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Enhancement of slow wave sleep and electroencephalographic
delta—band power under progressive mild sleep restriction:
As an indicator of homeostatic regulation of sleep

HIROSHIGE Yoshiharu

To assess the effects of gradual and mild sleep restriction on homeostatic regulation of sleep, electroencephalographic
(EEG) delta-band power in the range of 1-4 Hz and sleep variables were analyzed simultaneously with sleep perception. The
experiment consisted of three sessions; eight young volunteers were asked to (1) keep their normal sleep habits for 6 days
(Baseline Night session); (2) delay their bed time by 20 min/night for 6 days (Delay Night session); and (3) advance their
bed time by 20 min/night for 6 days (Recovery Night session), maintaining their normal rise time. The volunteers were
monitored by sleep log and actigraphy. One night polysomnography in-lab was performed on the last day of each session.
Time in bed significantly differed among sessions, indicating a fairly high adherence to the experimental schedule. EEG
delta-band power significantly increased, as well as slow wave sleep, during the first 1 hour after sleep onset of Delay Night
compared to Baseline Night, which in turn showed a steep decline across sleep cycles. There was no difference either in
total delta power or in sleep variables for the first 5 hours of sleep. Perception of sleep maintenance and initiation of sleep,
assessed by OSA sleep questionnaire, seemed to slightly improve during Delay Night session. These results suggest that
gradual and mild sleep restriction may lead to acceleration of build-up and dissipation of sleep pressure, based on sleep
homeostasis.

Keywords : mild sleep restriction, homeostatic regulation, slow wave sleep, EEG delta-band power, sleep perception
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Figure1 Bed time and rise time in gradual and mild sleep
restriction procedure.

Volunteers were instructed to (1) keep their normal sleep
habits in baseline night session; (2) delay the bed time by
20 minutes a day in delay night session; (3) advance bed
time by 20 minutes a day in recovery night session, while
maintaining their normal rise time every morning.
Polysomnography (PSG) in-lab was performed on the last
day of each session. Vertical lines: standard deviations.
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Teble 1 Comparison of PSG sleep variables during the first 5-hours period after lights
off among baseline, deylay and recover PSG nights

Z

Skeep Variables Bﬁi;ﬂe EE;{ szz;fy mﬁ%v 2
TIB (min) 3103 (41) 3008 (114) 3097 (46) 308 ns
TST (min) 2947 (94) 2877 (116) 2962 (44) 175 ns
SEI (%) 950 (26) 956 (24) 957 (17) 400 ns
SOL (min) 126 (14 103 (170 99 (18) 494 p>0.06
4REM 89 (220 115 (45 118 (30) 394 ns
%31 252 (84) 257 (85 251 (55) 019 ns
%32 413 (63) 383 (51) 418 (48) 244 ns
$SWS 192 (78) 210 (69) 170 (48) 244 ns
%WASO 28 (220 20 (200 20 (14) 23 ns
Sleep Cycle (min) 1087 (279) 1005 (186) 1058 (245) 175 ns

TIB: time in bed. TST total sleep time. SEI: sleep efficiency index, SOL: sleep onset latency.
defined as elapsed time (min) from lights off to sleep onset (successive appearance of

two 10-second epochs of stage 2 sleep). XREM, %51, %52 and %SWS: percent time occupied
by sleep stages of REM, stagel, stage? and combined stages 3 and 4 (slow wave sleep),

respectively. ¥WASO: percen time ocopied by wake after sleep onset Sleep Cyole: mean
time interval {min) from lights off to the ending of NREM/REM sleep unit or between endings
of NREM/REM sleep unit Standard errors were given in parentheses.

ns: statistically not significant (by nonparametric Freedman test)..
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Figure 2 Changes in EEG delta-band power (1-4Hz) during the first
5-hours period after lights off on baseline, delay and recovery
nights.

EEG power densities, calculated every 10 sec by using maximum
entropy method, were plotted along with hypnograms of stages
Wake and REM (upper). Time course was expressed relatively to
lights off as zero minute.
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Figure 3 Paired comparison of relative EEG delta-band
power for each 1 hour after sleep onset among baseline,
delay and recovery nights.

Normalized EEG power (% power) was obtained for each
volunteer, relative to grand averaged power (100 %) in
baseline night. Post-hoc comparisons were made by using
the Tukey test. ** p<0.01
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Teble 2 Comparison of PSG sleep variables during the first 1-hours period after
sleep onset among baseline, deylay and recovery PSG nights

Sleep Baseline Delay Recovery x:
Varisbles Night Night Night (d=2) £
%REM 01 (03 1.1 (1.7 09 (1.6) 1.94 ns
%S1 195 (144 84 (58) 177 (88) 9.25 p<0.01
%52 369 (7.1 297 (157) 374 (971 5.25 p>0.05
$SWS 407 (16.5) 611 (208) 438 (175 6.75 p<0.05
%WASO 32 (313) 06 (08) 13 (1.1) 394 ns

Abbrivistions of sleep variables are the same as those in Table 1.
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Teble 3 Subjective sleep assessd by OSA Sleep Questionnaire

in baseline, deylay and recovery PSG nights

JRE =R

oS (RR S Ay, # s i) oo HEIN & e %)

S (BEHR E B AE S ) BRI Twn
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Scores are coverted to Z values.
Standard deviations were given in parsntheses.

% fLAIA A TECBT-1% 18 1 U 72 F Z2 15 4k 32 B oD HH 3
KOWMZ R, CBT-NICLDHR AL AL AHME D
BRENIC O W T HEMIZEZ L TW5S (Cervena,
Dauvilliers, Espa etal., 2004; Krystal. & Edinger,
2010), ZAvicxt L, BRG] BRIE 5 o 2 & W L 7= 4F
%2 (Vallieres Ceklic Bastien et al., 2013)
B MEAR IR R OBMB L F s e EE 0 (Foi—
b)), MBI RN IR O 7 FIRR I E TR
ML, b TER2 & VARSI X2 0D,
W AR A1) (R 0D 2 B 72 35 513 R 2 W ER o 0kl (TST O HY
B, WASODWA) I2dh b e LTHRAL R Y AR
DERENCITEETH D,

ARAIF G O Wi HE ) 72 4 RERR I BRI K 2 71 & i dgos
U OZEAGIE, R R O RE RN T TI3oN T IR
AIRE % OIZIE 1REBICRE L TEL, ZO%ITIER
M ORIMBIZTI > CRIER AR THE Lz, £, K
L O BRI RIS X o TAIRE#% 037 858130
fil & Avfe (BIEAR) . Z OFER I, KR Z St
AL, ARERZ OIS EICHRW T R (LR
DLOFEAHY) & RF[R] R (2 £ 5 B & Tl L 72 i i
(K&, 2012) &¢BBLh—HL VD, 25 L7
TV B T 0 IRy 28 W VT R L B R D R
DR DI T L Z ST L T o TR R 0 Rif

WM SN EVWIRAFT ALV AFE OB %
(Borbely, A.A. 1982; Dijk et al., 1990; Borbély &
1992) #XHFL TV EEbRD,
AR DGR BRI B\ CHCBT-UINE#% O 7 v &

Achermann,

k5l

80

DA O ARE L S TWD, F%
RN D, KRN MHEE LT D HERS
FR¥EEE DR CIR ERF 2 FfE - R 2
AAFIANETNVHER AT QBRI LD
TR,

T 1 7 B R RS 761 R D 3B B AR L2 S W T AR 4 5 Iy
DT 2 H S T O st 8130 W HR o e A 2 1T
Rinot, FR L7 X9 ICHRIEERO HBERICHOWT
LA CH-T-, ZOF LA B AT OBRENED S
BRWZ a2 EDOLIICHMBETNITINTHA I M,
v BN T O IR DS AR 1R & O BLIRER] TR
TI2Z¢aBx0bYose, KO2O00Z L B3#EE
TELhb L, —DIF, Wik TEx 571
A8 T (BEIRE) ICIEFERNRRARDHY, 20
REZSEFBAER DD LVWHBETHS, bH—2IF,
TORBIZEZDND /ST ZMEIREE 1 B REE T
FRUH T MEEEFF O E CTH D, B8RO RS RIZZ
D INEBE T & BRE 3 2T B AETIR & L CTEB< o
Livigvy, 29 Le#E 4 BN 3 27 — ¥ ILBIE
DL ZARETE TR,

WEAR BRI TE L 27 T A = > b OMEIRZ) = O KU %
D2 K9 ICIR BRI O B8 & iR i 2 FIRICHE S0 T
fThir, MMENEST LRERZYFEA90% LL Lo @k
YT T D & MEIREIIARIRIER ~D 2720 0 23 L
TR T 4 T HRNFICEAT SH LSS (Spielman
et al, 1987), L2 L, RFHETIEE Y = o HIZHE
REK D72 ZBD oo, BRWNSEL B E Lz
WTIET e b aVESFREE SN LN, EFEZKDS
FAT Y MEBEF LD TEHEES D
struggle) | Z &7 A% & MENR E 18 O k& IR K o

=

2l

(power



K8 1L T N R BB SR AR 4E 42 2017, vol.5, pp.73-82
doi: http://doi.org/10.15096/fcu_education.05.07

FEEMNE AT v 7B L T < (Wholgemuth &
2000 ; IR, 2015), AWFEOLZEIETE D
L 72 IEST O ks & D30 R0A% R0 T o 72 T & DY MEIR K
DFEEZBEKRZ DI LTV DO0E Ly, #iah
NICHBE CTlE o7, BIER Y v v g v TIEIER
#eFr (K1) tEox (RFV) odeEHme &b
2, RRRLEITROLRLMVE R (K1) & 2R
DX TR (KFIV) 235 o7z, BERIR A SR
B INTEAIE, £ ) U EIREICIEA B R AR
A U7 (KE, 2012),

W AR 1 BR A A 5 HR S0 B 31 A O AR R D IR
ROMEIR B E O BAL ORI 7 & 72 5, 18R 22 IR
MEAR A2 2558 < & A O RS RE DK T & 2 vEHE~ O
ERBPBNAD ZLFIZOMRETHEMBHSIATND

(Dinges, 1997; Gillberg &
Akerstedt, 1994; Guilleminault, Powell,
al., 2003; Vgontzas, 2004), REMRSIBRIFEE
BEMIRO AN 2 —EMMITS 2 &b ARoR&KS
WD D WIE R OB R — RIS AT S 2 L idF

FThHDLN, &5 LILEEORTT 4 7 72 B b iXE
MR BRI D HETT R LR OMIER) & & b ICkEfm S
N &S HRIEFEORRERIC L > THRE S
2% (Axelsson, Kecklund, Akerstedt et al., 2008;
Miller, Kyle, 2013), ZHBiFTA
VDR L7c & & (BEHRZIENIO% % LR D & &) (12

Edinger,

Pack, Williams et al.
Martinez, et

et al.,

Marshall et al.,

IR &Rl T 2R &, BUWREEE, 5 &9 &, MER
DA, HEDTEE, HPROWRT, YA, ]

vy, KE~oZZboiln s 742y FOJER
NAEBICHEST S V) A (Spielman et al., 1987)
ZIFFL TV D, BERS PR E CIIER 2 B O &I
S U TR R 2 R 5 2 & A SR R o RS
KO ENHEIN, EEMICERAOBIIZTIITE
MFEE SN R0 E Lk,
BIER T v > a v & EERE Y v a > oHERE TS TE
ReyvartlFEREEThHoTz, By a ity
BEL CRME SN THEADRIZZ L ONRVAR, F
BHEA D DR FEWTIR O F R L CTMEG A E Uiz
ZEDPDLMEREICREREMBECRPoTZ &b E
bbb, 6~8r HIZbilz o THENE S 7= 5 e Ik
IRA~OWIGEERICL D L, RIERFREZ 285 50 %
SWMITI05 T DAL S L T6. 5HER & 5 W\ %
5. 5IRE[] o0 BN AL V5 ~ O3 b 1L 8RR, & 97, &0, 5

AWIEDHGE,

81

INE fER
o, K, BELR EDRDICTEEREANEZ LI
ARETHY, 1HEZORBIEEE~OIFEN N E S
TW2% (Friedmann, Globus, 1977),
Fetz i\, BEHR i BRFEVE O o 13 BEHR 2 28 D K HE 1T I
CCr T4 =2 DR ERMO/N 72 FEME (iR
A O#%IR) LR GRIRFFEZ o) % REET 5 Fie
XITh D, RUFFITRIR L 2 Wi IR IR S E 5 F
xS e FREANBEL TEIEL, ThEh
DFfE LR AL AL AFE O BB 2 R & o Bk
DRGEE RS, —EDEREHBTNDLEZZLND,
M RS 1) BR R 5 D AE BRI B D VW T DB R E S 5T
WD DIT1E, EERORRBEICITE LIEZRFRE,
To & ZAXRRIRIFZ 0 7% 38 & AT 2 2% S B 7o SEBR G
REDTRB/LETHS I,

Huntley et al.,

51 Ak

Akerstedt, T., Kecklund, G., Ingre, M., Lekander, M,
& Axelsson, J. 2009 Sleep homeostasis during repeated
sleep restriction and recovery: Support from EEG dynamics.
Sleep, 32(2): 217-222.

Axelsson, J., Kecklundb, G., Akerstedt, T., Donofrioc, P.,

Lekanderad, M., & Ingre,M. 2008 Sleepiness and
performance in response to repeated sleep restriction and
subsequent recovery during semi-laboratory conditions.
Chronobiology International, 25(2 & 3): 297-308.

Borbély, A.A. 1982 A two process model of sleep regulation.
Human Neurobiology, 1(3), 195-204.

Borbély, A.A. & Achermann, P. 1992 Concepts and models of
sleep regulation: an overview. Journal of Sleep Research,
1(2): 63-79.

Caruso, H., Avinash,D., Banks, S., Van Dongen, H., & Dinges,
D. 2007 Slow wave activity dynamics during consecutive
weeks of sleep restriction. Sleep and Biological Rhythms, 5:
A102.

Cervena, K., Dauvilliers, Y., Espa, F., Touchon, J., Matousek,
M., Billard, M., & Besset, A. 2004 Effect of cognitive
behavioural therapy for insomnia on sleep architecture and
sleep EEG power spectra in psychophysiological insomnia.
Journal of Sleep Research, 13,(4): 385-393.

Dijk,D.J.,

Beersma, D.G.M., & Daan, S. 1987 EEG power

density during nap sleep: reflection of an hourglass



18 1L T N R BB SR AR SE A2 2017, vol.5, pp.73-82
doi: http://doi.org/10.15096/fcu_education.05.07

measuring the duration of prior wakefulness. Journal of
Biological Rhythm, 2(3): 207-219.

Dijk,DJ., Brunner, D.P., Beersma, D.G.M., & Borbély, A.A.
1990 Electroencephalogram power density and slow wave
sleep as a function of prior waking and circadian phase.
Sleep, 13(5): 430-440.

Dinges, D. F.,Pack, F., Williams, K., Gillen, K.A.; Powell,
J.W., ott, G.E., Aptowicz, C., & Pack, A.l. 1997
Cumulative sleepiness, mood disturbance and psychomotor
vigilance performance decrements during a week of sleep
restricted to 4-5 hours per night. Sleep: Journal of Sleep
Research & Sleep Medicine, 20(4): 267-277.

Friedmann, J., Globus, G., Huntley, A., Mullaney, D., Naitoh,
P., & Johnson, L. 1977 Performance and mood during and
after gradual sleep restriction. Psychophysiology, 14(3):
245-250.

Gillberg, M., & Akerstedt, T. 1994 Sleep restriction and

SWS-suppression: effects on daytime alertness and

night-time recovery. Journal of Sleep Research, 3: 144-151.

Guilleminault,C., Powell, N.B., Martinez, S., Kushida, C.,
Raffray, T., Palombini, L., & Philip, P. 2003 Preliminary
observations on the effects of sleep time in a sleep
restriction paradigm. Sleep Medicine 4: 177-184.

IREAE 2012 EREWRTIRIZMEIR O & 2 4 2 2 > A FHH 4 B E)
T EPLLILSE &ORFMAETRYE, 30(3) ¢ 217-225.

IKEAEIR 2016 R MEMRHIFRIEIEIC K D 7403025 A o0 e R
R~ I A D FTRENE. 1@ 1L S K BHF e 2,
3:9-110.

Jennings, J.R. & Wood, C. 1976 The ¢-adjusted procedures for
repeated-measures analyses of variance. Psychophysiology,
13: 277-278.

BOE BT - ex Rl - BImE 7 - (LS 2002 BFARERR -
NIR RSN MEIR AR 2 & D BT D .
VAYH—F 113 : 137-146.

Ea—~vrHAf=x

Krystal, A. D. & Edinger, J. D. 2010 Sleep EEG predictors
and correlates of the response to cognitive behavioral
therapy for insomnia. Sleep, 33(5): 669-677.

Miller, C.B., Kyle, S.D., Marshall, N.S., & Espie, C.A. 2013
Ecological momentary assessment of daytime symptoms
during sleep restriction therapy for insomnia. Journal of
Sleep Research,22: 266-272.

oo [)IME BB - BT —E 1985 OSAREMRFHA 2o B

NI

82

S
F& — MENRERT TE O 72 0 O FEY REERE Ak & L. FehE
5 27(7) 1 791-799.

Rechtschaffen, A. & Kales, A. (Eds.) 1968 A Manual of
Standardized Terminology, Techniques, and Scoring System
for Sleep Stages of Human Subjects. National Institutes of
Health, Publication No. 204. U.S. Government Printing
Office, Washington, D.C.,

Spielman, A.J., Saskin, P., & Thorpy, M.J. 1987 Treatment of
chronic insomnia by restriction of time in bed. Sleep, 10:
45-56.

Vallieres, A., Ceklic, T., Bastien, C.H., & Espie, C.A. 2013 A
Preliminary evaluation of the physiological mechanisms of
action for sleep restriction therapy. Sleep Disorders, 2013:
1-15. dx.doi.org/10.1155/ 2013/726372.

Vgontzas, A.N., Zoumakis, E., Bixler, E.O., Lin, H.M.,

Follett, H., Kales, A., & Chrousos, G.P. 2004 Adverse

effects of modest sleep restriction on sleepiness,
performance, and inflammatory cytokines. The Journal of
Clinical Endocrinology & Metabolism 89(5): 2119-2126.

Webb, W.B. & Agnew Jr, H-W. 1977 Analysis of the sleep
stages in sleep-wakefulness regimens of varied lenghth.
Psychophysiology, 14(5): 445-450.

Wholgemuth, W.K. & Edinger, J.D. 2000 Sleep restriction
therapy. In: K.L.Lichstein & C.M. Morin (Eds.), Treatment
of Late-Life Insomnia. Thousand Oaks, California, Sage

Publications, Inc.: 147-166.

ARWFFEIL2010~201 34 FE D [ A 10 41z B 25 B # 4
e B AR ¥ (GRREEE 522530796 JLRHFZEC) DB
RAEZA T, UAERO — I3 1E B AL LB
FoaRE (20134) EHARLDHEZRETTE RS
(20134F) 2T Lz, £z, KWFZIF20124E5
A RPN RmEEEZ B OFE L = T K
wIhi,

(2016410 H 24 0 % H4, 2016411 H 18 H L)



