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6 ALTERED TEMPORAL INDICES OF HEART RATE 

VARIABILITY IN SLEEP ONSET INSOMNIA 
 

Gil EA, Aubert XL, Penzel T, Beersma DGM. (submitted), Altered 
temporal indices of heart rate variability in sleep onset insomnia.  
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6.1 ABSTRACT 
Heart rate variability features have been used in various scientific and medical fields 
for diagnostic, monitoring, and research purposes. As a measure of autonomic 
nervous system activity, these signals are relevant in the sleep and chronobiology 
domains. Heart rate variability has been assessed in various sleep disorders and 
healthy subjects, however a thorough analysis of heart rate variability features in 
sleep onset insomnia patients has not yet been provided. In this study, we assessed 
temporal and spectral heart rate variability features derived from 24-hour 
electrocardiograms of 14 sleep onset insomnia patients. A previously unreported 
pattern was found in the temporal heart rate variability. While in healthy sleepers 
the standard deviation of inter-beat intervals peaks shortly before waking up, our 
data shows that in sleep onset insomnia patients it peaks on average shortly before 
sleep onset (Fisher’s Exact Test, p = 0.0063). This increase in the standard deviation 
of heart beats could be indicative of abnormal physiological or psychological 
processes related to the occurrence of sleep onset insomnia.  

6.2 INTRODUCTION 
Heart rate variability (HRV) encompasses a wide array of signals, both in the 
temporal and spectral domain, which have clinical relevance in many fields such as 
cardiology, psychology, sleep medicine, and chronobiology. The significance of the 
various HRV features has been well established in some fields, while it is still being 
developed and explored in others. In sleep medicine and chronobiology, HRV 
features have been used to understand autonomic changes during the sleep/wake 
transition and sleep cycles [1–3], the effects of different sleep disorders[4], to 
monitor treatments and therapies [5], and to estimate circadian phase [6]. 
Nevertheless, the depth and breadth of possible HRV analyses still allows for new 
findings and interpretations. 

Most HRV signals have been shown to follow a circadian pattern [7,8]. HRV signals 
are used as measures of the autonomic nervous system [9] which is known to be 
influenced by the circadian system. The autonomic nervous system is further divided 
into the sympathetic and the parasympathetic (vagal) nervous systems. The balance 
between these two systems varies throughout the day, with the parasympathetic 
system being predominant during the night and vice versa [9]. The modulation seen 
in HRV features has been shown to be caused by the endogenous circadian system, 
both in the presence and absence of sleep [7,8,10].   

In addition, HRV signals have been shown to be related to the sleep/wake cycle 
[2,11] and sleep architecture [3]. Although the circadian clock has a predominant 
effect on some HRV features, others are primarily affected by sleep. This has been 
assessed in several studies, with the findings being inconsistent. Carrington et al. 
found that the modulation in heart rate and sympathetic activation was mostly due 
to the circadian clock influence, while the nighttime increase in parasympathetic 
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activity was primarily caused by sleep [11]. However, Viola et al. found that heart 
rate and heart rate variability are more influenced by sleep than by the circadian 
clock [2]. HRV varies with the sleep stages and sleep stage transitions [2,3], making 
it possible to assess sleep quality through HRV measures. Furthermore, differences 
in the dynamics of HRV features during sleep can often be seen when comparing 
healthy sleepers to people with sleep disorders [12]. 

A recent review of the literature has found that the evidence for HRV impairment in 
insomnia patients is in fact conflicting [13].  For example, studies have found an 
increase in sympathetic activity in primary insomnia patients [14] or reduced 
parasympathetic activity in insomnia patients with reduced sleep duration [15], 
while others have not found a significant difference [16–18]. One way of assessing 
sympathovagal activation is through heart rate variability measures [9]. Reduced 
parasympathetic activity can be reflected in a decrease in the high frequency power 
of the HRV [15]. Furthermore, it has been shown that different types of insomnia 
present different characteristics when assessing the electroencephalogram (EEG), 
particularly during the sleep onset period of sleep onset insomnia patients and sleep 
maintenance insomnia patients [19]. Therefore, it is possible that the HRV 
characteristics are also different among the various types of insomnia. Sleep onset 
insomnia (SOI) is characterized by a difficulty in initiating sleep. The cause of this 
disorder might be attributed to a misalignment of the circadian clock or other 
(external) factors [20]. Studies incorporating 24-hour HRV recordings of insomnia 
patients are needed in order to better understand the dynamics of the complex HRV 
signals in the context of insomnia [13].  In this study, we have aimed at 
characterizing various temporal and spectral heart rate variability features over 24 
hour periods as a way of finding physiological differences which could allude to the 
cause of the condition.  

6.3 MATERIALS AND METHODS 

6.3.1 Participants 
Twenty diagnosed sleep onset insomnia patients participated in an 8 day long study 
which combined ambulatory and in-clinic recordings. The patients were either 
referred to us by our collaborating physicians at the Charité University Hospital or 
were recruited from an existing patient database at the Advanced Sleep Research 
institute in Berlin. Patients were diagnosed with sleep onset insomnia when having 
a sleep onset latency longer than 30 minutes. The patients were further examined 
and screened by a medical sleep specialist. Exclusion criteria included psychiatric or 
cardiac disorders, sleep apnea, restless legs syndrome, travel across time-zones and 
shift work in the previous two months, and use of sleep medication or other 
medication that could influence sleep. Participants meeting the inclusion criteria 
were explained the study protocol by the sleep physician and signed an informed 
consent form in accordance to the Declaration of Helsinki.  
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From all the SOI patients that took part in this study, 14 SOI patients were used in 
the present analysis due to problems with the equipment or data quality. The 
characteristics of the subset of participants included are shown in Table 6.1.  

Table 6.1 Subject characteristics and questionnaire outcomes. 

Characteristic SOI (Mean±SD) 

Gender 11 female/3 male 

Age 44.60 ± 12.44 

BMI (kg/m2) 23.43 ± 2.45 

Subjective SOL (min) 43.57 ± 26.13 

MEQ 57.21 ± 9.73 

PSQI 10.07 ± 3.08 

MSFsc (MCTQ) 02:45 ± 00:48 

  

Subjective sleep onset latency (SOL) was obtained via questionnaires. The 
Morningness-Eveningness Questionnaire (MEQ) aims at determining the intrinsic 
chronotype of the subjects [21]. The corrected midsleep on free days (MSFsc) 
obtained from the Munich Chronotype Questionnaire (MCTQ) is indicative of 
behavioral chronotype while also considering the effects of different sleep timing 
on work days versus free days [22]. The Pittsburgh Sleep Quality Index (PSQI) is a 
measure of sleep quality, where scores above 5 are considered indicative of poor 
sleep [23].  

6.3.2 Protocol 
Participants wore an Actiwatch Spectrum (Philips Respironics, Pittsburgh, USA) 
which measured activity levels and light exposure for 7 days to monitor sleep timing. 
On the seventh day, participants came to the sleep clinic in the afternoon and were 
equipped with an ambulatory Holter ECG monitor (CardioMed CM3000, Getemed, 
Teltow, Germany). Beginning 5 hours before their habitual bedtime determined by 
questionnaires and actigraphy recordings, participants were placed in constant low 
intensity lighting conditions where they remained for the rest of the evening. The 
participants were connected to a PSG system (Embla N7000, Broomfield, USA) and 
monitored over one night. The following morning, the PSG electrodes were removed 
and the participants were allowed to go about their usual routine. The participants 
continued to wear the Holter ECG monitor during this time. In the evening, 
participants returned to the clinic, the Holter monitor was removed and the 
Actiwatch Spectrum was returned. Holter ECG recordings were ensured to be at 
least 26 hours in duration. The study protocol received Institutional Review Board 
approval by the ethics committee at the Charité University Hospital.  

6.3.3 Heart rate variability 
Ambulatory 1-lead ECG recordings at 256Hz from all participants were collected. An 
R-peak detection algorithm was used to extract the RR intervals, defined as the time 
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between R-peaks on a standard ECG. The detected peaks were inspected and 
artefacts were corrected. Spectral and temporal heart rate variability (HRV) features 
were extracted in 5 minute windows from all RR interval streams. The spectral HRV 
features of interest were the low frequency power (LF, 0.04-0.15 Hz), high frequency 
power (HF, 0.15-0.4 Hz) and the LF/HF ratio. The temporal HRV features extracted 
were the standard deviation of normal beats (SDNN), the root mean square of 
successive differences (RMSSD), and the proportion of normal beats that differ by 
more than 50 milliseconds divided by the total number of normal beats (pNN50). 
The maximum and minimum values for each feature were determined, and these 
were used to calculate the amplitude of the waveform (difference between 
maximum and minimum), as well as the temporal organization of each signal. 

6.3.4 Sleep measures 
Sleep statistics were determined from the PSG recordings, including sleep onset 
time, sleep onset latency, sleep duration, and time of midsleep. In addition, all 
participants completed sleep diaries and questionnaires. The questionnaires used 
were the Morningness-Eveningness Questionnaire (MEQ) [21], Munich Chronotype 
Questionnaire (MCTQ) [22], Pittsburgh Sleep Quality Index (PSQI) [23] and the Sleep 
Timing Questionnaire (STQ) [24].  

6.4 RESULTS 
Sleep statistics were derived from the one night PSG recording. Although it has been 
reported that one night is not consistently representative of characteristics of a 
patient’s habitual sleep pattern [25,26], such as sleep duration, we found no 
statistically significant difference when compared to actigraphy recordings over the 
preceding week. The sleep statistics extracted from the PSG are shown in Table 6.2. 

Table 6.2 Sleep statistics of the SOI patients. 

Sleep Statistic (hh:mm) SOI (Mean±SD) 

Bed-in time  22:38 ± 00:38 

Sleep onset time  23:05 ± 00:20 

Sleep duration  07:29 ± 00:24 

Midsleep time  02:45 ± 00:26 

Sleep onset latency  00:27 ± 00:20 

 

The manually scored hypnograms of the SOI patient population were further 
analyzed in terms of sleep architecture and distribution of wake, S1, S2, slow wave 
sleep (SWS) defined as sleep in stages S3 and S4, and rapid eye movement (REM) 
sleep. The percentage of each of the sleep stages was assessed in the first and 
second half of the night. In addition, REM sleep latency and SWS latency were 
calculated. The percent wake is calculated with respect to the wake after sleep onset 
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(WASO), while the other sleep stages are with respect to total sleep time (TST). Table 
6.3 shows the distribution and percentage of each sleep stage. 

Table 6.3 Distribution of different sleep stages in SOI patients. 

  
Entire Night 
(mean±SD) 

First Half 
(mean±SD) 

Second Half 
(mean±SD) 

% Wake 12.30 ± 3.01 6.72 ± 3.06 5.60 ± 3.05 

% S1 11.10 ± 5.34 5.39 ± 2.92 5.74 ± 3.02 

% S2 54.37 ± 7.71 25.77 ± 3.68 28.67 ± 5.26 

% SWS  16.80 ± 5.07 11.91 ± 2.99 4.90 ± 3.10 

% REM  17.73 ± 5.14 6.83 ± 2.01 10.92 ± 3.94 

 

REM sleep latency was found to be 108.32 ± 46.81 minutes (mean ± SD) and SWS 
latency was 45.86 ± 27.06 minutes (mean ± SD). Patients presented an average of 
3.8 REM cycles per night. In healthy normal young adults, wakefulness should 
account for approximately 5% of the night, S1 for 2% to 5%, S2 for 45% to 55%, SWS 
for 15% to 25%, and REM for 20% to 25% [27]. The SOI patients in our study 
presented higher than normal percent wakefulness and S1 sleep, yet lower than 
normal REM sleep. S2 and SWS sleep were within the healthy ranges.  

The RR intervals of the sleep onset insomnia patients were aligned at the median 
sleep onset (median = 22:55; interquartile range = 00:29) and the average curve was 
plotted. The RR intervals increased during the evening and continued to increase at 
a slower rate during the night after sleep onset. During the night, the average heart 
rate was 59 beats per minute. Figure 6.1 shows the RR intervals over 24 hours. 

 

Figure 6.1 RR intervals of sleep onset insomnia patients. Error bars show the standard error of the 
measurements. 

Spectral (HF, LF, LF/HF ratio) and temporal (SDNN, RMSSD, pNN50) HRV features 
were calculated for each participant over 24 hours. Although these recordings took 
place over one night at the sleep clinic, it has been reported that one night is enough 
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when assessing HRV during sleep [25]. These signals were median filtered and 
aligned at the sleep onset of each participant. A two harmonic fitting was applied 
with periods corresponding to 24 and 12 hours. The average ± SEM of all participants 
is plotted in Figure 6.2 and Figure 6.3, where the vertical line represents the sleep 
onset time from all participants.  

 

Figure 6.2 Spectral HRV features from 24 hour ECG recordings from sleep onset insomnia patients. 
The vertical line shows the sleep onset time. Error bars represent the standard errors of the 

measurements. 
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Figure 6.3 Temporal HRV features from 24 hour ECG recordings from sleep onset insomnia patients. 
The vertical line shows the sleep onset time. Error bars represent the standard errors of the 

measurements. 

The SDNN showed an unexpected pattern, particularly in regards to the location of 
the SDNN maximum with respect to the overall 24 hour recording. It has been 
reported in studies on healthy sleepers that the SDNN reaches a peak in the early 
morning [2,8,28,29]. Table 6.4 shows a summary of studies which have reported the 
SDNN pattern of healthy subjects. 

Table 6.4 Summary of studies reporting the timing of the SDNN maximum in healthy subjects. 

Study 
Reported Time of 
SDNN max  Population Mean Age Setting 

Viola et al. 
2002 

0533hr ± 17 min 7 healthy males Range 21 to 
28 

Lab 

     
Vandewalle 
et al. 2007 

0659hr (95% CI, 0525-
0832) 

8 healthy males 24.4 ± 4.4 Lab 

     
Bonnemeier 
et al. 2003 

Wake up time, 0700hr 
(approx. from SDNN 
plot) 

166 healthy 
(81f/85m) 

42 ± 15 
(range 20-
70) 

Ambulatory 

     
Yoshizaki et 
al. 2013 

0700hr (approx. from 
SDNN plot) 

27 healthy 
females 

40 (range 
25-53) 

Ambulatory 
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For a different study, we collected ambulatory heart rate data from healthy sleepers 
over a period of 32 hours [6]. Although the data were collected from a different age 
group than the current SOI data, the findings reported in literature were confirmed 
by our healthy sleeper data. The mean SDNN from the sleep onset insomnia patients 
was plotted together with our healthy sleepers’ data to demonstrate the significant 
difference in temporal organization of the signals. The mean of the signals has been 
removed to emphasize the temporal differences and the data are plotted in Figure 
6.4. 

 

Figure 6.4 Difference in the timing of the SDNN peak in sleep onset insomnia patients. The circles and 
dark fit correspond to the sleep onset insomnia patients, while the triangles and gray fit correspond 
to the healthy sleepers. The traces have been shifted and aligned at the sleep onset, represented by 

the vertical line. Error bars show standard errors of the measurements. 

As can be seen, the average SDNN curve for the sleep onset insomnia patients 
reached its maximum before sleep onset, on average at 22:30, while the healthy 
sleepers had a maximum SDNN value around wake up time at approximately 06:00.  

6.5 DISCUSSION 
Sleep onset insomnia patients were characterized in terms of sleep architecture and 
circadian heart rate variability. These characteristics were compared to reported 
values in literature for healthy sleepers.  

6.5.1 Sleep architecture 
As expected, the first half of the night presented more SWS than REM sleep, while 
the opposite was true for the second half of the night. The REM sleep latency of 
108.32 minutes was within the normal range of 90-110 minutes [27]. Age is known 
to be an important factor influencing the percentage of each sleep stage over a given 
sleep period [27]. The percentage of SWS and REM sleep as well as REM latency are 
known to decrease with age, while the percentage of S1, S2 and WASO increase with 
age [30]. Keeping these effects in mind, the hypnograms of our sample of SOI 
patients were in-line with what would be expected from healthy sleepers, with the 
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exception of a prolonged sleep onset latency. This is consistent with earlier 
comparisons between sleep onset insomnia patients and healthy sleepers [31].  

6.5.2 Heart rate variability  
The pattern of RR intervals shows that the reduction in heart rate that occurs at the 
transition from wake to sleep becomes less pronounced. This is different than what 
would commonly be expected in healthy sleepers, where the RR intervals would 
show a steady or accelerated increase. This difference has been previously reported 
by Spiegelhalder et al. [15].   

Circadian rhythmicity was observed in all HRV features as shown in Figures 2 and 
Figure 6.3 with harmonic fittings of 24 and 12 hours. Large inter-subject variability 
was found in the means of most HRV features as seen from the large SEM values. 
This might be due to the variability in the severity of the sleep onset insomnia in 
each of the patients. In the spectral domain, the HF and LF components of the HRV 
both reached a maximum during the night, while the LF/HF ratio presented its 
minimum. In the temporal domain, the SDNN, RMSSD, and pNN50 all showed a 
maximum during the night. Nevertheless, the temporal distribution of maximum 
and minimum of the SDNN feature did not match what has been presented in 
literature for other patient and healthy subject populations. 

6.5.3 SDNN maximum 
The SDNN of our sample of sleep onset insomnia patients reached a maximum 
approximately at sleep onset time. All reports of HRV features in healthy subjects 
have found that the SDNN peak occurred at the end of the sleep interval or around 
wake up time. As shown in Table 6.4, these findings include studies done in healthy 
sleepers both in laboratory [2,8] and in ambulatory settings [28,29] including both 
young and older subject populations comprising both male and female participants. 
In one study, Bonnemeier et al. presented data from 166 healthy subjects (81f/85m) 
with an age range of 20 to 70 years, and divided their analysis per decade. They 
showed that the SDNN amplitude decreased with age but the timing remained 
consistent, with the maximum occurring around wake up time [28]. 

As an indication of the discriminative value of the SDNN feature for our patient and 
subject populations, 10 of the 14 sleep onset insomnia patients (71.4%) and only 2 
of the 14 healthy participants (14.3%) showed an SDNN maximum within 2 hours of 
sleep onset (Fisher’s Exact Test, p = 0.0063).  

The SDNN is used as a global index of heart rate variability and is said to reflect all 
cyclic components responsible for the variability of the heart rate in the recording 
period. This feature is not commonly used in sleep monitoring or assessment, 
therefore its significance in the sleep domain is not well understood. Viola et al. 
assessed the effects of sleep and the circadian system on several HRV features over 
24 hours by shifting the subjects’ sleep episode by 8 hours. This study found that the 
only feature which presented a clear circadian modulation, independent from the 



 
 

105 
 

6 

occurrence or lack of sleep, was the SDNN [2]. Building upon this finding, one cannot 
exclude the possibility of circadian misalignment causing a shifted SDNN peak. 
Assuming that the remaining HRV features are mostly sleep dependent, their 
apparent alignment corresponds to the sleep/wake cycle and not the endogenous 
circadian clock. Abnormalities in the timing of the circadian system with respect to 
the patient’s sleep schedules could come forth as a shifted SDNN curve. It has been 
shown that the correlations between the dim light melatonin onset (DLMO), 
accepted as the gold standard measure of circadian phase, and sleep timing features 
decrease in sleep onset insomnia patients compared to healthy sleepers [32,33]. 
This could be indicative of a misalignment between the endogenous circadian signal 
and the sleep/wake cycle.  

An abnormal cardiovascular regulatory system could attribute to the difference in 
the occurrence of the SDNN peak. Maintaining the notion that the endogenous 
circadian system is primarily responsible for the modulation of the various temporal 
and spectral HRV features as a reflection of the autonomous nervous system, one 
would expect that an abnormal circadian system would influence all HRV features. 
As that is not the case, one possible explanation is an abnormal cardiovascular 
regulatory system.  

Studies have shown that stress results in an increase in heart rate and a decrease in 
SDNN [34,35]. The feelings of stress or anxiety that are often experienced by 
insomnia patients prior to bedtime did not seem to be present in this study. It is 
possible that these patients have learned over the years to apply relaxation 
techniques in order to more easily achieve sleep onset. However, then one would 
expect that in addition to the evening peak, the major peak seen in healthy 
participants around 06:00 would also be present in the SOI data.  

A related psychological state which has been correlated with a decreased SDNN is 
major depression [36]. Major depression is associated with a reduction in deep 
sleep, prolonged REM sleep, and a reduced REM sleep latency [37]. As can be seen 
in Table 6.3, the sleep architecture of the SOI patients did not present the 
characteristics of patients suffering from depression.  

Variations in heart rate are also known to be caused by hormones, such as cortisol. 
The cortisol awakening response (CAR) can affect heart rate and it has been shown 
that an attenuated CAR is associated with an increase in SDNN [38]. A related 
process which is controlled by the circadian system is hypothalamo-pituitary-
adrenal (HPA) activity. Nevertheless, the CAR and the circadian rise in HPA activity 
are thought to be two distinct processes [38,39]. The cortisol rhythm and in 
particular the CAR, are very complex signals which can be influenced by numerous 
physiological processes. An overview of these processes is presented by Clow et al. 
[38]. Cortisol profiles for healthy and insomnia patients generally show the same 
timing structure, with some differences in amplitude [32,40]. However, these 
studies pertain to primary insomnia and not specifically to sleep onset insomnia, 
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which could yield different results. Furthermore, considering the gender 
distribution, studies have shown that women entering menopause commonly suffer 
from disturbed sleep and this could be due to hormonal changes [41]. Menopause 
is associated with higher levels of cortisol during sleep, as well as an increased 
susceptibility to nocturnal rises in cortisol as a result of stress [42]. Although 
menopausal stage was not investigated, the average age in our female population 
of 44.6 could be associated with perimenopause, and could therefore present some 
early menopausal sleep and hormonal characteristics.  

Further research is required into the processes which could influence the 
modulation of the SDNN feature in terms of sleep and circadian rhythms. The results 
we presented seem to indicate an interaction between the SDNN and sleep, 
particularly with the sleep-wake and wake-sleep transitions. A controlled study 
involving circadian markers, cardio-regulatory measurements, relevant hormone 
concentrations, as well as psychological measures of depression and other mental 
states, could shed light into the processes involved in the abnormal temporal 
organization of the SDNN feature in sleep onset insomnia patients. The main 
limitation of our study is the lack of a control group of healthy volunteers matched 
on gender and age. This limitation has been addressed by doing a comprehensive 
evaluation of the literature and referring to published results as an indication of 
what would be expected in such a cohort. The consistency of the literature across 
age groups, gender, and protocols justifies the comparison between our healthy and 
insomnia populations. It suggests that the differences observed in the SDNN feature 
are caused by factors related to the insomnia diagnosis. 

6.6 CONCLUSION 
Heart rate variability analyses of 24-hour electrocardiograms from sleep onset 
insomnia patients show an altered SDNN profile, with its maximum occurring shortly 
before sleep onset when compared to healthy cases which present the SDNN 
maximum shortly before wake-up. In the same manner as hypnograms of sleep 
onset insomnia patients are similar to healthy sleepers and, therefore, different 
than other insomnia patients, sympathovagal activity as assessed by heart rate 
variability measures could also present different characteristics within the various 
types of insomnia. Physiological changes taking place directly before sleep onset 
might be of greater importance in understanding the mechanisms associated with 
the occurrence of sleep onset insomnia, as opposed to nycthemeral processes which 
affect broader sleep disorder classifications.  

6.7 ACKNOWLEDGEMENTS  
This work was supported by the EU Marie Curie Network iCareNet under grant 
number 264738. 



 
 

107 
 

6 

6.8 REFERENCES 
[1] De Zambotti M, Covassin N, De Min Tona G, Sarlo M, Stegagno L. Sleep onset 

and cardiovascular activity in primary insomnia. J Sleep Res 2011;20:318–25. 
doi:10.1111/j.1365-2869.2010.00871.x. 

[2] Viola AU, Simon C, Ehrhart J, Geny B, Piquard F, Muzet A, et al. Sleep processes 
exert a predominant influence on the 24-h profile of heart rate variability. J 
Biol Rhythms 2002;17:539–47. 

[3] Zemaityte D, Varoneckas G, Sokolov E. Heart rhythm control during sleep. 
Psychophysiology 1984;21:279–89. 

[4] Guilleminault C, Connolly S, Winkle R, Melvin K, Tilkian A. Cyclical variation of 
the heart rate in sleep apnoea syndrome. Mechanisms, and usefulness of 24 
h electrocardiography as a screening technique. Lancet 1984;1:126–31. 

[5] Roche F, Court-Fortune I, Pichot V, Duverney D, Costes F, Emonot A, et al. 
Reduced cardiac sympathetic autonomic tone after long-term nasal 
continuous positive airway pressure in obstructive sleep apnoea syndrome. 
Clin Physiol 1999;19:127–34. 

[6] Gil EA, Aubert XL, Most EIS, Beersma DGM. Human circadian phase estimation 
from signals collected in ambulatory conditions using an autoregressive 
model. J Biol Rhythms 2013;28:152–63. doi:10.1177/0748730413484697. 

[7] Boudreau P, Yeh WH, Dumont GA, Boivin DB. A circadian rhythm in heart rate 
variability contributes to the increased cardiac sympathovagal response to 
awakening in the morning. Chronobiol Int 2012;29:757–68. 
doi:10.3109/07420528.2012.674592. 

[8] Vandewalle G, Middleton B, Rajaratnam SMW, Stone BM, Thorleifsdottir B, 
Arendt J, et al. Robust circadian rhythm in heart rate and its variability: 
influence of exogenous melatonin and photoperiod. J Sleep Res 2007;16:148–
55. doi:10.1111/j.1365-2869.2007.00581.x. 

[9] Task Force of the European Society of Cardiology and the North American 
Society of Pacing and Electrophysiology _. Heart rate variability: standards of 
measurement, physiological interpretation and clinical use. Circulation 
1996;93:1043–65. 

[10] Hu K, Ivanov PC, Hilton MF, Chen Z, Ayers RT, Stanley HE, et al. Endogenous 
circadian rhythm in an index of cardiac vulnerability independent of changes 
in behavior. Proc Natl Acad Sci USA 2004;101:18223–7. 
doi:10.1073/pnas.0408243101. 

[11] Carrington M, Walsh M, Stambas T, Kleiman J, Trinder J. The influence of sleep 
onset on the diurnal variation in cardiac activity and cardiac control. J Sleep 
Res 2003;12:213–21. 

[12] Stein PK, Pu Y. Heart rate variability, sleep and sleep disorders. Sleep Med Rev 
2012;16:47–66. doi:10.1016/j.smrv.2011.02.005. 

[13] Dodds KL, Miller CB, Kyle SD, Marshall NS, Gordon CJ. Heart rate variability in 
insomnia patients: a critical review of the literature. Sleep Medicine Reviews 
2016;0. doi:10.1016/j.smrv.2016.06.004. 



108 
 

[14] Bonnet MH, Arand DL. Heart rate variability in insomniacs and matched 
normal sleepers. Psychosom Med 1998;60:610–5. 

[15] Spiegelhalder K, Fuchs L, Ladwig J, Kyle SD, Nissen C, Voderholzer U, et al. 
Heart rate and heart rate variability in subjectively reported insomnia. J Sleep 
Res 2011;20:137–45. doi:10.1111/j.1365-2869.2010.00863.x. 

[16] Fang S-C, Huang C-J, Yang T-T, Tsai P-S. Heart rate variability and daytime 
functioning in insomniacs and normal sleepers: preliminary results. J 
Psychosom Res 2008;65:23–30. doi:10.1016/j.jpsychores.2008.02.003. 

[17] Jurysta F, Lanquart J-P, Sputaels V, Dumont M, Migeotte P-F, Leistedt S, et al. 
The impact of chronic primary insomnia on the heart rate--EEG variability link. 
Clin Neurophysiol 2009;120:1054–60. doi:10.1016/j.clinph.2009.03.019. 

[18] Varkevisser M, Van Dongen HPA, Kerkhof GA. Physiologic indexes in chronic 
insomnia during a constant routine: evidence for general hyperarousal? Sleep 
2005;28:1588–96. 

[19] Cervena K, Espa F, Perogamvros L, Perrig S, Merica H, Ibanez V. Spectral 
analysis of the sleep onset period in primary insomnia. Clin Neurophysiol 
2014;125:979–87. doi:10.1016/j.clinph.2013.10.010. 

[20] AASM. International Classification of Sleep Disorders: Diagnostic and Coding 
Manual. Westchester: 1997. 

[21] Horne JA, Ostberg O. A self-assessment questionnaire to determine 
morningness-eveningness in human circadian rhythms. Int J Chronobiol 
1976;4:97–110. 

[22] Roenneberg T, Wirz-Justice A, Merrow M. Life between clocks: daily temporal 
patterns of human chronotypes. J Biol Rhythms 2003;18:80–90. 

[23] Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep 
Quality Index: a new instrument for psychiatric practice and research. 
Psychiatry Res 1989;28:193–213. 

[24] Monk TH, Buysse DJ, Kennedy KS, Pods JM, DeGrazia JM, Miewald JM. 
Measuring sleep habits without using a diary: the sleep timing questionnaire. 
Sleep 2003;26:208–12. 

[25] Israel B, Buysse DJ, Krafty RT, Begley A, Miewald J, Hall M. Short-term stability 
of sleep and heart rate variability in good sleepers and patients with insomnia: 
for some measures, one night is enough. Sleep 2012;35:1285–91. 
doi:10.5665/sleep.2088. 

[26] Hirscher V, Unbehaun T, Feige B, Nissen C, Riemann D, Spiegelhalder K. 
Patients with primary insomnia in the sleep laboratory: do they present with 
typical nights of sleep? J Sleep Res 2015. doi:10.1111/jsr.12280. 

[27] Carskadon MA, Dement WC. Normal human sleep: an overview. Principles 
and practice of sleep medicine 2, 2000, p. 16–25. 

[28] Bonnemeier H, Richardt G, Potratz J, Wiegand UKH, Brandes A, Kluge N, et al. 
Circadian profile of cardiac autonomic nervous modulation in healthy 
subjects: differing effects of aging and gender on heart rate variability. J 
Cardiovasc Electrophysiol 2003;14:791–9. 



 
 

109 
 

6 

[29] Yoshizaki T, Kawano Y, Tada Y, Hida A, Midorikawa T, Hasegawa K, et al. 
Diurnal 24-hour rhythm in ambulatory heart rate variability during the day 
shift in rotating shift workers. J Biol Rhythms 2013;28:227–36. 
doi:10.1177/0748730413489957. 

[30] Ohayon MM, Carskadon MA, Guilleminault C, Vitiello MV. Meta-analysis of 
quantitative sleep parameters from childhood to old age in healthy 
individuals: developing normative sleep values across the human lifespan. 
Sleep 2004;27:1255–73. 

[31] Freedman RR, Sattler HL. Physiological and psychological factors in sleep-
onset insomnia. J Abnorm Psychol 1982;91:380–9. 

[32] Riemann D, Klein T, Rodenbeck A, Feige B, Horny A, Hummel R, et al. Nocturnal 
cortisol and melatonin secretion in primary insomnia. Psychiatry Res 
2002;113:17–27. 

[33] Wright H, Lack L, Bootzin R. Relationship between dim light melatonin onset 
and the timing of sleep in sleep onset insomniacs. Sleep and Biological 
Rhythms 2006;4:78–80. doi:10.1111/j.1479-8425.2006.00194.x. 

[34] Taelman J, Vandeput S, Vlemincx E, Spaepen A, Van Huffel S. Instantaneous 
changes in heart rate regulation due to mental load in simulated office work. 
Eur J Appl Physiol 2011;111:1497–505. doi:10.1007/s00421-010-1776-0. 

[35] Van Praag HM. Crossroads of corticotropin releasing hormone, 
corticosteroids and monoamines. About a biological interface between stress 
and depression. Neurotox Res 2002;4:531–55. 
doi:10.1080/1029842021000022115. 

[36] Wang Y, Zhao X, O’Neil A, Turner A, Liu X, Berk M. Altered cardiac autonomic 
nervous function in depression. BMC Psychiatry 2013;13:187. 
doi:10.1186/1471-244X-13-187. 

[37] Peterson MJ, Benca RM. Sleep in mood disorders. Psychiatr Clin North Am 
2006;29:1009–32; abstract ix. doi:10.1016/j.psc.2006.09.003. 

[38] Clow A, Hucklebridge F, Stalder T, Evans P, Thorn L. The cortisol awakening 
response: more than a measure of HPA axis function. Neurosci Biobehav Rev 
2010;35:97–103. doi:10.1016/j.neubiorev.2009.12.011. 

[39] Wilhelm I, Born J, Kudielka BM, Schlotz W, Wüst S. Is the cortisol awakening 
rise a response to awakening? Psychoneuroendocrinology 2007;32:358–66. 
doi:10.1016/j.psyneuen.2007.01.008. 

[40] Backhaus J, Junghanns K, Hohagen F. Sleep disturbances are correlated with 
decreased morning awakening salivary cortisol. Psychoneuroendocrinology 
2004;29:1184–91. doi:10.1016/j.psyneuen.2004.01.010. 

[41] Basta M, Chrousos GP, Vela-Bueno A, Vgontzas AN. CHRONIC INSOMNIA AND 
STRESS SYSTEM. Sleep Med Clin 2007;2:279–91. 
doi:10.1016/j.jsmc.2007.04.002. 

[42] Eichling PS, Sahni J. Menopause related sleep disorders. J Clin Sleep Med 
2005;1:291–300. 



110 
 

 

 

 

  




