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Hemodynamic, Autonomic, and
Vascular Function Changes after Sleep Deprivation
for 24, 28, and 32 Hours in Healthy Men
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This study aimed to analyze the impact of sleep deprivation (SD) on cardiac, hemodynamic, and endothelial parameters and to
determine whether these are sustained with increased periods of SD. The study included 60 healthy men (mean: age 31.2+6.3
years; body mass index 24.6+2.6 kg/m?). Hemodynamic parameters, parameters of myocardial contractility, spectral analysis of
heart rate (HR) and blood pressure (BP) variability, and the sensitivity of arterial baroreflex function were evaluated. Biochemical
tests were performed to assess L-arginine (L-Arg) and asymmetric dimethylarginine (ADMA) levels in reflection of endothelial
nitric oxide synthase ability. Measurements of cardiovascular system parameters were obtained at 9 a.m. (baseline) on the first
day of the study and 9 a.m. (24-h SD), 1 p.m. (28-h SD), and 5 p.m. (32-h SD) on the second day. Blood samples for evaluating
biochemical parameters were obtained at baseline and after 24-h SD. ANOVA Friedman’s test revealed a significant effect for
time in relation to HR (}*=26.04, df=5, p=0.000), systolic BP (¥°=35.98, df=5, p=0.000), diastolic BP (¥°=18.01, df=5, p=0.003), and
mean BP (¥*=28.32, df=5, p=0.000). L-Arg and ADMA levels changed from 78.2+12.9 and 0.3+0.1 at baseline to 68.8+10.2 and
0.4+0.1 after 24-hr SD, respectively (p=0.001, p=0.004). SD in healthy men is associated with increases in BP, which appear to oc-
cur after 24 hours of SD and are maintained over increasing periods of SD. The observed hemodynamic changes may have result-
ed due to disordered vascular endothelial function, as reflected in alterations in L-Arg and ADMA levels.
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biological consequences, such as neural autonomic control
changes, increased oxidative stress, or altered inflammatory

Sleep loss, sleep deprivation (SD), and circadian misalignment
have been studied for the past century and are known to have

negative effects on metabolism, inflammatory system, and
cardiovascular regulation. SD has been found to elicit several
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responses. Additionally, epidemiological studies have con-
firmed that SD is associated with increases in blood pressure
(BP)'* and adverse cardiovascular events. Moreover, short
sleep duration has been found to be associated with increased
coronary heart disease mortality and morbidity. However, the
underlying pathophysiological mechanisms that underpin
these associations have not been clearly demonstrated.

The autonomic nervous system plays an important role in
the regulation of cardiovascular function, and impairment in
this system is associated with increased cardiovascular mortal-
ity. It has been suggested that SD blunts cardiovascular auto-
nomic responses, potentially explaining the excess mortality
seen with SD.** However, it is not clear what periods of SD are
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needed to influence cardiovascular regulation. Also, there is
no commonly accepted definition of SD, including minimum
sleep length: most studies define SD as a lack of for 24 to 60
hours. The main objective of this study was to analyze the im-
pact of SD upon cardiac, hemodynamic, and endothelial factors
and to determine whether these are sustained over increased
periods of SD.

This study was approved by the Ethics Committee of Ludwik
Rydygier Collegium Medicum in Bydgoszcz, Nicolaus Coperni-
cus University in Torun, Poland (Approval number: 330/2013).
We included 60 volunteers, all of whom were healthy men
(mean: age 31.2+6.3 years; height 1.80+6.5 m, weight 80.5+
10.9 kg; body mass index 24.6+2.6 kg/m?). All gave informed
consent to participate in the study. The main enrollment cri-
teria included male sex, no co-morbidity, no reported sleep
disorders (Pittsburgh Sleep Quality Index <5), and no extreme
chronotype (ratings between 14 and 21 points on the morn-
ing-evening M/E questionnaire). The exclusion criteria were
shift work, addiction to alcohol, drug use, athlete at a compet-
itive level, consumption of alcohol within 12 hours before
study, taking any medicines or supplements during the study,
and any cardiovascular disorders observed during the study.
Clinical assessment of subjects comprised basic neurological,
clinical examination, and evaluation of the autonomic ner-
vous system using the Autonomic Symptom Profile. After
physical examination, elevated BP was found in 20 subjects
[systolic BP (sBP) 2140 mm Hg, diastolic BP (dBP) 290 mm
Hg; according to guidelines set by the European Society of
Hypertension and European Society of Cardiology].

During the experiment, subjects stayed in the chronobiolo-
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gy laboratory (temperature 22°C, humidity 60%, light <10 1x)
employing a constant routine. Subjects reported to the labora-
tory in the evening (9 p.m.) for an 8-h sleep adaptation episode.
Additionally, the ActiGraph GT3X device (ActiGraph Corp, Pen-
sacola, FL, USA) was used during the experiment to monitor
the subjects’ sleep night (total sleep time=417.7+24.9 min, sleep
efficiency=95.5+3.0 min, and wake after sleep onset=19.3+13.1
min). Subjects ate the same meals at the same time of the day
(8:00, 12:00, 15:00, and 19:30). Water (100 mL) was adminis-
tered at hourly intervals. Subjects were cared for by trained
personnel and remained awake for 24 hours.

Parameters of cardiovascular function were measured at
four points during the study: at 9 a.m. (baseline) on the first
day of the study and at 9 a.m. (24-h SD), 1 p.m. (28-h SD), and 5
p.m. (32-h SD) on the second day. Blood sampling for biochem-
ical parameters took place twice: 9 a.m. (baseline) on the first
day of the study and also at 9 a.m. after 24 hours of SD (Fig. 1).

Functional assessment of the autonomic nervous system
was carried out in a non-invasive manner using the Task Force
Monitor system (model 3040i by CNSystems Medizintechnik,
Graz, Austria). The Task Force Monitor system provides an
automated and computerized beat-to-beat analysis of imped-
ance cardiography, electrocardiogram, and oscillometric and
non-invasive continuous BP measurement. The system was
used to assess hemodynamic parameters, parameters of myo-
cardial contractility, parameters of spectral analysis of heart
rate (HR) and BP variability, and parameters of the sensitivity
of arterial baroreflex function. All functions of the Task Force
Monitor have been validated prior to the study, and the in-
strument has been used successfully in numerous advanced
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24 hours of SD. SD, sleep deprivation; BP, blood pressure.
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clinical and scientific projects.®”

Biochemical tests related to endothelial nitric oxide synthase
ability were performed to investigate L-arginine (L-Arg) and
asymmetric dimethylarginine (ADMA) levels in healthy subjects
(immunoenzyme method, ELISA).

Normality of variable distribution was evaluated with the
Shapiro-Wilk test, and the statistical characteristics thereof are
presented as arithmetic means and standard deviations, as
well as calculated minimum and maximum values. Depend-
ing on the distribution characteristics of analyzed variables, a
paired-samples Student’s t-test or Wilcoxon signed-rank test
was used to evaluate the significance of differences between
measured values obtained after normal night sleep and after SD.
The effects of time on sBP, dBP, and mean BP (mBP) were
evaluated by Friedman repeated measures ANOVA test due to
non-normal distribution. All calculations were performed
with Statistica 10 software (StatSoft, Inc., Tulsa, OK, USA), with
an assumed level of statistical significance of ¢.<0.05.

Although we initially recruited 60 healthy men volunteers
for the study, 20 subjects were excluded after clinical evaluation
because of elevated BP: measurement of BP was conducted
twice at two different visits. We used beat-to-beat analysis of im-
pedance cardiography, electrocardiogram, and non-invasive
oscillometric and continuous BP measurement to observe au-
tonomic regulation of the cardiovascular system (Fig. 2). Table
1 shows the mean results of cardiovascular and autonomic
parameters at four points during the study. Friedman ANOVA
test revealed a significant effect for time on HR (3°=26.04, df=5,
p=0.000), sBP (%= 35.98, df=5, p=0.000), dBP (;>=18.01, df=5,
p=0.003), and mBP (}°=28.32, df=5, p=0.000) (Fig. 3). Mean
values of BP were significantly higher after 24 hours of SD and

HR s1 <
[bpm] [mlim?] [(min*m?)] [10007s)

100 a0 6.0 70

Mean Arterial Pressure [mmHg]

1.0 20 3.0 40 50 6.0

Cardiac Index [min/m?]

24-,28-, and 32-Hour Sleep Deprivation in Healthy Men

were maintained over increasing periods of SD. There were no
significant changes in cardiac function or spectral analysis of
HR and BP variability over increased periods of SD. After 24-h
SD, plasma levels of ADMA were significantly increased, while
L-Arg levels were significantly decreased in comparison to
those after normal night sleep (Table 2).

Overall, we noted that, during increased time periods of ex-
perimental SD, healthy men experience changes in HR and
BP, without significant changes in the activity of the autonom-
ic nervous system. The differences in hemodynamic parame-
ters detected in this study are in keeping with previous reports
that confirmed that the secondary effects of SD are increases
in HR and in systolic, diastolic, and mean arterial BP. Numer-
ous studies have shown that shorter sleep and experimental
SD lasting 24, 36, or 40 hours is associated with an increase in
BP in healthy subjects.® " Interestingly, the changes in BP
measures in this study appeared to occur after 24 hours of SD
and were maintained over increasing periods of SD. However,
HR reduced after 24 hours of SD, increasing after longer peri-
ods. This implies that the risks posed by SD are associated with
the first 24 hours of SD and that additional periods of SD are
not associated with increases in arterial pressure and hyperten-
sive risk or with adverse effects on cardiovascular regulation.

The current literature on changes in cardiovascular and au-
tonomic functioning during SD is not conclusive. Holmes, et
al." reported that, during the 30 hours of wakefulness, a reduc-
tion in HR was mediated by a decline in cardiac sympathetic
activity and the maintenance of cardiac parasympathetic activ-
ity. Zhong, et al.”” claimed that 36 hours of SD increases activity
of the sympathetic autonomic nervous system, with a reduc-
tion in parasympathetic function and a decrease in baroreflex
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Fig. 2. Representative beat-to-beat analysis of impedance cardiography, electrocardiogram, and non-invasive continuous blood pressure measurement
observed in one patient. HR, heart rate; S, stroke index; Cl, cardiac index; IC, index of contractility; TPRI, total peripheral resistance index; sBP, systolic
blood pressure; dBP, diastolic blood pressure; mBP, mean blood pressure; LVWI, left ventricular work index; LVET, left ventricular ejection time; TFC, tho-

racic fluid content.
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sensitivity. Other studies have shown that one night SD in the
absence of significant additional stress does not lead to in-
creased arterial pressure values or to changes in autonomic
profile, merely the expected increase in tiredness.'®

In the present study, observed hemodynamic changes may
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have resulted due to disordered vascular endothelial function,
which was suggested by changes in biochemical parameters.
Vascular endothelial disturbances resulting from an increased
secretion of inflammatory mediators are another mechanism
described in the literature to account for the changes in arterial

Table 1. Mean Values of Cardiovascular and Autonomic Parameters after 24, 28, and 32 Hours of SD

Parameter Baseline 24-h SD 28-h SD 32-h SD pvalue

Hemodynamic parameters

HR (bps) 57.848.3 56.2+7.6 59.0£12.5 60.1£8.1 0.000

sBP (mm Hg) 117.9474 1211477 1216186 123.7£71 0.000

dBP (mm Hg) 72.9+6.5 76.3+5.8 75.4+6.5 75.6+6.5 0.003

mBP (mm Hg) 89.7+6.6 93.7459 93.247.1 93.94+6.5 0.000

SI(mL/m?) 59.3£11.0 59.8+12.2 58.8412.5 58.2+10.6 0.076

Cl(L/min/m?) 34407 34408 34411 35+0.7 0.115

TPRI (dyn - s - m?/cm®) 2149.6+516.8 2316.3+655.6 2292.4+660.7 2222.9+574.1 0.096
Cardiac contractility

IC (1000/s) 69.2+16.0 68.5+17.8 68.3£18.7 68.4%16.1 0.071

ACI(100/s?) 96.8+£25.2 95.1£24.0 95.8425.2 9444224 0.069

HI(1/s7) 0.4+0.1 0.4+0.1 0.4+0.1 0.4+0.1 0171
Spectral analysis of HR variability

LF (ms?) 1226.0+1150.9 955.5+703.8 1135.7£1056.9 871.0+692.0 0.235

HF (ms?) 926.6+734.0 800.1+901.1 1005.4+1054.9 743.1£735.0 0.198
Spectral analysis of BP variability

LF-sBP (mm Hg?) 33+34 29+2.8 37+3.0 43+47 0.768

HF-sBP (mm Hg?) 1.3+0.9 1.0+0.7 1.3+1.2 1.3£1.1 0.965

LF-dBP (mm Hg?) 44458 31+27 40+4.4 3.0+2.1 0.149

HF-dBP (mm Hg?) 0.9+0.8 0.8+1.0 1.2+2.2 0.9+1.0 0.647
Baroreflex sensitivity

Total-Events Slope (ms/mm Hg) 26.2+16.1 27.5+13.1 28.6+12.3 23.3+11.2 0.731

SD, sleep deprivation;HR, heart rate; sBP. systolic blood pressure; dBP, diastolic blood pressure; mBP, mean blood pressure; SI, stroke index; Cl, cardiac index; TPRI, total
peripheral resistance index; IC, index of contractility; ACI, acceleration index; HI, Heather index; HF, high-band frequency spectrum; LF, low-band frequency spectrum.
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Fig. 3. Mean values of HR, sBP, dBP, and mBP after 24-h SD, 28-h SD, and 32-h SD. Statistical analysis showed a significant effect for time on these pa-
rameters. SD, sleep deprivation; HR, heart rate; sBP, systolic blood pressure; dBP, diastolic blood pressure; mBP, mean blood pressure.
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Table 2. Mean Levels of L-Arg and ADMA after 24-h SD

Parameter Baseline 24-h SD pvalue
L-Arg 78.2+129 68.8+10.2 0.001
ADMA 0.3+0.1 0.4+0.1 0.004

L-Arg, L-arginine; ADMA, asymmetric dimethylarginine; SD, sleep deprivation.

BP. The endogenous vasodilating factor that plays a major role
in maintaining the normal structure and function of vascular
relaxation is nitric oxide (NO). For its continuous synthetiza-
tion, NO is involved with endothelial NO synthase to convert
L-Arg to NO and citrulline. Meanwhile, ADMA inhibits the
formation of NO, thereby increasing the production of free oxy-
gen radicals. The observed decreases in L-Arg and increases in
ADMA levels suggest that the inhibition of the basal release of
NO leads to the predominance of vasomotor factors, increased
vascular resistance, and consequently an increase in BP.""* Re-
cent studies have shown that acute SD induces a significant in-
crease in circulating levels of endothelial cell activation mark-
ers and pro- and anti-inflammatory markers.”** Moreover, it
has been reported that a high level of interleukin-6 or E-selec-
tin could be linked to the development of endothelial dysfunc-
tion and cardiovascular disease. Sauvet, et al.'> demonstrated
that experimental SD without behavioral and environmental
stress is not a sufficient factor to stimulate the autonomic ner-
vous system and that the first changes to occur are in plasma
concentrations of markers of endothelial cell activation and an
increase in E-selectin and interleukin-6.

One limitation of this study was lack of an objective sleep
measure, such polysomnographic recording before the experi-
ment. Future research applying standardized conditions on a
larger scale is needed to clarify the detrimental effects of chron-
ic SD in a real life model.

In conclusion, SD in healthy men is associated with increas-
es in BP occurring after 24 hours of SD and maintained over
increasing periods of SD. This implies that the risks of SD are
associated with 24 hours of SD and that additional periods of
SD are not associated with subsequent increases in arterial
pressure and hypertensive risk or with negative effects on au-
tonomic BP regulation.
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