

    

      

  

  

       

!    

  !"  
    #$  % 
     $ &

    '       
($ $$

   '       
 $


)*  +   ,  $  
  %    ,      



- .   $   % $ 
"  



' ,   /0  



"       #    $ 
' ;  '  ( ,        02
02!!    ! !344!56!!   
<  2
' ;  '  ,        " = 
,          0$  ' '   
 >       ,   ; ;    
"$      "'  + 
;  '  ?   

1 202!!    ! !344!56!!

'278599:

Chapter 4

Data analyses:
ECG
A computerized system (System Hofstetter®, SHS Allschwil) was used to analyze the
ECG signals and detect the length of all R-R intervals over the 2 nights. Each output was
checked for plausibility by visual inspection. Obviously missing R-peak detections were
replaced by interpolation of surrounding data. If the noise was low, this time duration was
taken for further HRV analyses.
For time domain, as well as frequency domain measures evaluating heart rate variability
the Kubios HRV 2.0 software (Biomedical Signal Analysis Group, Department of Applied
Physics, University of Kuopio, Finland) was used.
In the time domain, the mean R–R interval, standard deviation of R–R intervals (STDRR)
and root mean square of successive differences (RMSSD) were calculated for every 5-min
R-R interval. HR was calculated as 1/R-R interval * 60.
Before spectral analysis of 5-min sequences of R-R intervals, a cubic spline interpolation
was used. Data were re-sampled at 4 Hz to provide equidistant time points. The fast
Fourier transformation spectrum in the software was calculated using a Welch’s
periodogram.
The values for the bands of the HRV frequency-domain analysis were defined as follows:
VLF: 0–0.04 Hz, LF: 0.04–0.15 Hz and HF: 0.15–0.4 Hz. The LF/HF ratio, as well as LFnu
(=normalized units: LF/(total power - VLF)) was taken as a measure for the balance of the
ANS.
PSG
All sleep episodes were visually scored (Vitaport paperless Sleep Scoring Software;
TEMEC® Instruments) for consecutive 20-s epochs (C3-A2 derivation) according to
standard criteria. Sleep onset latency (SOL) was defined as the time interval between
lights out and the occurrence of the first 20-sec epoch of sleep stage 2. REM sleep latency
(REML) was calculated from sleep onset. Total sleep time (TST) was defined as stage 2 +
3 + 4 + REM sleep. Sleep efficiency (SE) was defined as follows: SE = TST/time between
lights off and lights on x 100. Arousals were defined as: wakefulness + sleep stage 1 +
movement time (MT) and expressed as percentage of the time between lights out and
lights on. Sleep stages (2-4) and rapid eye movement sleep (REMS) were calculated as
percentage of total sleep time (TST) during the respective night for all participants.
EEGs were subjected to spectral analysis using a fast Fourier transform (10% cosine 4-s
window), resulting in a 0.25 Hz bin resolution. EEG artifacts were detected by an
86

Chapter 4
automated artifact detection algorithm (Vitascore, CASA; 2000 Phy Vision B.V., Kerkrade,
The Netherlands). For final data reduction, the artifact-free 4-s epochs were averaged over
20-s epochs and matched with the 20-s epochs of the visual sleep scoring. Especially the
delta band (EEG power density in the range of 0.5-3.5 Hz) during non-REM sleep
(NREMS) of the frontal midline derivation (Fz) was calculated.

Statistics
To correct for a not-Gaussian distribution, spectral power indices, sleep onset latency and
REM latency were logarithmically transformed. Additionally the times spent in different
sleep stages were transformed by taking the square root. Data were averaged to 5min
bins. The statistical packages Statview® 5.0 (SAS® Institute Inc., Cary, USA) and
Statistica® 6 for Windows (StatSoft Inc., Tulsa, USA) were used. Time-course analyses
were performed using ANOVA for repeated-measures (rANOVA). The grouping factor was
"night" (N1 vs. N2) and “time”. Huyhn-Feldt analyses was used to correct for violations of
sphericity, all p-values were based on corrected degrees of freedom (reported are original
degrees of freedom). The Duncan’s multiple range test was conducted for post hoc
comparison. SigmaPlot® (Systat Software, Inc., Chicago, USA) was used for graphics,
whereby values are presented as means ± standard errors (SEM).

Results
Every subject underwent at least 7h sleep during night 1 and night 2, respectively. Thus,
7h-mean values for sleep variables and values of body temperature and heart rate of the
entire night are displayed in table 1. Melatonin concentration is shown as mean of both
saliva collections each night.
Three subjects skipped their REM sleep either in N1 (two women) or in both nights (one
woman) in the first sleep cycle. Thus, their values were set to duration of their NREM sleep
in the first sleep cycle + 1epoch (20s). Two subjects had very long sleep onset latencies
and therefore were woken up too early for saliva collection to reach REM sleep. These 2
participants were excluded from statistics for REML.
If values for both nights are compared, only sleep onset latency is statistically significant
different, the gradient of distal and proximal skin temperature tend to show significant
differences.
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Variable

N1

N2

F(df)

p

SOL [min]

27.93 ± 5.93

13.13 ± 2.28

18.03 (1, 9)

0.002

REML [min]

96.42 ± 4.72

85.08 ± 8.72

2.12 (1, 7)

0.18

Arousals [%]

27.61 ± 4.74

17.97 ± 1.66

2.85 (1, 9)

0.13

S2 [%]

61.90 ± 1.83

60.97 ± 2.16

0.19 (1, 9)

0.67

S3 [%]

12.76 ± 1.07

13.09 ± 1.04

0.07 (1, 9)

0.80

S4 [%]

7.44 ± 2.21

7.96 ± 2.10

0.13 (1, 9)

0.73

SWS [%]

20.20 ± 2.34

21.04 ± 2.41

0.40 (1, 9)

0.54

REMS [%]

17.90 ± 2.10

17.99 ± 1.51

0.003 (1, 9)

0.96

SE [%]

72.39 ± 4.74

82.03 ± 1.66

2.85 (1, 9)

0.13

CBT [°C]

36.79 ± 0.08

36.81 ± 0.10

0.07 (1, 9)

0.80

DPG [°C]

-0.55 ± 0.07

-0.37 ± 0.09

3.27 (1, 9)

0.10

HR [bpm]

60.50 ± 2.08

59.45 ± 2.65

0.74 (1, 9)

0.41

MEL [pg/ml]

1.82 ± 0.17

1.52 ± 0.18

0.80 (1, 9)

0.40

Table 1: Sleep variables of 7h, temperature, heart rate and melatonin values per entire night are displayed.
Data for CBT, DPG, HR and MEL were binned for every subject per night before repeated measure ANOVA
was calculated. For SOL and REML original values are shown, but statistically analyzed with logarithmized
values. Arousals are defined as wakefulness + sleep stage 1 + movement time and expressed as
percentage of the time between lights out and lights on. The sum of sleep stages 2, 3, 4 and REM are
amounted to 100%.
sleep onset latency (SOL); REM latency (REML); sleep stage 2-4 (S2-S4); slow wave sleep (SWS); REM
sleep (REMS); sleep efficiency (SE); core body temperature (CBT); distal - proximal skin temperature
gradient (DPG); heart rate (HR); melatonin (MEL)

Time course of sleep variables, body temperature and heart rate and its variability for the
first 2hours after lights out, are displayed in Figure 1 A-C.
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Figure 1A-C: Time course of physiological variables starting from lights out until 2hours after lights out.
Black line = night 1; blue line = night 2. Horizontal black bars represent significant differences between night
1 and night 2 (p < 0.05; open bars p < 0.1).
1A: From top to bottom: Time course of arousal (awake+sleep stage1+movement time), sleep stage 2, slow
wave sleep (SWS; sleep stage 3+4), REM sleep (REMS) and delta power density in NREM sleep for the
frontal deviation of the central EEG (Fz)
1B: From top to bottom: core body temperature (CBT), proximal skin temperature, distal skin temperature,
distal-proximal skin temperature gradient (DPG)
1C: From top to bottom: heart rate, standard deviation of R-R intervals (STDRR), root means square of
successive differences (RMSSD), spectral power of very low frequency (VLF), low frequency (LF) and high
frequency (HF), as well as the ratio of LF and HF

Due to a faster decline of arousals the build-up of S2, SWS and hence delta power is
promoted in the second night compared to the first. Arousals revealed statistical
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significance for the factor night (N1 vs. N2: F(1,9)=6.22, p=0.03) and night x time
(Farousals(22,198)=2.17, p=0.03). SWS tended to be different for night x time
(FSWS(22,198)=1.87, p=0.09). Post hoc comparison showed a significant difference from
the 15th until the 40th minute after lights out for arousals and at the 40th and 115th min after
lights out for SWS. For delta waves rANOVA revealed a significant main effect (night:
F(1,9)=19.81, p=0.002), and a tendency for the interaction (night x time: F(22,198)=2.33,
p=0.06). After post hoc comparison the times from 20min until 45min showed significant
differences.
Although REM sleep seems to occur earlier and more often in N2 compared to N1 (Fig.
1A), it revealed neither a statistically significant main effect nor an interaction.
The core body temperature curve (Fig. 1B) declines faster during the first 2hours of the
first night, but rANOVA revealed no significant interaction term between night and time
(night: F(1,9)=2.28, p=0.17; night x time: F(22,198)=1.56, p=0.16).
Both, proximal and distal skin temperatures increase after lights out. Distal skin
temperature at the time period around light out is higher during the second night. Proximal
skin temperature at sleep onset was similar in both nights. After rANOVA a significant
interaction term between night and time occurred for skin temperature (night x time:
Fdistal(22,198)=11.34, p<0.001; Fproximal(22,198)=4.49, p=0.001). Post hoc analysis showed
a difference between N1 and N2 from minute 80 until 115 for proximal skin temperature
while distal skin temperature show diverse developments immediately after lights out for
55 minutes.
The distal-proximal skin temperature gradient starts with a lower level after lights out in the
first night, compared to the second. Factor night and night x time revealed statistical
significance (night: F(1,9)=5.78, p=0.04; night x time: F(22,198)=4.44, p=0.02). Post hoc
analysis revealed significant differences for the first 55min.
Neither heart rate, nor any HRV variable showed a statistically significant difference
between N1 and N2, after rANOVA. Nevertheless, the curves for HR, LF power and LFnu
revealed significance for the factor time (p<0.05). They start at a high level immediately
after lights out and show a rapid decrease within 20 to 30 minutes (Fig. 1C).

Discussion
Cold extremities; hence distal vasoconstriction is displayed by the low distal-proximal
gradient (DPG) at lights out of the first night. The vasoconstriction disappears and is not
evident on the second night, confirming the data of diminished vasoconstriction during a
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constant routine (CR) study with prolonged awakening in our laboratory [18]. The low DPG
is mainly caused by sympathetic innervation of the distal vascular muscles. A changed
balance in the activity of the autonomic nervous system was found by measures of heart
rate variability (HRV, higher LF/HF ratio, [21]). Thus, an association between HRV and
skin temperature could have been suggested. However, the present results indicate that a
direct link between skin temperature or sleep variables and heart rate or HRV variables
seems unlikely at the sleep initiation period. Not only the dynamics of the time courses are
different (e.g. fast decrease in heart rate and LFnu immediately after lights out, but slow
increase of skin temperature and slow wave sleep [SWS]), but also marked differences in
sleep and skin temperature variables are present between the first and second night. Of
note, autonomic control of the heart seems unaffected. Additionally, a relationship e.g.
between core body temperature (CBT) and SWS is not evident.
In early work [22-24] it was hypothesized that a rapid fall or even an active down driving of
CBT is linked to increased sleep stage 3 or 4. The present results do not support these
observations. Although not significant, CBT showed a slower decrease in the second night
compared to the first, but SWS was significantly higher 40min after lights out in the second
night. An entire night comparison further revealed unchanged SWS. Thus, present data go
in line with observations of Dijk and Czeisler, who found higher CBT in the recovery night,
accompanied by more SWS [25].
However, some studies suggest that skin temperature is a better predictor for delta power
density and slow wave sleep than CBT. In detail, passive warming of the skin, without
elevating CBT was linked to an increase in SWS [26]. An imaging study of the human
brain revealed, that after skin warming the hypothalamus is partly activated [27], an
anatomical site associated with sleep-promoting neurons. Although the time course of skin
temperature, especially proximal skin temperature in the present study, is similar to that of
SWS and delta power density, no differences were found between first and second night.
Not only the relationship between sleep variables, body temperature and heart rate or
HRV, but two different entrainment setting were elucidated. The first night includes the
history of the entrained daily life (e.g. stress, light, large meals etc.), whereas the second
night occurred after CR conditions, with constant dim light, supine posture and regular
small food portions. Both nights have in common that they followed a 16h wake period,
thus no difference in the homeostatic sleep pressure build-up should have been occurred.
Subjects remained in constant semi recumbent posture during the day in the laboratory
and thus only minor posture changes occurred at the lights out period before the second
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night. Contrary, volunteers changed their posture from upright position to lying position
before the first night. A “lying down” effect has been described and was found to affect
CBT for around 2h ([28]; [29]). Subjects in the present study laid down exactly 30minutes
before lights out in the first night, thus the tendency of CBT to fall during the first 90min of
the first night might be a result of the postural change. Heat redistribution from the core to
the shell due to dilatation of the skin vasculature (seen e.g. by increasing DPG during the
first night of the present data) has been suggested to promote these changes. Thereby
heat distribution is linked to increased sleepiness, evaluated during times, when sleep
pressure usually is very low (between 10am and 1pm; [29]). In the present examination
data suggests that subjects did not profit from the lying down effect (slower decrease of
arousals in the first night compared to the second). Furthermore, a reduced sympathetic
outflow as described in literature [30] has not been identified by LFnu spectral power
measurements in the present study. Thus, the lying down effect is unlikely to explain the
observed data for HRV. This fact might be confirmed by another finding, derived using the
same protocol apart from two additional laboratory nights one week prior. Data revealed
no differences in arousals, SWS or delta activity between nights, but similar
thermoregulatory effects (unpublished results).
An obvious further difference between the first and second night is given by its order.
Studies investigating the “first night effect” in a sleep laboratory revealed a longer sleep
onset latency (SOL, [31]; [32]). Although longer SOL in the first night compared to the
second was analyzed in the present study, effects due to the “first night effect” can be
ruled out. Subjects underwent an adaptation night prior the study and additionally neither
difference in SWS nor sleep efficiency (SE) between the entire nights were found.
Typically a decrease of SWS and less SE are found during sleep within the adaptation
process to new environments [31]; [33]; [34]. Values of cortisol concentration revealed no
statistical significance between nights (main effect “night”: F(1,4)=1.32; p=0.32), indicating
that pronounced stress reaction effects in the first night, due to a new environment, can be
excluded.
From a psychobiological point of view subjects of the present study were selected to have
thermal discomfort with cold extremities that has been shown to be linked to turn the anger
inwards [35]. This kind of stress management might be reflected in HRV during sleep [36],
but is not in the present study. The decrease in LFnu as measure for the sympathetic
cardiac modulation and HR immediately after lights out during both nights reflects, indeed,
relaxation processes. On the other hand, the delayed relaxation after lights out in the first
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night compared to the second is only seen in the slower decrease of arousals and in the
lower temperature level of DPG, but not in LFnu or measures for vagal cardiac modulation
(HF, RMSSD).
Another noteworthy result is that a lower DPG is accompanied by prolonged SOL,
confirming previous findings that warm extremities promotes rapid onset of sleep [37].

Conclusion
The results of the present study revealed different dynamics of the time course and
differences between the two nights in skin temperature and sleep variables, but not in
heart rate and HRV variables. A direct causality between these variables seems rather
unlikely in the present study sample. Studies, which investigated gender effects on HRV
during sleep elucidated that women show a less pronounced increase of the LF/HF ratio
during REM [38]; [39] compared to men. Thus, it might be concluded that foremost in
women the central regulatory mechanisms of sleep, skin temperature and heart rate or
HRV are rather weakly coupled.
However, night differences might not occur from the “lying down” effect, but from delayed
relaxation, although this is only reflected in prolonged SOL, a slower decrease of arousals
and a lower DPG during the first night, but has no effect on autonomic cardiac control.
Further investigations with different gender, as well as more than two consecutive nights in
the laboratory could give more hints about the underlying mechanism between sleep, body
temperature and cardiac regulation during the sleep onset period.
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General discussion
The present thesis enclosed the aspect of the autonomic control of the human heart,
influenced by thermoregulatory changes during constant routine protocols with and without
sleep. The following discussion of the results will focus first on the physiological changes
due to different thermoregulatory states and secondly circadian aspects will be considered.
Last but not least gender aspects will be discussed.
In chapter 2 acute passive body heating (PBH) of young men resulted not only in an
increase in core body temperature and a systemic vasodilatation but also in an increase in
heart rate caused by the known effect of temperature elevation on the sinoatrial node
(reviewed in: Cooper 1994). Additional analysis (see Annex) of comparison between
intervention and the control group revealed that PBH induced a significant decrease in
SDNN, a measure for global heart rate variability, suggesting that PBH led to a decrease
of heart rate variability. The rMSSD, known as a measure for the vagal modulation to the
heart, decreased. In line, the HF power of spectral HRV decreased; a measure that
correlates with rMSSD. LF power was decreased, since it represents not only sympathetic
but also vagal activity, LFnu was calculated. It has been suggested that this measure
represents just the sympathetic branch of the ANS. The PBH-induced elevation in LFnu
may indicate, that the sympathetic branch is activated, while the activity of the vagal
branch is decreased.
These findings go in line with other observations, where PBH decreased the activity of the
vagal part of the ANS (Brenner et al. 1997), leading to an increase of HR (Bruce-Low et al.
2006; Nagasawa et al. 2001; own unpublished data).
These data provide important basic physiological information for public health studies in
extreme environments, health economy studies based on global climate change
(Kjellstrom et al. 2009) or studies evaluating performance in athletes under warm ambient
temperature.
It has been suggested, that specific thermoregulatory effect on VLF power is related to
core hypothermia, rather than related to skin temperature changes (Fleisher et al. 1996).
To present knowledge, few data on the change of VLF power at increase of core body
temperature exist.
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We have shown that VLF power decreases during PBH (chapter 2). In chapter 3, women
with a dysregulation of the distal vasculature and a tendency to elevated CBT showed a
tendency for a decrease of the VLF power during a CR protocol. These findings go in line
with a study in hyperhidrosis patients, whose CBT were elevated. It was shown that in
these patients the power at VLF is decreased (Birner et al. 2000). These facts might be a
hint for VLF representing thermoregulatory changes. If so these thermoregulatory changes
can have only minor impact on VLF power, due to several following observations. First, the
difference of VLF power between groups during PBH sustained until 15.42-h after CR start
compared to changes in CBT that sustained until 16.38-h after CR start. Second, during
the first 2hours after lights off CBT declined. Therefore, reducing CBT in healthy subjects
might result in an increase in power at very low frequencies, as suggested by Fleisher &
co-workers (Fleisher et al. 1996). According to that, one might expect VLF power to
increase. However, additional analyses (for chapter 4) indicate the opposite (data not
shown). Therefore it can be concluded that additional factors are responsible for changes
in the VLF power of the HRV analysis. In that, it has been suggested that VLF power might
be a measure for the vagal part of the ANS (Taylor et al. 1998). Thus, the changes in VLF
power presented earlier might additionally be due to short term oscillation of the ANS,
since it goes in line with changes of HRV indices representing the vagal part of the ANS.
However, the interpretation of changes in VLF power can’t be interpreted correctly as long
as the mechanisms of this frequency range remains unclear.
If data of women with vascular dysregulation and difficulties initiating sleep (WVD) are
compared with them of women without these symptoms, lower measures for vagal activity
and higher sympathovagal balance were evaluated (chapter 3). No differences in LF
power, reflecting combined sympathetic and vagal activation, heart rate, and blood
pressure variables were found. However, as shown in other studies (Sroka 2004);
(Schwartz et al. 1992), an autonomic imbalance indicates an adverse physical
constellation that might be a predisposition for developing heart failure. Although the
present thesis is based on a small number of subjects (N=9), one can’t exclude that WVD
might be a risk group for heart disease. Further examination is needed to determine risk
factors.
Taken together, our results indicate that the primary vasospastic syndrome is based on
much more complex dysfunctions of the autonomic nervous system than generalised
sympathetic overactivity, as previously assumed (Vollenweider et al. 2008).
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Studying women with thermal discomfort from cold extremities and difficulties initiating
sleep during the sleep initiation period (chapter 4), differential dynamics in the time-course
and differences between two consecutive nights in skin temperature or sleep variables, but
not in heart rate and HRV variables were found. Although other studies suggest a
relationship between thermoregulatory changes and HRV during the sleep initiation period
(Okamoto-Mizuno et al. 2008), a direct causality between these functions seems rather
unlikely in the present study sample. This might be due to the special subject group that
was investigated or the utilisation of varying study protocols.
However, observed differences during the sleep initiation period of 2 consecutive nights in
the study of chapter 4 might not occur from the “lying down” effect, but from delayed
relaxation, although this is only reflected in a prolonged SOL, slower decrease of arousals
and a lower DPG at the first night, but not in autonomic cardiac regulation. However, these
data support once more the intimate relationship between distal vasodilatation and the
rapid onset of sleep.
In the next section, the data are reconsidered from a chronobiological viewpoint.
Passive body heating (PBH) of young men in the late evening in chapter 2 revealed a
phase advance in core body temperature, heart rate, and melatonin 24 hours after the
intervention. The conduction of a CR protocol with prolonged awakening prevent the
occurrence of main masking effects, like sleep, exercise or diet induced thermogenesis
due to large meals.
Due to elevated blood flow triggered by warm ambient temperature, it can be assumed
that PBH increases not only skin temperatures and CBT, but also brain temperature
(Mellergard 1995, Whitten et al. 2009). Skin thermoreceptors (e.g. TRPV3) that detect
ambient temperature and afferent C-fibres that travel to the brain (reviewed in Schepers et
al. 2010), and also central thermoreceptors such as warm-sensitive ion channel receptors
in the anterior hypothalamic brain region have been described. Additionally warm-sensitive
neurons are found in the SCN (Van Someren 2003). Therefore, both peripheral and central
thermoreceptors have the potential to transmit heat information to the SCN and provide
the anatomical basis for a phase shift.
An efferent neural pathway from the SCN via the paraventricular nucleus, dorsal motor
nucleus and intermediolateral column of the spinal cord to the heart has been described
(Scheer et al. 2003). This pathway might be responsible for the steeper and earlier decline
of the HR on the second day, seen as a tendency in the intervention group (chapter 2).
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Interestingly, HRV measures were similar between groups, suggesting that a possible shift
of the SCN, induced by the PBH procedure did not influence the autonomic cardiac
control. Heart rate is an outcome measure of the activity of the sinoatrial node, its firing
rate is temperature dependent. Thus, the phase shift of HR might have occurred passive
due to elevated CBT and hence a faster firing rate of the pacemaker cells.
In chapter 3, significant circadian patterns were found exclusively for HR and LF power. In
line with previous results, HR was attenuated (Krauchi et al. 1994) during the subjective
night. The circadian rhythm of LF power showed a peak during the late night, which
suggests that heart activity increases prior to habitual awakening. This finding is seemingly
related to the 24-h pattern of cardiac events, which occur most often immediately after
awakening. BP (SBP, DBP, and MAP) did not show any circadian variation. The last
finding is in accordance with Kerkhof and collaborators and Van Dongen and collaborators
(Kerkhof et al. 1998; Van Dongen et al. 2001). In contrast, a more recent study showed
circadian variation in BP (Scheer et al. 2010). Of note, the latter study was conducted
using a forced desynchrony protocol, while a constant routine protocol with prolonged
awakening was utilized in the earlier investigations. Therefore the examination protocol
might have an impact on the measurement of rhythmicity of BP.
The circadian rhythmicity, found for LF power in chapter 3 is in line with Vandewalle and
collaborators (Vandewalle et al. 2007). Since LF power reflects both, vagal and
sympathetic activity, but the first has no circadian rhythm (rather linear slope of HF power
– chapter 3) one might assume a prevailing circadian effect on the sympathetic part of the
ANS. A possible underlying mechanism might be a circadian rhythm of noradrenaline
plasma levels (e.g. Scheer et al. 2010), with low levels during the evening / beginning of
the subjective night and increasing levels during the end of the subjective night, hence
resulting in a circadian rhythm of the sympathetic branch.
Taken together, a direct influence from the SCN to the autonomic cardiac control seems
rather unlikely. This assumption is supported by a study showing abolished rhythmicity of
HRV measures in the absence of a functioning SCN, which was not restored after
transplantation of an intact SCN, in contrast to rhythmicity of temperature measures that
were restored (reviewed in Dibner et al. 2010).
The forth chapter has shown profound differences in sleep and temperature variables, but
not in HRV measures between two consecutive nights in the chronobiological laboratory.
One difference between the nights was previous light history. The time spent awake before
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the first night has been undertaken under daily life light exposure, while the time awake
before the second night was under dim light conditions. Importantly melatonin
concentrations were similar in both nights. Thus, prior light history seems to have no effect
on melatonin secretion. The timing of the inner clock, represented by the dim-light
melatonin onset, measured at home compared to the corresponding time in the laboratory,
has revealed a delayed increase of melatonin concentration at home (clock time: 23:09 vs.
22:35). Light perception during daily life leads typically to entrainment of the whole
orchestra between e.g. sleep onset and bodily functions (decline of CBT, HR and
sympathetic measures, rise of skin temperature and vagal activity). The longer sleep onset
latencies observed in the first night, displaying the effects of an ambulatory situation. It
might be speculated that subjects were not entrained well during daily life. However, times
for dim light melatonin onset were not statistically significant different (repeated measures
ANOVA, main effect “night”: F(1,9)=1.88, p=0.2). Therefore it remains speculative whether
the status of entrainment has indicative potential in this context.
Although none of the previous studies included mixed gender groups and therefore no
direct comparison of gender is possible; the last section encompasses some general
gender aspects on HRV analysis.
It is commonly agreed that sex and ovarian cycle affects the HRV pattern (Antelmi et al.
2004, Bonnemeier et al. 2003, John 2007, Liao et al. 1995, Umetani et al. 1998, Bai et al.
2009, Sato et al. 1995). These differences might help to explain some findings in chapter 3
(i.e. the correlation between sleepiness and sympathovagal balance, which implies active
regulation of the ANS against fatigue).
Studies, investigating gender effects on HRV during sleep elucidated that women show a
less pronounced increase of the LF/HF ratio during REM (Valladares et al. 2008;
Elsenbruch et al. 1999) compared to men. Thus, it might be concluded that in women the
central regulation of sleep, skin temperature and heart rate or HRV demonstrate a rather
weak mechanistic coupling (chapter 4).

Conclusion
The present thesis provides insight into the relationship between cardiac control and
thermophysiology due to different methods (constant routine protocols with prolonged
awakening or two subsequent sleep episodes divided by 16h awakening), by an
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intervention (passive body heating) or by the special screening for subjects (inherent a
'model of nature' representing thermoregulatory related alterations).
Passive body heating revealed an acute effect on body temperature and HRV measures.
In detail the variability of the heart and vagal activity were attenuated. On the other hand
measures known to reflect sympathetic activity and core body temperature were
increased; and systemic vasodilatation occurred. Results of women with primary vascular
dysregulation revealed, that HRV measures during demanding situations (e.g. prolonged
awakening) showed adverse physical constellations. Further an uncoupling between
thermoregulation and HRV measures during the sleep onset period was seen. The thesis
provides evidence that HRV measures were hardly influenced by the SCN, but by
thermoregulation.
Furthermore, the present thesis adds new aspects to the ongoing debate about the VLF
range of HRV. In this it seems very likely that VLF measures reflected not
thermoregulatory processes alone, but also cardiovascular regulations.
To set the scene into a global context it is important to know the interaction between
thermoregulation

and

cardiovascular

regulation.

One

example

might

be

the

pharmaceutical field. Therapeutic drugs are available that influence CBT (Buhr et al.
2010). But not much is known about the resulting cardiac impact of these drugs that occur
if thermoregulation is influenced. Therefore the present thesis enlarges the basic
knowledge about the interaction between autonomic cardiac control and thermoregulation
and hence might establish a basis for e.g. upon constructive studies.
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Contribution - chapter 2
*These authors contributed equally to this work (contribution DA: planning, realisation,
analysis of the pilot-study; planning, realisation of the study for 4/8 subjects; analysis of all
HRV data; ANOVA, as well as the Huynh-Feldt (H-F) statistic for all data; analysis of
melatonin data; publication management; writing the manuscript together with BG and
KK).

Supplemental methods – chapter 2
For heart rate variability time domain, as well as frequency domain measures the Kubios
HRV 2.0 software (Biomedical Signal Analysis Group, Department of Applied Physics,
University of Kuopio, Finland) was used.
Within the time domain the standard deviation of R–R intervals (SDNN) and root mean
square of successive differences (rMSSD) were calculated for every 5-min interval.
Before spectral analysis of 5-min sequences of R-R intervals, a cubic spline interpolation
was used. Data were re-sampled at 4 Hz to provide equidistant time points. The Fast
Fourier Transformation spectrum in the software was calculated using a Welch’s
periodogram.
The frequencies of the HRV frequency-domain analysis were defined as follows:
Very low frequency (VLF: 0–0.04 Hz), low frequency (LF: 0.04–0.15 Hz) and high
frequency (HF: 0.15–0.4 Hz). The LFnu (=normalized units: LF/(total power - VLF)) was
taken as a measure for the sympathovagal balance.

Supplemental results – chapter 2
Baseline
The same analysis, as for CBT, HR and DLMO were conducted for SDNN and rMSSD.
Two-way ANOVAs for repeated measures for data of the 11-h time segment starting 2.5-h
after lights on revealed the following results:
SDNN GROUP: F(1,14) = 0.14, p = 0.71
rMSSD GROUP: F(1,14) = 0.17, p = 0.68
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Acute effect
Supplemental table 1
Variable

Group

Time

Time x Group

SDNN

F1,14 = 0.67

p = 0.43

F8,112 = 13.01

p < 0.001

F8,112 = 13.06

p < 0.001

rMSSD

F1,14 = 6.03

p = 0.03

F8,112 = 11.97

p < 0.001

F8,112 = 9.03

p < 0.001

ANOVA for repeated measures were calculated for SDNN and rMSSD for the ACUTE-effect, meaning the
time segment between 13.5-h after lights on and 18-h after lights on (=time segment including data before
intervention [1-h], during [0.5-h] and acute after-effects [3-h]).

Post-treatment day
Two-way ANOVAs for repeated measures for data of the 11-h time segment starting 26.5h after lights on revealed the following results:
SDNN GROUP: F(1,14) = 0.14, p = 0.71
rMSSD GROUP: F(1,14) = 0.17, p = 0.68

Supplemental figures – chapter 2
Supplemental Figure 1

Supplemental Fig. 1 Time course (mean ± SE) of standard deviation of normal RR intervals (SDNN) and
root of mean squared successive differences (rMSSD; 15-min bins) and salivary melatonin values (in halfhourly intervals) for the intervention group (black; N = 8) and controls (grey; N = 8) during a constant routine
protocol with 40-h sustained wakefulness (data are plotted from 2.5 h to 40 h after lights on = 0). The
intervention (warm bath, 39°C) is indicated by the grey bar, subjective night (where they would have slept) by
the blank area between two vertical lines, and the time of masking effects due to preparing for the
intervention by the light grey bar.
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Supplemental Fig. 2 Acute effects of passive body heating, displayed by core body temperature (CBT) and
heart rate (HR; mean ± SE; 15min bins). Asterisks indicate significant differences between intervention group
(black) and controls (grey). Intervention is indicated by the grey bar, first part of the subjective night by the
blank vertical bar and time of masking effects due to preparing for the intervention by the light grey bar.
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Supplemental Fig. 3 Acute effects of passive body heating, displayed by a) standard deviation of normal RR
intervals (SDNN) and root of mean squared successive differences (rMSSD), b) very low frequency (VLF),
low frequency (LF), high frequency (HF) and LF normalised units (mean ± SE). Asterisks indicate significant
differences between intervention group (black) and controls (grey). Intervention is indicated by the grey bar,
beginning of the subjective night by the blank vertical bar.
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