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Abstract

Sleep deprivation (SD) leads to cardiovascular risk by disturbing autonomic nervous system 
(ANS).  Whether sex or menstrual cycle influences cardiac ANS interfered by SD remained unclear.  
This investigation was to further clarify the effects of different menstrual phases on cardiac auto- 
nomic nervous activity disturbed by SD.  Methodologically, cardiac autonomic modulation before and  
after 30 h of total SD was determined by spectral analysis of heart rate variability in 10 healthy females  
during the mid-follicular (FF) and mid-luteal (FL) phases and 10 healthy males.  The result showed that 
before SD, the FF subjects, but not FL, had higher normalized high frequency (nHF) (vagal activity)  
or lower ratio of low frequency (LF) to high frequency (HF) power (sympathetic activity) while perform- 
ing deep breathing or Valsalva maneuver (40 mmHg) than the male subjects did.  However, the SD for  
30 h in the FF group significantly increased the LF/HF ratio and decreased nHF level at rest and in 
responses to deep breathing and Valsalva maneuver, despite no significant change of HRV in either male  
or FL group.  Simultaneously, the SD substantially lowered venous PCO2 in the FF group, and the decreased  
PCO2 level was associated with the increased LF/HF ratio following SD.  We concluded that 30-h acute  
SD promotes sympathetic and depress parasympathetic activities in female during the follicular phase  
rather than the luteal phase.  Compared to FF, SD-triggered cardiac sympathetic activation is blunted  
in FL.  The study provides further insight into the physiology of acute SD in different sex and menstrual  
phases.
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Introduction

Sleep deprivation (SD) jeopardizes quality of life  
(6) and is also a risk factor of cardiovascular disease  
(29).  Moreover, female bear a more negative cardio- 
vascular influence than male to have lack of sleep.   
Among women, short duration of sleep (≤5 h per night)  

was associated with a significantly higher risk of hyper- 
tension and other cardiovascular disease compared with  
the group sleeping 7 h with an odds ratio of 2.01.  No  
such association was detected in men (3).  Additionally,  
a large-scaled prospective survey found modest but 
significant association between short sleep duration  
and incidence of myocardial infarction in middle-aged  
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women, but not men (19).  Meanwhile, the prevalence  
of sleep loss is higher in female than male popula-
tion (31).

One of the pathomechanism how sleep loss leads  
to cardiovascular illness is through the disturbance of  
autonomic system (9).  On the day following insuffi- 
cient sleep, increased sympathetic and decreased para- 
sympathetic cardiac modulation as well as elevated  
urinary excretion of norepinephrine was observed, re- 
sulting in tachycardia, higher blood pressure in male  
subjects (25).  The heart rate variability (HRV) study  
disclosed that 30-h SD was associated with increased  
sympathetic and decreased parasympathetic cardio- 
vascular modulation and decreased baroreceptor 
sensitivity in 18 normal subjects, including 16 males  
and 2 females (32).  These could elicit the subsequent  
cardiovascular dysfunction.  The above-mentioned  
and most related studies neglected sex and menstrual  
cycle-related differences.  As to the influence of men- 
strual cycle on autonomic nervous system (ANS), a  
few studies confirmed a predominance of sympathetic  
tone and greater baroreflex sensitivity during luteal  
phase than follicular phase (14, 20, 22, 23).  However,  
the combined influence of sex and menstrual cycle 
following SD was scarcely explored (4).

This investigation was to further clarify whether  
there was a sex difference in ANS function after SD  
based on menstrual cycle.  We hypothesized that SD  
exerts different effects on cardiac autonomic activity  
in different phases of the menstrual cycle and sex.

Materials and Methods

Heart rate variability under four daily activities  
(sitting rest, deep breathing, Valsalva maneuver, stand- 
ing up) were measured before and after 30-h acute  
SD in male (M), female during mid-follicular (FF) and  
mid-luteal (FL) phase by a within-subjects design.   
Venous blood was sampled for progesterone level and  
acid-base analysis.

Subjects

Twenty Mongoloid volunteers (ten males and ten  
females) aged 20.9 ± 1.2 years were recruited.  None  
of the volunteers had a history of metabolic, cardio- 
vascular, pulmonary or sleep disorders, and none were  
taking any regular medication.  Those who had poor  
sleep quality (Pittsburgh Sleep Quality Index > 5 points)  
were excluded and the male and female participants 
had a score of 2.7 ± 1.2 and 3.2 ± 0.9.  All subjects  
kept regular bed time six days prior to sleep depriva- 
tion (SD) and ensured sleep length between 6~9 h 
each day.  All female subjects had regular menstrual  
cycle three months before the study.  Participants who  
had month-to-month cycle differences longer than 

seven days were excluded.  Female subjects started 
to monitor their ovulatory status by checking body 
temperature since three months before SD.  Plasma  
progesterone levels were measured to confirm the sub- 
jects’ actual menstrual phases (Table 1).  They never  
took oral contraceptives and abstained from any medi- 
cation for at least 2 weeks before SD (27).  The 10 
females underwent SD twice in the mid-follicular 
(FF) and mid-luteal (FL) phases in a random order 
and therefore, the two SD were performed either in 
the same menstrual period or two adjacent periods.  
The 10 males were exposed to SD once.  The study 
was approved by the institutional review board in 
Chan Gung Memorial Hospital.

Experimental Protocol

Every participant was well explained about the  
purpose and procedure of the experiment.  A written  
informed-consent was obtained before the interven-
tion.  A self-rated Pittsburgh Sleep Quality Index 
questionnaire and menstrual period record were 
obtained to select eligible subjects to perform SD.  
During the 30-h SD, all participants were requested  
to send messages to an assigned account in Windows  
Live Messenger or to call an assigned phone number  
every 15 min.  The wakefulness of subjects was as-
sured and documented by messages and the call his-
tory.  The participants visited the laboratory at 9am 
before SD and 3PM on the next day after SD.  After  
10-min supine rest, the cardiovascular autonomic tests  
were started.  Venous blood was sampled before and  
after SD.

HRV

Dantest- Health Assessment System DT-HW5 
was utilized to assess HRV.  A 4-minute continuous  
ECG was acquired and the beat-to-beat R-R interval  
was recorded and analyzed simultaneously by the 
analyzing system to obtain parameters in time do-
main analysis including total power (TP) and stan-
dard deviation of normal-to-normal R-R intervals 
(SDNN), and in frequency domain analysis includ-
ing high frequency power (HFP) and low frequency/
high frequency power (LF/HF).  The HF component  
is generally defined as a marker of vagal modulation  
while the LF/HF ratio reflects the global sympathova- 
gal balance (15, 16, 24).  The cardiac autonomic ac- 
tivity was measured under four conditions to simulate  
physical stimulation in our everyday activities.  A. 
Sitting rest: Every subject puts on an eye mask and 
sits on a chair, flexing their hip, knee and ankle 
joints to 90 degrees.  They easily maintain the posi-
tion for 4 min and breathe naturally.  The cardiac au-
tonomic activity is considered as the baseline value  
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Table 1.	 Plasma progesterone concentrations and blood acid-base equilibrium in males and in females during 
mid-follicular and mid-luteal phases

Male Female
Mid-Follicular Mid-Luteal

Progesterone ng/mL ND   3.2 ± 0.3   32.6 ± 3.1
pH unit   7.356 ± 0.010   7.361 ± 0.008 7.380 ± 0.011*, +

PCO2 mmHg 48 ± 2 45 ± 2      41 ± 2*+

HCO3
– mM 27.4 ± 0.8 25.1 ± 0.3   23.2 ± 0.4*

Lactate mM   0.91 ± 0.03 1.02 ± 0.4   0.90 ± 0.03
ND, no determination; *P < 0.05, Male vs. Female during mid-follicular or mid-luteal phase.
+P < 0.05, Female during mid-follicular phase vs. Female during mid-luteal phase.

in every individual.  B. Deep breathing (DB): The sub- 
jects sit quietly and then breathe deeply and evenly  
with inspiration for 3 seconds, and then expiration for  
another 6 seconds.  HRinhale/HRexhale is measured for 
baroreceptor responsiveness.  A timer with voice re- 
minder instructs subjects to repeat the inspiration- 
expiration cycle for one minute.  The ratio of maximal  
HR during inspiration to the minimal HR during each  
breath is also calculated and averaged.  C. Valsalva 
maneuver (VM): The participant’s nostril’s were 
clamped, taking a deep inspiration and made a force- 
ful blow to a dead end where a pressure sensor was 
connected for 15 seconds.  The pressure should be 
kept at the maximal pressure the subject can blow 
multiplies 0.7 ± 3 mmHg (usually 35~45 mmHg).   
The ratio of HRmax to HRmin was also calculated for  
reflex bradycardia (15, 16) D. Standing up: The sub- 
jects sit quietly and then stand up unaided and main- 
tain an up-right position for 2 min.  HRstanding/HRsitting  
is measured for cardiac sympathetic activation.  There  
were 5-min sitting rest intervals between HRV tests B, 
C and D.

Acid-Base Analysis

pH, PCO2, HCO3
–, lactate concentration of ve- 

nous blood was checked to investigate the disturbance  
of acid-base balance before and after SD.

Data Analysis

Data were expressed as mean ± standard devia- 
tion, and were analyzed using the statistical software  
package StatView.  Experimental results were ana-
lyzed by 3 (groups) × 2 (time sample points; i.e., pre-  
and post-interventions) repeated measures ANOVA 
with Bonferroni’s post hoc test to compare the vari-
ables of cardiac autonomic nervous activity and ve-
nous blood acid-base equilibrium before and after 
30 h of total SD in various groups.  Significance is  
defined as P < 0.05.  Correlation analysis was employed  
in %LF/HF versus %PCO2.

Results

HRV

Before SD.  LF/HF in mid-luteal phase (FL) and  
male (M) increased during deep breathing (DB) and 
Valsalva maneuver (VM) compared to that in mid- 
follicular phase (FF).  nHF in FF increased during DB,  
but decreased during standing compared with that in  
M.  In addition, during the four testing conditions, heart  
rate, SDNN and total power of heart rate variability 
revealed no difference among M, FF or FL (Table 2).

After SD.  Three groups showed different auto- 
nomic response to SD.  During rest, LF/HF increased  
in FF but unchanged in FL (Fig. 1).  During DB and VM,  
FL showed decreased nLF and LF/HF while elevated  
nHF with diminished SDNN compared to FF (Figs. 2  
and 3).  Accordingly, in FL, the sympathetic response  
to SD was attenuated while the parasympathetic re- 
sponse was enhanced compared to FF.  In M during  
resting, DB and VM condition, LF/HF and nLF de- 
creased while nHF increased compared to FF.  During  
standing-up, HRV parameter including time and fre-
quency domain remained unchanged (Fig. 4).  The 
findings suggested that cardiac autonomic balance 
shifted toward parasympathetic tone after SD in M 
and FL.  On the contrary, in FF, autonomic modula-
tion shifted to sympathetic dominance.

Additionally, parameters regarding time domain  
(%SDNN, %total power) collectively did not show dif- 
ference after SD in FL but tended to increase in FF 
during DB and in M during rest (Figs. 1-4).  HRmax/
HRmin during VM, HRinhale/HRexhale during DB and 
HRstanding/HRsitting, all indicating baroreflex respon-
siveness, showed no difference before and after SD 
or among the three groups (15, 16) (Table 2, Figs. 2 
and 3).

Acid-Base Balance

Before SD, venous blood analysis showed that 
FL has higher pH and lower PCO2 than M and FF, 
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Table 2.  Cardiac autonomic nerve activity in males and in females during mid-follicular and mid-luteal phases

Male Female
Mid-Follicular Mid-Luteal

Resting
Heart rate (bpm)      72 ± 2      74 ± 3 75 ± 3
Heart rate variability

Total power    552 ± 32    602 ± 58 597 ± 49
SDNN      47 ± 3      51 ± 5 50 ± 4
nHF   2.32 ± 0.41   2.52 ± 0.43   2.72 ± 0.51
nLF   1.73 ± 0.31   1.78 ± 0.32   1.64 ± 0.34
LF/HF   0.75 ± 0.10   0.71 ± 0.09 0.62 ± 0.4

Deep breathing 
Ratio of HRinhale to HRexhale   1.34 ± 0.04   1.37 ± 0.04   1.41 ± 0.03
Heart rate variability

Total power    432 ± 34    442 ± 38 462 ± 31
SDNN      90 ± 12      91 ± 14   94 ± 15
nHF 11.21 ± 1.82 16.23 ± 2.12* 12.81 ± 3.20
nLF   5.35 ± 0.69   4.23 ± 0.92 4.82 ± 1.0
LF/HF   0.48 ± 0.08   0.26 ± 0.03*, +     0.56 ± 0.08+

Valsalva Maneuver
Ratio of HRmax to HRmin   1.48 ± 0.09   1.68 ± 0.08   1.58 ± 0.07
Heart rate variability

Total power    632 ± 54    644 ± 62 651 ± 58
SDNN    108 ± 9    112 ± 10   99 ± 11
nHF   7.21 ± 0.9   8.92 ± 0.08   7.31 ± 0.09
nLF 11.62 ± 1.98 10.21 ± 2.01 11.72 ± 2.20
LF/HF   1.62 ± 0.25   1.25 ± 0.31*, +    1.61 ± 0.28+

Standing
Ratio of HRsit to HRstanding   1.25 ± 0.21   1.40 ± 0.18   1.35 ± 0.15
Heart rate variability

Total power    421 ± 44    398 ± 61 411 ± 55
SDNN      58 ± 3      52 ± 34 54 ± 5
nHF   3.72 ± 0.41   2.51 ± 0.52*   2.87 ± 0.57
nLF   3.85 ± 0.35   3.95 ± 0.36   3.73 ± 0.22
LF/HF   1.05 ± 0.25   1.55 ± 0.31   1.31 ± 0.21

*P < 0.05, Male vs. Female during mid-follicular or mid-luteal phase.
+P < 0.05, Female during mid-follicular phase vs. Female during mid-luteal.
SDNN, Standard Deviation of Normal to Normal R Wave; nHF, normalized high frequency power; nLF, normalized 
low frequency power; LF/HF, the ratio of low frequency power to high frequency power.

possibly suggesting hyperventilation in FL (Table 2).   
After SD, PCO2 was lowered in FF while increased 
in FL (Fig. 5).  pH, concentration of lactate and bi-
carbonate were unaltered among the three groups.   
The result indicated that SD-induced hyperventila- 
tion response was observed in FF.  On the other hand,  
this response was blunted in FL, which is probably 
related to the basal hyperventilation state (or higher  
sympathetic tone) before SD.  It is noteworthy that the  
degree of PCO2 change (%) was significantly mod-
erately negatively correlated with LF/HF change (%) 
during rest and DB (Fig. 6).

Discussion

The main experimental findings are summarized  
as follows.  (I) Before SD, FL has higher sympathetic  
tone during DB and VM than FF.  After SD, the re-
sponse of cardiac sympathetic modulation of FL is 
blunted under the four testing circumstances com-
pared to FF.  (II) The degree of PCO2 change (%) is  
negatively correlated with LF/HF change (%) during  
rest and DB, suggesting that hyperventilation response  
to SD intervention is associated with cardiac sympa- 
thetic activation.  Compared to FF, SD-induced cardiac  
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Fig. 1.	 The effects of sex and menstrual cycle on cardiac autonomic nervous activity at sitting rest following sleep deprivation are ex-
pressed in change percentage (%).  *P < 0.05, Male vs. Female during mid-follicular or mid-luteal phase; +P < 0.05, Female  
during mid-follicular phase vs. Female during mid-luteal phase.  SDNN, Standard Deviation of Normal to Normal R Wave; 
nHF, normalized high frequency power; nLF, normalized low frequency power; LF/HF, ratio of low frequency power to high 
frequency power.
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Fig. 3.	 The effects of sex and menstrual cycle on cardiac autonomic nervous activity in response to Valsalva maneuver following 
sleep deprivation are expressed in change percentage (%).  *P < 0.05, Male vs. Female during mid-follicular or mid-luteal 
phase; +P < 0.05, Female during mid-follicular phase vs. Female during mid-luteal phase.  SDNN, Standard Deviation of 
Normal to Normal R Wave; nHF, normalized high frequency power; nLF, normalized low frequency power; LF/HF, ratio of 
low frequency power to high frequency power.
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Fig. 6.	 Relationships between changes of PCO2 and the LF/HF ratio at rest (A), during deep breath (B), Valsalva maneuver (C), and 
standing-up (D).
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sympathetic activation and hyperventilation are at- 
tenuated in FL.  (III) Autonomic balance after SD tends  
to augment vagal activity in FL and M, while shifts 
to sympathetic modulation in FF.

Before SD, our experimental findings regard-
ing HRV response during normal menstrual cycle is  
similarly to the previous studies, in which an increased  
cardiac sympathetic activity associated with high pro- 
gesterone levels during luteal phase was reported (14,  
22, 23).  Similarly, in healthy eumenorrheic females,  
muscle sympathetic activity and plasma norepineph- 
rine were higher during mid-luteal time compared with  
the early follicular time (13, 20).  The follicular phase  
is the period when plasma estrogen but not progester- 
one is gradually increasing.  It seems that the sympa-
thetic activity is negatively influenced by estrogen.   
It was reported that administration of high-dose estra- 
diol resulted in systemic arterial dilation in premeno- 
pausal monkeys (28).  After ovulation, the plasma 
concentration of progesterone rapidly goes up while  
estrogen slowly declined (2).  In addition, the current  
investigation also recruited young males as a refer- 
ence, in whom the autonomic balance is more similar  
to FL than FF.  Urban et al. demonstrated that tes-
tosterone increases neuropeptide Y gene expression 
and peptide concentrations in the arcuate nucleus in  
the male rats, activating sympathetic system (26).  Ac- 
cordingly, it appears that the parasympathetic activity  
is primarily influenced by estrogen, while the sympa- 
thetic activity is modulated by progesterone.  Testos- 
terone is prone to activate sympathetic activity.

After SD, the current results showed that the 
FL is associated with a blunted response of cardiac 
sympathetic activation (%nLF, %LF/HF) under sit-
ting rest, deep breathing and Valsalva maneuver and 
hyperventilation compared with FF.  On the other 
hand, SD is prone to activate cardiac vagal response  
(%nHF) in FL under deep breathing.  It is noteworthy  
that in FF, SD-triggered sympathetic activation is as- 
sociated with hyperventilation to keep acid-base bal- 
ance.  Ito et al. found that the mean values of HRV  
variables over 24 h were largely modified by the level  
of physical activity regardless of the night or day shifts  
in 10 healthy female nurses (22).  In this study, men- 
strual cycle was not taken into consideration.  Chung  
et al. found that it is more similar to the present study  
(4), in which 12 young female shift nurses were en-
rolled for repeat measures of female sex hormones, 
24 h physical activity, and HRV at three points: their  
menses, follicular, and luteal phases.  The study found  
that the diminished parasympathetic activity and the  
increased sympathetic activity were shown in the fol- 
licular phase compared with the luteal phase while 
endogenous sex hormones levels remained normal 
cyclic variation.  Our present study employed a strict  
30 h SD condition and four autonomic tests to simulate  

daily activities.  Male participants were also enrolled  
as a reference.  We found that autonomic system reacts  
differently among different menstrual cycle and sex 
after SD.  In FF, sympathetic activity rises after SD; 
on the other hand, in FL and M, acute SD tends to 
activate parasympathetic tone.  Baroreflex respon-
siveness showed no difference before and after SD 
or among the three groups.

Biological explanation is that luteal phase is 
evolved as adaptation for reproduction.  The current  
result showed that during this phase, the basal sym-
pathetic tone is higher than the follicular phase.  In 
FL, 30 h SD diminished sympathetic response during  
daily activities, which might help economize energy  
expenditure (18).  Accordingly, female nurses might 
be inappropriate to be deprived of sleep in mid-luteal  
phase.  Additionally, studies have proven that night 
shift suppresses the ovarian function by affecting the  
circadian rhythm of melatonin and prolactin and thus  
cause menstrual irregularity (21) and miscarriage (1).

In male, Furlan et al. found that reduced values  
of the indexes of cardiac sympathetic modulation during  
night work suggestive of a reduced cardiac sympa-
thetic modulation were present when the job task was  
performed at night compared with the values observed  
when the work was performed during morning and 
evening (11).  However, another study with conflict- 
ing result showed that circadian pattern of HRV seems  
to be predominantly related to sleep and wakefulness  
and remains independent of night-day cycle (10).  In  
the current study, restricted 30-hour SD is prone to ac- 
tivate cardiac vagal tone in the male population.

HRV has been considered as one of the best non- 
invasive tools in evaluating cardiac autonomic func- 
tion since 1990 (5).  In our study, the cardiac autonomic  
activity was evaluated under four physical stimuli.   
Sitting rest is considered as the baseline.  DB assesses  
respiratory sinus arrhythmia.  Deep inspiration in-
hibits carotid sinus receptor, reduces vagal activity 
and increases the heart rate.  As breathing out, the  
autonomic response is on the contrary (30).  VM blocks  
venous return as blowing and increases the heart rate.   
After the pressure is relieved, the heart rate typically  
increases shortly and a reflex bradycardia begins be- 
cause the carotid sinus is activated by enhanced venous  
return and subsequent stroke volume (6, 16).  Standing- 
up stimulates baroreceptor because of blood pooling  
in the lower body (12).  These four conditions simu- 
late physical stimulation to cardiac autonomic system  
in our everyday activities.

Small sample size is a limitation of this study.  
However, the statistical significance is achieved.  In  
addition, plasma level of catecholamine was not as- 
sessed.  Further comprehensive study to assess ANS 
may be needed to consolidate the conclusion.

In conclusion, SD tends to augment vagal ac-
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tivity in FL and M while activates sympathetic ac-
tivity in FF.  Moreover, the degree of LF/HF change 
(%) is negatively correlated with PCO2 change (%).  
Compared to FF, SD-triggered cardiac sympathetic 
activation and possible hyperventilation are blunted 
in FL.  The study provides further insight into the  
physiology of acute SD in different sex and menstrual  
phases, and may provide reference in shifts arrange-
ment in the female workers.
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