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Fluctuations in autonomic nervous 
activity during sleep displayed by 

power spectrum analysis 
of heart rate variability 
A. Baharav, MD; S. Kotagal, MD; V. Gibbons, MD; B.K. Rubin, MD; 

G. Pratt, REEGT; J. Karin, MSc; and S. Akselrod, PhD 

Article abstract-Objective: The use of an efficient noninvasive method to investigate the autonomic nervous system 
and cardiovascular control during sleep. Background: Beat-to-beat heart rate variability displays two main compo- 
nents: a low-frequency (LF) one representing sympathetic and parasympathetic influence and a high-frequency (HF) 
component of parasympathetic origin. Sympathovagal balance can be defined as LF/HF ratio. Methodsldesign: We re- 
viewed normal, standardly staged all-night polysomnograms from 10 healthy children aged 6 to 17 years. Recorded 
256-second traces of heart rate and respiration were sampled. Power spectra of instantaneous heart rate and respira- 
tion were computed using a fast Fourier transform method. Results: The study revealed a decrease in LF during sleep, 
with minimal values during non-REM slow-wave sleep and elevated levels similar to those of wakefulness during 
REM. HF increased with sleep onset, reaching maximal values during slow-wave sleep, and behaved as a mirror image 
of LF. LF/HF ratio displayed changes similar to those in LF. Conclusion: The sympathetic predominance that charac- 
terizes wakefulness decreases during non-REM sleep, is minimal in slow-wave sleep, and surges toward mean awake 
levels during REM sleep. The autonomic balance is shifted toward parasympathetic predominance during slow-wave 
sleep. This noninvasive method used to outline autonomic activity achieves results that are in complete agreement 
with those obtained with direct invasive tools. 
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Spectral analysis of instantaneous heart rate (HR) 
and blood pressure (BP) fluctuations is a well- 
established investigation tool of the autonomic ner- 
vous ~ys tem. l -~  All known mathematical methods 
for spectral computation reveal two main compo- 
nents of HR and BP variability. S t ~ d i e s ~ , ~  using 
pharmacologic and physiologic stimuli have defined 
these spectral components. The two spectral re- 
gions of interest are (1) a low-frequency (LF) com- 
ponent between 0.02 and 0.15 Hz representing va- 
somotor (0.02 to 0.09 Hz) and baroreceptor activity 
(0.09 to 0.15 Hz); the LF is under both sympathetic 
and parasympathetic controP4; and (2) a high-fre- 
quency (HF) component around the respiratory fre- 
quency (at 0.2 Hz, and higher in small children) 
under parasympathetic ~ o n t r o l . ~ , ~  

Since the neuroautonomic influence at the low 
end of the spectrum is complex, a useful way to 
look into the autonomic activity by means of spec- 
tral analysis is to  define a sympathovagal balance 

as the LF/HF ratio because it reflects both the re- 
ciprocal and the nonreciprocal fluctuations in sym- 
pathetic and parasympathetic tonus.3 

The las t  few decades have brought great 
progress in the understanding of sleep and its 
physiology as well as new and deeper knowledge of 
the structure and functioning of the central auto- 
nomic neural network and its interconnections 
with the cardiorespiratory physiology and regula- 
tion. Theoretical models of sleep5s6 are based on the 
description of sleep oscillators in which a network 
of cholinergic and noradrenergic neurons plays a 
major role. The main output of the central auto- 
nomic network is mediated through preganglionic, 
sympathetic, and parasympathetic neurons, and 
both subdivisions of the autonomic nervous system 
play an  important role in the cardiac regulation 
during sleep.7 Cardiovascular beta adrenergic 
blockerss also have some central blocking effect; 
cholinergic agents used as cardiac antiarrhythmic 
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drugsg may also affect central muscarinic receptors. 
Thus the same chemical effectors modulate brain 
sleep oscillators and influence central cardiovascu- 
lar control. Moreover, cardiovascular and respira- 
tory mechanisms share the same higher cerebral 
centers.1° 

The objective of our study was to obtain a new 
insight into the autonomic cardiovascular control 
during the various sleep states in children, apply- 
ing power spectrum (PS) analysis of beat-to-beat 
variability in HR. 

Methods. Subjects. Ten subjects were chosen following a 
chart review of children who had undergone all-night 
polysomnographic studies (PSGs) for suspected obstruc- 
tive sleep apnea, excessive daytime sleepiness, or as part 
of workup before pharyngeal flap surgery for cleft palate. 
Only subjects with normal all-night PSGs and normal 
Multiple Sleep Latency Test, if indicated, were included 
in the study. 

All PSGs monitored scalp EEG, eye movements, chin 
and extremity EMG, ECG, nasal and oral airflow, tho- 
racic and abdominal respiratory effort, and transcuta- 
neous oxygen saturation. 

All PSGs were manually scored according to the stan- 
dard criteria of Rechtschaffen and Kales.ll 

Traces of ECG, nasal airflow, and chest effort from at 
least 60% of sleep test time, covering all sleep stages dur- 
ing the night, were recorded on magnetic tape (TEAC 
R61 tape recorder). The analog signals underwent digita- 
tion (using a DT2801/5716A DT board and a PC com- 
puter). The digitized data containing ECG and respira- 
tory signal information were simultaneously sampled 
(300 Hz for ECG signal; 10 Hz for respiration signal) for 
300-second-long, artifact-free epochs. 

The analyzed time intervals were chosen from (1) 
awake state a t  the beginning of the night (AS); (2) non- 
REM sleep stages I and 11-light sleep (LS); (3) non-REM 
sleep stages I11 and IV-slow-wave sleep (SWS); and (4) 
REM sleep (REM). 

The RR intervals were detected and the instantaneous 
HR values were computed using a previously described 
algorithm.12 A fast Fourier transform method was then 
applied on 256-second epochs to  obtain the power spectra 
of breathing and HR instantaneous fluctuations. 

We focused on the two regions of interest in the HR 
spectrum: LF range (0.02 to  0.15 Hz) and HF range (de- 
tected for each subject from the inspection of the respira- 
tion spectrum; the region 0.2 to 0.5 Hz covered the HF 
component for all subjects). 

The energy content of the PS of HR variability was 
calculated for each spectral component by integration of 
the corresponding spectral region after normalization by 
(mean HRl2. The power density was thus unitless. An op- 
timal way4 to analyze the autonomic activity in each fre- 
quency range is to  divide each spectral component by the 
total spectral power (0.02 to  2 Hz), thus at  least partially 
accounting for the parasympathetic fluctuations in the 
LF region. 

Mean values for the power density were then calcu- 
lated separately for the two regions of interest for each 
sleep-wake stage: AS, LS, SWS, REM. An autonomic bal- 
ance known as the sympathovagal balance (LF/HF) was 
calculated for each epoch analyzed, and this variable was 
then averaged over the different sleep, states. 

Statistical analysis. We applied ANOVA (nonparamet- 
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ric repeated measures Friedman test) to determine the 
changes within each group through the different sleep 
stages. A two-tailed t test was used to compare the mean 
values of the variables studied during any two sleep 
stages. Results were considered significant for p < 0.05. 

Results. The following sleep-wake states were 
studied: (1) awake at the beginning of the night 
(AS); (2) non-REM sleep stages I and I1 (LS); (3) 
non-REM sleep stages I11 and IV (SWS); and (4) 
REM sleep (REM). 

Representative power spectra of HR variability 
during the various stages of the sleep-wake cycle 
are reproduced in figure 1. 

We analyzed mean values of HR, LF component, 
HF component, and autonomic balance LF/HF dur- 
ing at least 60% of the test time for each subject. 
Artifact-containing epochs were excluded. 

Heart rate. Mean HR decreased significantly 
with sleep onset and was lower in all sleep stages 
than the mean value during AS. No significant dif- 
ferences occurred between the various sleep stages. 
The variability during REM within the same sub- 
ject was large, with some epochs displaying mean 
HR and reaching higher values than while awake 
at the beginning of the test. 
PS analysis of HR instantaneous variability. We 

analyzed the  normalized spectral components 
(ratio between the power density of each spectral 
component and the total spectral density) as better 
measures of the autonomic activity than the abso- 
lute  number^.^ We also computed and analyzed the 
autonomic balance as defined in the introduc- 
tionhackground section. 

The power of LF component changed during vari- 
ous sleep stages. The variations during sleep were 
significant, with a minimal value during SWS as de- 
tected by ANOVA (p  = 0.0002, chi-square approxima- 
tion). The mean values were significantly (two-tailed 
t test) lower during SWS than while awake at the be- 
ginning of the test (p c O.OOOl), during sleep stages I 
and 11 ( p  = 0.0004), and during REM ( p  = 0.0013). 

Values in REM were higher than in sleep stages 
I and 11, although this difference did not reach sig- 
nificance. The variability of the results was great 
during LS and especially during REM. 

The power of HF component. The median values 
underwent significant changes throughout the 
night as detected by ANOVA ( p  = 0.0023, chi-square 
approximation). Maximal mean values were charac- 
teristic of SWS, and the difference between this 
stage and all the other stages was significant. The 
changes in this component displayed a striking mir- 
ror image of LF variations with the different sleep 
states. 

Svmpathovaeal balance (figure 2) changed sig- 
nificantly with the sleep stages (ANOVA of log 
LF/HF: p = 0.0004, chi-square approximation). The 
changes in  th i s  variable were parallel to the 
changes in the LF component, with minimal values 
during SWS. The mean values during this stage 
were significantly lower than during AS and LS 
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Figure 2. Representative graphs of heart rate as function of time (tachograms) and power spectra taken from 256-second 
epochs during different sleep stages: (A) tachogram while awake at the beginning of the night; (B) power spectrum for 
the epoch in panel A; (C) tachogram during slow-wave sleep; (D) power spectrum for the epoch in panel C; (E) tachogram 
during REM sleep; (F) power spectrum for the epoch in panel E. 

(two-tailed t test, p = 0.0013) or REM ( p  = 0.0008). 
Values in REM were higher than values in LS, yet 
the difference did not reach significance due to the 
variability within this stage. 

Discussion. Our results show, as in previous stud- 
i e ~ , ~  that the mean HR decreased during sleep, but 
it does not display significant variation of its mean 
values in different sleep stages in normal children. 
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Figure 2. Autonomic balance during sleep. The balance 
points towards HF during SWS, with significant 
differences between this stage and AS ,  LS, REM. 
AS-awake at the beginning of the night; LS-light sleep; 
SWS-slow-wave sleep. **for p < 0.001, ***for p < 
0.0001 on two-tailed t test. The error bars show standard 
deviation. 

Therefore, as expected, mean HR is not a suffi- 
ciently sensitive indicator of the complex regula- 
tory and physiologic changes during sleep. 

The LF component decreased during sleep with 
minimal values in SWS, whereas the HF compo- 
nent displayed a reciprocal trend with increased 
values during sleep, reaching a maximum at the 
time of the LF nadir in SWS. At each epoch stud- 
ied, the variations in LF and HF were reciprocal. 
This suggests that  the increases in LF represent 
mainly surges in sympathetic activity and the de- 
crease in LF expresses a declining sympathetic ac- 
tivity. Our results indicate a clear decrease in sym- 
pathetic activity during sleep, with lowest values 
being reached during SWS. During REM, an  in- 
crease in the overall sympathetic activity occurred 
toward almost the level of AS. The parasympa- 
thetic activity, expressed by the HF, increased dur- 
ing sleep as expected. The maximal parasympa- 
thetic activity was reached during SWS. 

The above conclusions are further enhanced by 
the values of LF/HF reflecting autonomic balance 
that indicates a sympathetic predominance during 
REM and a parasympathetic predominance during 
sws . 

Our results corroborate previous studies13-15 in 
which direct microneurographic studies of skeletal 
muscle sympathetic nerve activity showed similar 
changes in sympathetic activity during the differ- 
ent sleep stages. A great variability in muscle sym- 
pathetic nerve activity occurs during REM in con- 
nection with phasic changes.13-15 Our study also un- 
covered a great variability in the same subject dur- 
ing this sleep stage (sometimes reaching values 
higher than the AS ones, most probably as an ex- 
pression of the phasic REM). Yet the mean values 
were consistently high, suggesting that the sympa- 
thetic activity during REM sleep is similar to the 
awake levels. However, the nature of the sympa- 
thetic activity during REM is different from that 
1186 NEUROLOGY 45 June 1996 

while awake due to tonic suppression alternating 
with phasic bursts of activity.16J7 The high sympa- 
thetic activity levels during LS in our study might 
be due to the sympathetic bursts associated with 
K-c~mplexes, '~-~~ because our results deal with val- 
ues obtained over 256-second epochs and not with 
the short  t ime intervals characteristic for  K- 
complexes or electrophysiologic arousals. 

The estimation of parasympathetic activity dur- 
ing sleep as previously described7 is also in com- 
plete agreement with our results. Direct studies of 
parasympathetic nerve activity in humans are dif- 
ficult to perform. The information supplied nonin- 
vasively by the HF component of the HR PS is a 
valuable and accurate quantitative measure of the 
parasympathetic activity, at least at the level of the 
sinus node. 

The approach used in this study is a noninvasive 
method and can allow continuous monitoring of the 
autonomic cardiorespiratory control throughout the 
night sleep. Additional information can be gained 
by noninvasive monitoring of arterial BP and skin 
blood flow, which can be analyzed as we analyzed 
the HR variability (to obtain more information on 
the autonomic activity during sleep). This informa- 
tion might be more accurate than data obtained by 
invasive methods that may cause changes in auto- 
nomic nervous functioning due to the apprehension 
they cause. 

A limitation of the methods we used to  obtain 
the PS is the need to quantify sympathetic activity 
over periods of at least 256 seconds, thus implicitly 
losing information on rapid changes of the auto- 
nomic activity within the studied epoch. New meth- 
o ~ s ~ ~ J ~  of time-dependent spectral computation can 
avoid information loss. 

The analysis of the instantaneous variability in 
HR (or BP, skin blood flow) may offer a simple 
method of on-line monitoring of autonomic activity 
during normal sleep as well as during pathologic 
sleep. 

References 

1. 

2. 

3. 

4. 

5. 

Akselrod S, Gordon D, Ubel FA, Shannon DC, Barger AC, 
Cohen RJ. Power spectrum analysis of heart rate fluctua- 
tions: a quantitative probe of beat-to-beat cardiovascular 
control. Science 1981;213:220-222. 
Pomeranz B, Macaulay RJB, Caudill MA, et  al. Assessment 
of autonomic function in  humans by heart rate spectral 
analysis. Am J Physiol 1985;248:H151-H153. 
Pagani M, Lombardi F, Guzetti S ,  et al. Power spectral anal- 
ysis of heart rate and arterial pressure variability as a mea- 
sure of sympatho-vagal interaction in man and conscious 
dog. Circ Res 1986;59:178-193. 
Jaffe RS, Fung DL, Behrman KH. Optimal frequency ranges 
for extracting information on the autonomic activity from the 
heart rate spectrogram. J Auton New Syst 1993;46:37-46. 
Hobson JA, McCarley RW, Wyzinski PW. Sleep cycle oscilla- 
tion: reciprocal discharge by two brainstem neuronal groups. 
Science 1975:189:55-58. 

6. Hobson J ,  Lydic R, Baghdoyan HA. Evolving concepts of 
sleep cycle generation: from brain centers to neuronal popu- 
lations. Behav Brain Sci 1986;9:371-448. 

7. Baust W, Bohnert B. The regulation of heart rate during 



sleep. Exp Brain Res 1969;7:169-180. 
8. Skinner JE. Regulation of cardiac vulnerability by cerebral 

defense system. J Am Coll Cardiol 1985;5:88B-94B. 
9. Skinner JE, Montaron MF, Pratt CM. The efficacy of antiar- 

rhythmic drugs in cardiac patients is proportional to  their 
ability to reduce the amplitude of the cerebral-event related 
slow potential [abstract]. SOC Neurosci Abstr 1982;8:428. 

10. Timms RJ. Cortical inhibition and facilitation of the defence 
reaction [proceedings]. J Physiol (Lond) 1977;26698P-99P. 

11. Rechtschaffen A, Kales A, eds. A manual of standardized 
terminology, techniques and scoring system for sleep stages 
of human subjects. Washington, DC: US Government Print- 
ing Office, NIH Publication 204, 1968. 

12. Berger RD, Akselrod S, Gordon D, Cohen RJ. An efficient al- 
gorithm for spectral analysis of heart rate variability. IEEE 
Trans Biomed Eng 1986;BME-33:900-904. 

13. Hornyak M, Cejnar M, Elam M, Matousek M, Wallin G. 
Sympathetic muscle nerve activity during sleep in man. 
Brain 1991;114:1281-1295. 

14. Okada H, Iwase S, Mano T, Sugiyama Y, Watanabe T. 

Changes in muscle sympathetic nerve activity during sleep 
in humans. Neurology 1991;41:1961-1966. 

15. Somers VK, Phil D, Dyken M, Allyn LM, Abboud FM. Sym- 
pathetic-nerve activity during sleep in normal subjects. N 
Engl J Med 1993;328:303-307. 

16. Parmeggiani PL, Morrison AR. Alterations in autonomic 
functions during sleep. In: Loewy AD, Spyer KM, eds. Cen- 
tral regulation of autonomic functions. Oxford, U K  Oxford 
University Press, 1990:367-386. 

17. Parmeggiani PL. The autonomic nervous system in sleep. In: 
Kryger MH, Roth T, Dement WC, eds. Principles and prac- 
tice of s leep  medicine. Phi ladelphia:  WB Saunders ,  

18. Novak P, Novak V. Time-frequency mapping of the heart 
rate, blood pressure and respiratory signals. Med Biol Eng 
Comp 1993;31:103-110. 

19. Keselbrenner L, Baharav A, Akselrod S. Selective windowed 
time-frequency analysis for the quantitative evaluation of 
non-stationary cardiovascular signals. IEEE Trans Comput 
Cardiol 1994:5-8. 

19931194-203. 

June 1995 NEUROLOGY 45 1187 



DOI 10.1212/WNL.45.6.1183
1995;45;1183-1187 Neurology 

A. Baharav, S. Kotagal, V. Gibbons, et al. 
spectrum analysis of heart rate variability

Fluctuations in autonomic nervous activity during sleep displayed by power

This information is current as of June 1, 1995

Services
Updated Information &

 http://www.neurology.org/content/45/6/1183.full.html
including high resolution figures, can be found at:

Citations

 cles
http://www.neurology.org/content/45/6/1183.full.html##otherarti
This article has been cited by 16 HighWire-hosted articles: 

  
Permissions & Licensing

 http://www.neurology.org/misc/about.xhtml#permissions
or in its entirety can be found online at:
Information about reproducing this article in parts (figures,tables)

  
Reprints

 http://www.neurology.org/misc/addir.xhtml#reprintsus
Information about ordering reprints can be found online:

http://www.neurology.org/content/45/6/1183.full.html
http://www.neurology.org/content/45/6/1183.full.html##otherarticles
http://www.neurology.org/content/45/6/1183.full.html##otherarticles
http://www.neurology.org/misc/about.xhtml#permissions
http://www.neurology.org/misc/addir.xhtml#reprintsus



