREMP in subse-
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FIG. 2. Total delta integrated amplitude in NREMPI-4 for BN 
and PNN in 11:00 a.m. nap condition (A) and 3:00 p.m. nap con
dition (B). DIA was significantly reduced on both PNNs only in 
NREMPI. DlA in NREMP2-4 was slightly (but not significantly) 
higher than the corresponding BN levels in NREMP2-4. The de
clining trend ofDIA across NREMPs on the baseline night replicates 
our original description (3). The flattening of the DIA curve on PNNs 
produced by the depressed value in NREMPI is inconsistent with 
the hypothesis (7) of an exponential decline ofDIA across NREMPs 
and with quantifications (8) based on that hypothesis. 

quent sleep. However, we also examined the pertur
bations produced by naps on the instantaneous rate of 
DIA production (DIAl20 seconds epoch), because this 
rate is critical to the hypotheses underlying the recov
ery models (7,8) of delta sleep. 

Table 2 shows that the morning nap did not affect 
delta rate on the PNN. However, the afternoon nap 
produced a significant reduction in DIAIepoch on the 
PNN that was limited to NREMPI. Subsequent 
NREMPs were clearly unchanged from baseline, a re
sult inconsistent with the hypothesis that delta rate 
declines exponentially across sleep. Also inconsistent 
with this hypothesis (and with the pattern of baseline 
sleep) was the observation that the decrement from 
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TABLE 2. Rate of expression of delta integrated amplitude 
(DIAI20 seconds) by nonREM period on baseline night (BN) 
and postnap night (PNN) for naps initiated at 11 :00 a. m. and 

3:00 p.m. Mean (and SEM) in p,Vseconds 

NonREM period 

2 3 4 

II :00 a.m. nap 
BN 433 (22) 340 (24) 241 (14) 208 (14) 
PNN 406 (25) 334 (23) 247 (16) 220 (14) 

3:00 p.m. nap 
BN 422 (28) 302(21) 209 (17) 201 (16) 
PNN 3680 (35) 315 (31) 234(21) 213 (14) 

a Paired two-tailed t test BN vs. PNN, p = 0.016. 

NREMPI to NREMP2 on PNNpM (53 J,tV x seconds) 
was actually smaller than the decrement from NREMP2 
to NREMP3 (93 J,tV x seconds). 

DISCUSSION 

The results of these experiments are consistent with 
the major premise of the homeostatic model (7) of delta 
sleep: the quantity of delta is conserved. These data 
show that this conservation is remarkably precise for 
a biological measure such as sleep. However, the ho
meostatic model would not have predicted the pattern 
of conservation, i.e. that delta effects on the postnap 
nights would be limited to NREMPI. 

The original homeostatic model of delta sleep (7) 
conceptualized the restorative process (process SW) as 
metabolic, in which a substrate produced by waking 
brain activity was consumed during sleep. This model 
proposed that the density/amplitude of delta EEG was 
proportional to the rate of consumption. Since the rate 
of a metabolic process declines exponentially as its 
substrate is consumed, delta density/amplitude (mea
sured either as integrated amplitude or as power den
sity per epoch) should decline exponentially across 
sleep. This basic notion was incorporated in Daan et 
al.'s quantification (8) ofthe two-process model. How
ever, the data here are squarely inconsistent with an 
exponential decline of delta per NREMP or per epoch. 
This model would predict that DIAINREMP and DIAl 
epoch on the postnap nights would be at lower levels 
than baseline on NREMPI and continue at reduced 
levels on subsequent NREMPs, following the logarith
mic slope of baseline. 

Just as existing sleep models do not predict that delta 
conservation following daytime naps would occur en
tirely within the first NREMP, they would not predict 
the manner of conservation within NREMP 1. A priori, 
the DIA of the naps could have been subtracted from 
postnap NREMP1 either by shortening its duration or 
by lowering its average rate of delta production. That 
DIA was reduced primarily by shortening NREMP1 
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(i.e. earlier REM onset) must hold important impli
cations for sleep regulatory mechanisms. 

That REMP 1 onset on the PNN s occurred when the 
homeostatic DIA level in NREMPI was reached sup
ports (but does not prove) the hypothesis we proposed 
for NREM/REM alternation (9,10): REM sleep occurs 
when an NREM stimulus has been partially depleted. 
According to this hypothesis, some unknown stimulus 
(perhaps neuroendocrine) periodically triggers pulses 
ofNREM across the night. These pulses depress arous
al, produce neural inhibition and functional deaffer
entation and prevent or impair memory consolidation. 
In the EEG, these pulses stimulate delta and suppress 
beta (5). When the effectiveness of the hypothetical 
NREM stimulus wanes below some critical level, REM 
sleep occurs either as a passive escape from inhibition 
or because a REM control center is triggered. The de
cline in delta across sleep could reflect diminishing 
strength of successive NREM pulses, increasing resis
tance to their effects or both. Isolated bursts of REM 
sleep (as in narcolepsy) could result from very weak 
pulses. We think that this pulsatile model may explain 
existing data better and more parsimoniously than the 
metabolic hypothesis. 

The results here also have clinical implications be
cause an abnormally short NREMPI (REM latency) 
is sometimes seen in psychiatric illness. Our data pro
vide experimental support for an hypothesis we ad
vanced (11) in 1969 [and frequently reiterated (cf. 
12,13)]: short REM latencies could reflect abnormal 
NREM sleep rather than heightened REM pressure. 
Further insight into the mechanisms that produced the 
delta homeostasis found here could shed light on al
tered brain physiology in mental illness. 
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