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Role of the autonomic nervous 
system in young, middle‑aged, 
and older individuals with essential 
hypertension and sleep‑related 
changes in neurocardiac regulation
Chia‑Hsin Yeh 1,2,3,17, Chun‑Yu Chen 4,5,17, Yu‑En Kuo 1,2, Chieh‑Wen Chen 1,2,16, 
Terry B. J. Kuo 1,2,6,7,8, Kuan‑Liang Kuo 9,10, Hong‑Ming Chen 13,14, Hsin‑Yi Huang 15, 
Chang‑Ming Chern 1,4,11* & Cheryl C. H. Yang 1,2,7,12*

Essential hypertension involves complex cardiovascular regulation. The autonomic nervous system 
function fluctuates throughout the sleep–wake cycle and changes with advancing age. However, 
the precise role of the autonomic nervous system in the development of hypertension during aging 
remains unclear. In this study, we characterized autonomic function during the sleep–wake cycle in 
different age groups with essential hypertension. This study included 97 men (53 with and 44 without 
hypertension) aged 30–79 years. They were stratified by age into young (< 40 years), middle‑aged (40–
59 years), and older (60–79 years) groups. Polysomnography and blood pressure data were recorded 
for 2 min before and during an hour‑long nap. Autonomic function was assessed by measuring heart 
rate variability and blood pressure variability. Data were analyzed using t tests, correlation analyses, 
and two‑way analysis of variance. During nonrapid eye movement (nREM), a main effect of age was 
observed on cardiac parasympathetic measures and baroreflex sensitivity (BRS), with the highest and 
lowest levels noted in the younger and older groups, respectively. The coefficients of the correlations 
between these measures and age were lower in patients with hypertension than in normotensive 
controls. The BRS of young patients with hypertension was similar to that of their middle‑aged and 
older counterparts. However, cardiac sympathetic activity was significantly higher (p = 0.023) and 
BRS was significantly lower (p = 0.022) in the hypertension group than in the control group. During 
wakefulness, the results were similar although some of the above findings were absent. Autonomic 
imbalance, particularly impaired baroreflex, plays a more significant role in younger patients with 
hypertension. The nREM stage may be suitable for gaining insights into the relevant mechanisms.
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Essential hypertension is the most common type of hypertension in adults, and its pathophysiology is complex 
and  multifactorial1. The autonomic nervous system (ANS) regulates the cardiovascular  system2, and autonomic 
dysfunction is one of the most important mechanisms in essential  hypertension3. The etiopathology of autonomic 
dysfunction in hypertension includes chemoreceptor activation, insulin/leptin-mediated sympathetic activation, 
cardiopulmonary reflex dysfunction, sodium homeostasis disruption, the renin–angiotensin system overacti-
vation, and other humoral systems  problem2. Both animal and human studies have concluded that increased 
sympathetic activity and reduced vagal modulation are associated with  hypertension4,5. Hypertension is an age-
related disorder, and the interactions between its etiological factors changes with  age6. However, few studies have 
comprehensively investigated the role of the ANS in the development of hypertension during the aging process.

With aging, sympathetic activity increases and parasympathetic activity decreases in normotensive 
 individuals7–9. Studies have reported that irrespective of age, patients with hypertension exhibit weak autonomic 
responses to postural  changes10 and enhanced sympathetic nerve  traffic2. However, in a relevant study, although 
younger (< 60 years) and older (≥ 60 years) patients with hypertension had similar resting heart rates, the older 
patients exhibited reductions in baseline cardiac sympathetic and parasympathetic  tones11. According to the 
available studies, no definitive conclusions have been reached regarding age-dependent alterations in autonomic 
function among individuals with hypertension.

One possible reason may be that most studies involving patients with hypertension have assessed autonomic 
function exclusively during wakefulness. Nevertheless, autonomic function significantly fluctuates during the 
sleep–wake cycle. Muscle sympathetic nerve activity, blood pressure (BP), heart rate, and arterial pressure vari-
ability  decrease12 and baroreflex resetting and parasympathetic cardiac regulation  increase13,14 during the non-
rapid eye movement (nREM) stage compared with the data recorded during wakefulness. We previously reported 
that the sympathovagal balance in Wistar–Kyoto rats shifted toward vagal limb dominance during sleep; this 
shift was absent in spontaneously hypertensive rats, who exhibited strengthened sympathetic vasomotor activity 
but weakened baroreflex sensitivity (BRS) during  sleep15,16.

The autonomic parameters derived from heart rate (HRV) and BP variability can facilitate the detection and 
treatment of hemodynamic and autonomic disturbances in patients with essential  hypertension17,18. In this study, 
we investigated the changes in cardiovascular neural regulation using HRV and BP variability during both sleep 
and wakefulness in different age groups with essential hypertension. We hypothesized that autonomic function 
during the sleep–wake cycle and at various ages would vary between patients with hypertension and individuals 
without hypertension.

Methods
Participants
This study included 97 men aged 30–79 years. They were divided into the hypertension and control groups. The 
hypertension group comprised 53 men who were diagnosed as having essential hypertension; the diagnosis was 
made by physicians in accordance with the criteria outlined in the Seventh Report of the Joint National Com-
mittee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. Additionally, secondary 
hypertension was excluded in accordance with its  guidelines19. The control group comprised 44 age- and sex-
matched men without hypertension (i.e., normal BP, defined as systolic/diastolic BP of < 140/90 mmHg). Based 
on research indicating sex-specific variations crucial for BP regulation within sympathetic neural-hemodynamic 
equilibrium, encompassing sympathetic nerve activity, cardiac output, and β-adrenergic responsiveness, this 
study conducts an in-depth examination specifically within  males20.

Men with a history of kidney disease, adrenal disease, thyroid problems, obstructive sleep apnea, diabetes 
mellitus, arrhythmia, congestive heart failure, cardiovascular disease, cerebrovascular disease, malignancy, active 
infectious disease, or psychiatric illness were excluded from this study. No participant had substance abuse prob-
lems, alcohol addiction, or psychiatric illness. Written informed consent was obtained from all participants. The 
study protocol was approved by the institutional review boards of Taipei Veterans General Hospital and National 
Yang Ming Chiao Tung University (approval numbers: 96-08-15A and YM108144E, respectively).

Experimental procedure and data recording
The participants were stratified by age into three groups: younger (30–39), middle-aged (40–59), and older 
(60–79) groups. This study was conducted at the Sleep Center of the Institute of Brain Science, National Yang 
Ming Chiao Tung University, Taipei, Taiwan. During the test period, the participants were instructed to nap 
in a sound-attenuated room (humidity: 55–60%; temperature: 24.40 °C ± 0.78 °C) and their polysomnography 
(PSG; Embla SX, Natus Medical Incorporated, USA) and BP data were recorded for 1 h. During PSG, central 
and occipital electroencephalography (EEG; C3–A2, C4–A1, O1–A2, and O2–A1), electrooculography (EOC-L 
and EOC-R), chin and anterior tibialis electromyography (chin and limb), and electrocardiography (ECG; V5 on 
the chest) were performed to evaluate the participants’ cardiac activity. Sleep stages were scored in congruence 
with the standard criteria in the  literature8,21,22. BP was continuously measured using Finometer PRO (Finom-
eter Model-1/Pro, FMS01; FMS, Amsterdam, the Netherlands). An upper-arm cuff was used for finger blood 
calibration, and a 2-min baseline recording was conducted before sleep. Synchronized integration of real-time 
BP signals was performed by the PSG software Somnologica (Embla, Denver, CO, USA).

Signal processing and data analysis
A power spectral analysis was conducted to measure the frequency domain of HRV. The R-R interval (RR) 
signal was divided into continuous 64-s (4096 points) time segments (windows or epochs) with a 50% overlap. 
The circumstantial analytical procedures used in HRV analysis have been thoroughly discussed in previous 
 studies23–25. Through Fourier transformation, the spectral information of HRV was sorted into total power (TP), 
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high frequency (HF), and low frequency (LF). HF (0.15–0.4 Hz), LF (0.04–0.15 Hz) to HF ratio (LF/HF), and 
normalized LF (LF%) of the RR spectrogram were enumerated in each time segment. RR and TP are associated 
with both sympathetic and parasympathetic  nerves26. HF reflects vagal modulation, whereas LF% and LF/HF 
ratio indicate sympathetic modulation or the sympathovagal  balance27.

For the sleep stage analysis, computerized sleep analysis was conducted following the guidelines of Rechtschaf-
fen and  Kales28 and the American Academy of Sleep  Medicine8,29. Later, the results were reconfirmed by a quali-
fied sleep technician. All polysomnographic data were manually scored on a 30 s-epoch basis, from what we 
calculated wakefulness and nREM sleep.

To analyze the EEG and ECG data, we designed a special algorithm in Pascal language (Borland Pascal 7.0, 
Borland, USA). ECG signals were preprocessed as described  previously26,30. In brief, using this algorithm, the 
ventricular premature complex and artifact were identified and the QRS complex was acquired. For the temporal 
continuity, the stationary RR signals were resampled and linearly interpolated at a rate of 64 Hz. The sampling 
rate was adjusted to 64 Hz also for the EEG signals.

EEG amplitudes, arterial pressure variability, and HRV were measured through power spectral analysis. The 
EEG, arterial pressure, and RR signals were incised into successive 64-s (4096 points) time segments (windows 
or epochs) with a 50% overlap. Fast Fourier transformation was used to estimate the power density of the spectral 
components, and the attenuation originating from sampling was corrected. A Hamming window was used for 
the aforementioned  procedures24,26. The detailed evaluation of arterial pressure variability and HRV has been 
described  previously15,23,25–27. In brief, mean arterial pressure derived from digitized arterial pressure signals 
and the mean RR were calculated from the digitized ECG signals. To assess temporal continuity, resampling 
and interpolating were performed. Fast Fourier transformation and a Hamming window were adopted for these 
 sequences24. Both HF (0.15–0.4 Hz) and LF% (0.04–0.15 Hz) were gauged from the RR spectrogram. LF of blood 
pressure variability (BLF) (0.04–0.15 Hz) was quantified from the arterial pressure spectrogram for each time 
segment. BLF serves as an indicator of sympathetic vasomotor  control25,27.

Spontaneous BRS was calculated from the arterial pressure–RR transfer function and arterial pressure–RR 
linear  regression25,27. The transfer magnitude at HF (BrrHF) and LF (BrrLF) ranges were estimated using the 
transfer function analysis. For the linear regression analysis, the slopes of the arterial pressure–RR pair simul-
taneously ascended (BrrA) and descended (BrrD). Finally, the mean values of arterial pressure variability, HRV, 
and BRS were obtained during each sleep–wake cycle of each participant.

Statistical analysis
Descriptive statistics are presented in terms of the mean ± standard deviation values. Independent-samples t 
tests were conducted to determine the differences between patients with hypertension and individuals without 
hypertension across the age groups. Pearson correlation coefficients were calculated to measure the associations 
between HRV, BP, arterial pressure variability, BRS parameters, and age. We are simultaneously conducting a 
comparison of correlations from independent  samples31. Two-way analysis of variance (ANOVA), followed by 
a least-significant difference post hoc test, was performed to compare the variables across different age groups 
(30–39, 40–59, and 60–79 years) and different BP states. The analysis was performed considering the interaction 
effect. The significance level was set at 0.05. All analyses were conducted using SPSS (version 22; IBM, Armonk, 
NY, USA).

Ethics approval and consent to participate
This study was fully reviewed and approved by the Ethics Institutional Review Board of Taipei Veterans General 
Hospital and National Yang Ming Chiao Tung University.

Results
Cohort characteristics
No significant difference was observed in the mean age between patients with hypertension and individuals 
without hypertension in any age group. Except for the increased body mass index (BMI) observed in middle-
aged patients with hypertension (p = 0.005), no significant differences were noted in BMI between patients with 
hypertension and individuals without hypertension in any other age group (Table 1). In the younger group, 
patients with hypertension had significantly higher SBP than did individuals without hypertension (p = 0.001). In 

Table 1.  Demographic characteristics of the study population. Mean ± SD. BMI body mass index, SBP systolic 
blood pressure, DBP diastolic blood pressure. *p < 0.05 vs. control group, independent t test.

Demographics

Individuals without hypertension Patients with hypertension

Younger group Middle-aged group Older group Younger group Middle-aged group Older group

Number n = 14 n = 13 n = 17 n = 5 n = 16 n = 32

Age (year) 32.1 ± 2.1 50.3 ± 5.3 68.5 ± 4.2 33.8 ± 3.6 51.2 ± 6.2 70.1 ± 6.5

BMI (kg/m2) 22.5 ± 2.1 23.4 ± 1.0 23.0 ± 2.6 26.6 ± 4.4 26.3 ± 3.3* 24.1 ± 2.5

SBP (mmHg) 121.6 ± 8.1 126.9 ± 13.1 131.0 ± 14.7 143.8 ± 11.7* 136.1 ± 13.6 135.7 ± 15.3

DBP (mmHg) 72.6 ± 8.0 73.3 ± 3.2 78.8 ± 12.1 94.8 ± 12.7* 87.4 ± 12.4* 83.2 ± 8.4
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the middle-aged and older groups, patients with hypertension had significantly higher DBP than did individuals 
without hypertension (p = 0.001 and 0.010, respectively).

Effects of age and hypertension on cardiac autonomic measures during sleep and wakefulness
The two-way ANOVA revealed a main effect of age on parasympathetic function–related cardiac parameters, 
including TP, LF, and HF, during both wakefulness and nREM (Table 2). The values of these parameters were 
the highest in the younger group, followed by the middle-aged and older groups (Fig. 1A,B). Although the 
age × hypertension interaction was nonsignificant, gradual age-dependent reductions were observed in TP, 
HF, and LF in the both groups. Consistently, TP, HF, and LF were found to be negatively correlated with age. 
During wakefulness, a strong correlation was observed in the control group and a weak to moderate correla-
tion was observed in the hypertension group (respectively; TP, − 0.75 vs − 0.37 [p = 0.003]; LF, − 0.69 vs − 0.33 
[p = 0.008]; HF, − 0.69 vs − 0.25 [p = 0.002]) and nREM (respectively; TP, − 0.72 vs − 0.36 [p = 0.007]; LF, − 0.60 
vs − 0.39 [p = 0.098]; HF, − 0.68 vs − 0.38 [p = 0.024]; Fig. 2A,B). The correlation analysis also identified a medium 
relationship between LF/HF and age in the control group during nREM.

The two-way ANOVA revealed a significant main effect of hypertension on LF% during nREM, with an 
elevated LF% in the hypertension group (Table 2, Fig. 1B). Although the age × hypertension interaction was 
nonsignificant, the elevation in LF% occurred primarily in younger patients with hypertension (p = 0.004, vs 
control; independent t test).

Effects of age and hypertension on vascular autonomic measures during sleep and wakefulness
The two-way ANOVA revealed a main effect of age on BrrLF, BrrHF, BrrA, BrrD, and BLF, with the effect being 
particularly more significant during nREM than during wakefulness (Table 3, Fig. 3B). During nREM, these 
values were highest in the younger group, followed by the middle-aged and older groups. During wakefulness, 
the effect of age was observed on BrrA, BrrD, and BLF, with the same trend of difference (Fig. 3A,B). In terms of 
BLF, the respective trends in age-related changes are similar in both groups during wakefulness (− 0.31 vs − 0.31, 
respectively) and sleep (− 0.12 vs − 0.15, respectively) (Fig. 4A). The correlation analysis revealed stronger cor-
relations of age with BrrHF, BrrA, and BrrD in the control group than in the hypertension group (BrrHF: − 0.61 
vs − 0.41, respectively [p = 0.132]; BrrA: − 0.65 vs − 0.30, respectively [p = 0.036]; BrrD: − 0.59 vs − 0.29, respec-
tively [p = 0.072]), particularly during nREM (Fig. 4B). During wakefulness, the coefficient of the correlation 
between age and BrrA tended to be higher in the control group than in the hypertension group (− 0.51 vs − 0.39, 
respectively; p = 0.275). During nREM, a significant effect of the age × hypertension interaction was noted on 
BrrA (Table 3). In the younger group, BrrA was lower in patients with hypertension than in individuals with-
out hypertension. However, no such difference was noted in the middle-aged or older group (Fig. 3B). Early 
reductions were also noted in BrrD and BrrHF in younger participants with hypertension (Fig. 3B). The small 
age-dependent changes in barosensitivity in patients with hypertension may reflect an early suppression of the 
baroreflex from a young age.

Table 2.  Results of a two-way ANOVA test for the effects of hypertension and age on the HRV in young, 
middle-aged, and older participants. a—individuals aged 30–39 years; b—individuals aged 40–59 years; c—
individuals aged 60–79 years.

Parameters Source of variance

Wakefulness nREM

F p Post hoc F p Post hoc

RR

Hypertension 3.508 0.064 3.492 0.065

Age 2.087 0.130 0.133 0.875

Hypertension × age 1.042 0.357 2.008 0.140

TP

Hypertension 0.024 0.876 0.357 0.552

Age 27.255  < 0.001 a > b; a > c; b > c 17.090  < 0.001 a > b; a > c; b > c

Hypertension × age 2.050 0.135 2.630 0.078

HF

Hypertension 1.434 0.234 0.995 0.321

Age 14.511  < 0.001 a > b; a > c; b > c 13.255  < 0.001 a > b; a > c; b > c

Hypertension × age 1.884 0.158 1.018 0.366

LF

Hypertension 0.037 0.848 0.930 0.337

Age 21.756  < 0.001 a > b; a > c; b > c 15.092  < 0.001 a > c; b > c

Hypertension × age 0.491 0.614 0.298 0.743

LF/HF

Hypertension 0.188 0.665 1.400 0.240

Age 0.437 0.647 1.969 0.146

Hypertension × age 1.973 0.145 1.937 0.150

LF%

Hypertension 1.077 0.302 5.395 0.023 Hypertension > control

Age 0.834 0.438 0.945 0.393

Hypertension × age 1.040 0.358 2.025 0.138
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Figure 1.  Influence of age and hypertension on HRV parameters in young, middle-aged, and older participants. 
For each group of samples (CON, HTN), each bar represents the average means of the parameters within the 
corresponding age range. RR R–R intervals, TP total power, LF low frequency, HF high frequency, LF/HF LF to 
HF ratio, LF% normalized LF, AW wakefulness, nREM nonrapid eye movement sleep, CON control group, HTN 
hypertension group. Data are presented as mean ± SEM, two-way ANOVA. *p < 0.05 HTN vs. CON. (A) p < 0.05 
main effect of age, vs. 30–39; (B) p < 0.05 main effect of age, vs. 40–59. HTN vs. CON p < 0.05 main effect of 
HTN.

Figure 2.  Two-dimensional scatter plots depicting the correlations between HRV parameters and age. *p < 0.05. 
rCON correlation coefficient of the control group, rHTN correlation coefficient of the hypertension group, RR R–R 
intervals, TP total power, LF low frequency, HF high frequency, LF/HF LF to HF ratio, LF% normalized LF, AW 
wakefulness, nREM nonrapid eye movement sleep.
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Hypertension significantly affected BP, BrrA, and BrrHF during both wakefulness and nREM (Table 3), BrrLF 
during wakefulness, and BrrD during nREM, with all values being lower in the hypertension group than in the 
control group (Table 3).

Discussion
Our findings revealed that the age-dependent decreases in cardiac parasympathetic measures and BRS were 
less prominent in patients with hypertension than in individuals without hypertension, probably because of an 
early decrease in baroreflex at a young age. Patients with hypertension had higher cardiac sympathetic activity 
during nREM, with a more remarkable early decrease in BRS, than did individuals without hypertension. These 
findings suggest that autonomic disturbance, particularly impaired baroreflex, plays a major role in younger 
patients with hypertension and also indicate that nREM is an essential yet often overlooked time window for 
gaining insights into this mechanism.

Autonomic functioning in hypertension
Excessive sympathetic nervous system activity and reduced parasympathetic activity, in addition to decreased 
BRS, have been associated with hypertension. Consistent with our findings, a study demonstrated that patients 
with essential hypertension who were aged approximately 50 years exhibited mean HR and LF power during 
rest that were similar to those of age-matched individuals without  hypertension32. In patients with essential 
hypertension, heart rate control by baroreceptors is  reduced33. Furthermore, the occurrence of spontaneous 
periodic breathing is associated with increased sympathetic responsiveness and reduced resting cardiac  BRS34. 
However, we did not observe any significant difference in vascular sympathetic activity between patients with 
hypertension and those without hypertension, likely because of the use of different measurement techniques. 
Nonetheless, our study revealed a prominent difference in BRS index variations between patients with hyperten-
sion and individuals without hypertension.

Aging and autonomic functioning in patients with hypertension
The sympathetic and parasympathetic branches of cardiac ANS exert the effects in the human myocardium 
through activation of specific G protein-coupled receptors, namely the adrenergic and muscarinic cholinergic 
receptors,  respectively35. Dysregulations in the cardiac ANS are linked to cardiovascular diseases and  aging35,36. 
The general effects of aging on the ANS are mediated through a reduction of cardiovagal BRS, the maintenance or 
an increase of sympathetic activity, and aberrant β-adrenergic  signaling33,36. In individuals without hypertension, 
a twofold increase was noted in the LF/HF ratio with increasing  age37,38. Our findings pertaining to individuals 
without hypertension are consistent with those of other  studies8,9. By contrast, in patients with hypertension, no 
variation is observed in the LF/HF  ratio37,38 or BP  variability39 with increasing age, probably because the HRV 
characteristics of younger patients with hypertension are similar to those of older patients with  hypertension37. 
Because of the limited sample size of our study, the reduction in parasympathetic activity in younger patients 
with hypertension did not reach statistical significance. Our results revealed that the sympathovagal imbalance 

Table 3.  Results of two-way ANOVA test for the effects of hypertension and age on the arterial pressure 
variability parameters in young, middle-aged, and older participants. a—individuals aged 30–39 years; b—
individuals aged 40–59 years; c—individuals aged 60–79 years.

Parameters Source of variance

Wakefulness nREM

F p Post hoc F p Post hoc

BP

Hypertension 70.414  < 0.001 Hypertension > control 44.639  < 0.001 Hypertension > control

Age 4.464 0.015 1.902 0.158

Hypertension × age 0.248 0.781 1.574 0.215

BLF

Hypertension 0.620 0.434 1.813 0.183

Age 3.606 0.033 a > c 0.854 0.431

Hypertension × age 0.379 0.686 2.515 0.089

BrrLF

Hypertension 4.524 0.037 Control > hypertension 0.014 0.907

Age 1.238 0.296 6.680 0.002 a > c; b > c

Hypertension × age 2.035 0.139 0.267 0.766

BrrHF

Hypertension 11.949 0.001 Control > hypertension 17.338  < 0.001 Control > hypertension

Age 1.752 0.181 10.513  < 0.001 a > b; a > c; b > c

Hypertension × age 2.558 0.085 2.514 0.089

BrrA

Hypertension 7.364 0.009 Control > hypertension 8.510 0.005 Control > hypertension

Age 6.446 0.003 a > c; b > c 10.960  < 0.001 a > b; a > c; b > c

Hypertension × age 1.447 0.243 3.814 0.028

BrrD

Hypertension 3.798 0.056 4.325 0.042 Control > hypertension

Age 8.492 0.001 a > c; b > c 7.812 0.001 a > b; a > c; b > c

Hypertension × age 0.485 0.618 2.006 0.143
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in hypertension was the most prominent in younger patients. In middle-aged and older patients with hyperten-
sion, sympathovagal imbalance did not aggravate with increasing age. Therefore, the mechanisms underlying 
hypertension may vary across different age groups with hypertension.

Pathologic mechanisms of hypertension in different age groups
Pathophysiology of essential hypertension may differ between older and young  patients40. During the initial 
phases of essential hypertension, an increase in observed in sympathetic  drive41. The overflow of norepineph-
rine to the heart and kidney is increased in patients with essential  hypertension42, particularly in patients 
aged < 40  years43. In younger patients, heightened renal sympathetic nerve activity correlates with elevated levels 
of renal renin secretion and arterial plasma renin activity, whereas in older patients, the increase in sympathetic 
nerve activity and norepinephrine release may  vary44. In an animal study, severe, self-sustaining salt hyperten-
sion in young Dahl rats was associated with enhanced sympathetic nervous system activity, reduced nitric oxide 
levels, weakened baroreflex response, and increased residual BP, all indicating extensive remodeling of resistance 
blood vessels; these findings differed from those observed in adult Dahl  rats45.

As age advances, the reduced vagal output leads to a pro-inflammatory state associated with endothelial 
 dysfunction46. Moreover, there is a decline in baroreceptor function, reflex efficiency, and renal excretory capac-
ity, potentially significantly promoting the development of  hypertension47,48. However, age-related alterations 
in sympathetic nervous system and parasympathetic nervous system don’t progress linearly, indicating complex 
interrelationships among  factors44. Therefore, both aging and autonomic imbalance contribute to the pathogen-
esis of hypertension in older individuals, with autonomic imbalance playing a more significant role in younger 
patients with  hypertension47,49.

Figure 3.  Effects of age and hypertension on arterial pressure variability/BRS parameters in young, middle-
aged, and older men. Each bar in the graph represents the average values of the parameters within the respective 
age range for each group (HTN vs. CON). ln natural logarithm, BP blood pressure, BLF LF of arterial pressure 
variability, BrrLF/BrrHF magnitude of mean arterial pressure—R–R interval transfer function, BrrA/BrrD slope 
of mean arterial pressure—R–R interval linear regression, AW wakefulness, nREM nonrapid eye movement 
sleep, CON control group, HTN hypertension group. Data are presented in terms of the mean ± SEM values. 
(A) p < 0.05 main effect of age, vs. 30–39; (B) p < 0.05 main effect of age, vs. 40–59. a p < 0.05 vs. 30–39, least-
significant difference post hoc test. *p < 0.05 vs. control of the same age group, independent-samples t test.



8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22623  | https://doi.org/10.1038/s41598-023-49649-2

www.nature.com/scientificreports/

Importance of sleep
The ANS exhibits substantial dynamic variations across sleep–wake cycles. Under physiological condition, 
sympathetic activity, BP, and HR are lower and parasympathetic activity is higher during nREM than during 
 wakefulness50. Spontaneous hypertensive rats had lower HF during wakefulness than do normotensive rats; 
however, the LF/HF ratio and LF% were similar between the rat groups. During paradoxical sleep, spontane-
ously hypertensive rats had significantly lower RR, higher LF/HF ratio, higher LF%, and lower HF than did 
Wistar–Kyoto  rats15,23. However, most studies involving patients with hypertension assessed autonomic func-
tion only during wakefulness. A study in which 24-h data were assessed revealed considerable differences in 
HRV parameters patients with hypertension and individuals with hypertension during nighttime: LF was lower 
and HF was higher in individuals without hypertension, whereas the LF/HF ratio was higher in patients with 
 hypertension51. However, the aforementioned study was confined to individuals aged approximately 40 years; 
moreover, it did not truly differentiate between wake and sleep states. Sleep is a state with fewer external distur-
bances, which allows for a precise assessment of the cardiovascular state. In our study, during the nREM stage, 
where a physiological decrease in sympathetic activity is expected, we noted a significant increase in LF% among 
patients with hypertension.

Limitations
Our study has some limitations. Notwithstanding its appeal, our method possesses notable constraints, par-
ticularly when used for the quantitative and specific assessment of cardiac sympathetic activity versus parasym-
pathetic activity. Moreover, its focus is limited to heart rate regulation by the sympathetic system, precluding 
a broader understanding. Similar reservations apply to the power spectral analysis of arterial pressure as an 
indicator of generalized sympathetic activity. Because of the significant regional differences in the characteristics, 
control, and function of the sympathetic nervous system as well as the existence of multiple levels of this nervous 
system, no single method is adequate for the overall assessment of sympathetic nerve activity or tone. In essence, 
our assessment of the ANS remains incomplete. Subsequent investigations could encompass a broader array, 
incorporating assessments such as sympathetic nerve activity, tilt table testing, Valsalva maneuver, serum catecho-
lamine levels, time-domain analysis of HRV, and sympathetic skin response, among others. Moreover, although 
we divided the participants into three age groups, the actual onset time of hypertension might have varied 

Figure 4.  Two-dimensional scatter plots depicting the correlations between arterial pressure variability/BRS 
parameters and age. *p < 0.05. rCON correlation coefficient of the control group, rHTN correlation coefficient of 
the hypertension group, ln natural logarithm, BP blood pressure, BLF LF of arterial pressure variability, BrrLF/
BrrHF magnitude of mean arterial pressure—R–R interval transfer function, BrrA/BrrD slope of mean arterial 
pressure—R–R interval linear regression, AW wakefulness, nREM nonrapid eye movement sleep.
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considerably within each age group. These limitations should be considered when interpreting the pathological 
mechanisms. Future studies should comprehensively explore this topic in an integrated manner. Additionally, 
our research specifically focused on men of a single ethnicity, so one should exercise caution when generalizing 
our findings to populations beyond the scope of our study. Finally, we could not eliminate the potential influence 
of medications targeting autonomic cardiac function, such as antihypertensive drugs.

Conclusions
Monitoring the ANS function during wakefulness and nREM in patients with essential hypertension improves 
our understanding of the patient population-specific dynamic changes in nerve activity during these stages, 
which may advance cardiovascular research. Assessing the ANS dynamics, particularly during nREM, can help 
elucidate the inherent influences on hypertension. The etiology of essential hypertension is multifactorial. This 
study highlights the significance of neural factors, particularly those involved in cardiovascular neural regulation 
during sleep, as key factors in essential hypertension. This phenomenon is apparent even in younger patients. 
The present study provides insights into the essential hypertension-related alterations in autonomic neural 
control. Our findings may guide the selection of appropriate medications and timely management of essential 
hypertension in younger patients.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 25 October 2023; Accepted: 11 December 2023

References
 1. Raj, M. Essential hypertension in adolescents and children: Recent advances in causative mechanisms. Indian J. Endocrinol. Metab. 

15(Suppl 4), S367–S373. https:// doi. org/ 10. 4103/ 2230- 8210. 86981 (2011).
 2. Mancia, G. & Grassi, G. The autonomic nervous system and hypertension. Circ. Res. 114, 1804–1814. https:// doi. org/ 10. 1161/ circr 

esaha. 114. 302524 (2014).
 3. Harrison, D. G., Coffman, T. M. & Wilcox, C. S. Pathophysiology of hypertension: The mosaic theory and beyond. Circ. Res. 128, 

847–863 (2021).
 4. Oparil, S. The sympathetic nervous system in clinical and experimental hypertension. Kidney Int. 30, 437–452 (1986).
 5. Zhao, M. et al. Vagal nerve modulation: A promising new therapeutic approach for cardiovascular diseases. Clin. Exp. Pharmacol. 

Physiol. 39, 701–705. https:// doi. org/ 10. 1111/j. 1440- 1681. 2011. 05644.x (2012).
 6. Staessen, J. A., Wang, J., Bianchi, G. & Birkenhäger, W. H. Essential hypertension. The Lancet 361, 1629–1641 (2003).
 7. Miller, A. J. & Arnold, A. C. The renin–angiotensin system and cardiovascular autonomic control in aging. Peptides 150, 170733. 

https:// doi. org/ 10. 1016/j. pepti des. 2021. 170733 (2022).
 8. Kuo, T. B. J., Li, J. Y., Kuo, H. K., Chern, C. M. & Yang, C. C. H. Differential changes and interactions of autonomic functioning 

and sleep architecture before and after 50 years of age. Age 38, 5. https:// doi. org/ 10. 1007/ s11357- 015- 9863-0 (2016).
 9. Yeh, C.-H. et al. Effects of age and sex on vasomotor activity and baroreflex sensitivity during the sleep–wake cycle. Sci. Rep. 12, 

22424 (2022).
 10. Kitazumi, T., Sadakane, N., Shimada, K. & Ozawa, T. Effects of age and hypertension on autonomic nervous regulation of circula-

tory system. Nihon Ronen Igakkai Zasshi 22, 1–12. https:// doi. org/ 10. 3143/ geria trics. 22.1 (1985).
 11. Karas, M. et al. Attenuation of autonomic nervous system functions in hypertensive patients at rest and during orthostatic stimula-

tion. J. Clin. Hypertens. 10, 97–104. https:// doi. org/ 10. 1111/j. 1751- 7176. 2008. 07324.x (2008).
 12. Venkataraman, S., Vungarala, S., Covassin, N. & Somers, V. K. Sleep apnea, hypertension and the sympathetic nervous system in 

the adult population. J. Clin. Med. 9, 591. https:// doi. org/ 10. 3390/ jcm90 20591 (2020).
 13. Seravalle, G., Mancia, G. & Grassi, G. Sympathetic nervous system, sleep, and hypertension. Curr. Hypertens. Rep. 20, 74. https:// 

doi. org/ 10. 1007/ s11906- 018- 0874-y (2018).
 14. Legramante, J. M. & Galante, A. Sleep and hypertension: A challenge for the autonomic regulation of the cardiovascular system. 

Circulation 112, 786–788. https:// doi. org/ 10. 1161/ circu latio naha. 105. 555714 (2005).
 15. Kuo, T. B. J. & Yang, C. C. H. Sleep-related changes in cardiovascular neural regulation in spontaneously hypertensive rats. Circula-

tion 112, 849–854. https:// doi. org/ 10. 1161/ circu latio naha. 104. 503920 (2005).
 16. Kuo, T. B., Lai, C. J., Shaw, F. Z., Lai, C. W. & Yang, C. C. Sleep-related sympathovagal imbalance in SHR. Am. J. Physiol. 286, 

H1170–H1176. https:// doi. org/ 10. 1152/ ajphe art. 00418. 2003 (2004).
 17. Pagani, M. & Lucini, D. Autonomic dysregulation in essential hypertension: Insight from heart rate and arterial pressure variability. 

Autonom. Neurosci. 90, 76–82. https:// doi. org/ 10. 1016/ s1566- 0702(01) 00270-3 (2001).
 18. Pagani, M. & Malliani, A. Interpreting oscillations of muscle sympathetic nerve activity and heart rate variability. J. Hypertens. 18, 

1709–1719 (2000).
 19. Chobanian, A. V. et al. Seventh report of the joint national committee on prevention, detection, evaluation, and treatment of high 

blood pressure. Hypertension 42, 1206–1252 (2003).
 20. Hart, E. C. et al. Age-related differences in the sympathetic-hemodynamic balance in men. Hypertension 54, 127–133 (2009).
 21. Iber, C. The AASM manual for the scoring of sleep and associated events: Rules. Terminology and Technical Specification (2007).
 22. Li, J. Y., Chen, C. W., Liu, T. H., Kuo, T. B. & Yang, C. C. Exercise prevents hypertension and disrupts the correlation between 

vascular sympathetic activity and age-related increase in blood pressure in SHRs. Am. J. Hypertens. 32, 1091–1100. https:// doi. 
org/ 10. 1093/ ajh/ hpz115 (2019).

 23. Kuo, T. B. J., Lai, C. J., Shaw, F. Z., Lai, C. W. & Yang, C. C. H. Sleep-related sympathovagal imbalance in SHR. Am. J. Physiol. 286, 
H1170–H1176. https:// doi. org/ 10. 1152/ ajphe art. 00418. 2003 (2004).

 24. Kuo, T. B. J. & Chan, S. H. Continuous, on-line, real-time spectral analysis of systemic arterial pressure signals. Am. J. Physiol. 264, 
H2208–H2213. https:// doi. org/ 10. 1152/ ajphe art. 1993. 264.6. H2208 (1993).

 25. Kuo, T. B. J. et al. Diminished vasomotor component of systemic arterial pressure signals and baroreflex in brain death. Am. J. 
Physiol. 273, H1291–H1298. https:// doi. org/ 10. 1152/ ajphe art. 1997. 273.3. H1291 (1997).

 26. Kuo, T. B. J. et al. Effect of aging on gender differences in neural control of heart rate. Am. J. Physiol. 277, H2233–H2239. https:// 
doi. org/ 10. 1152/ ajphe art. 1999. 277.6. H2233 (1999).

 27. Yang, C. C. H., Kuo, T. B. J. & Chan, S. H. Auto- and cross-spectral analysis of cardiovascular fluctuations during pentobarbital 
anesthesia in the rat. Am. J. Physiol. 270, H575–H582. https:// doi. org/ 10. 1152/ ajphe art. 1996. 270.2. H575 (1996).

https://doi.org/10.4103/2230-8210.86981
https://doi.org/10.1161/circresaha.114.302524
https://doi.org/10.1161/circresaha.114.302524
https://doi.org/10.1111/j.1440-1681.2011.05644.x
https://doi.org/10.1016/j.peptides.2021.170733
https://doi.org/10.1007/s11357-015-9863-0
https://doi.org/10.3143/geriatrics.22.1
https://doi.org/10.1111/j.1751-7176.2008.07324.x
https://doi.org/10.3390/jcm9020591
https://doi.org/10.1007/s11906-018-0874-y
https://doi.org/10.1007/s11906-018-0874-y
https://doi.org/10.1161/circulationaha.105.555714
https://doi.org/10.1161/circulationaha.104.503920
https://doi.org/10.1152/ajpheart.00418.2003
https://doi.org/10.1016/s1566-0702(01)00270-3
https://doi.org/10.1093/ajh/hpz115
https://doi.org/10.1093/ajh/hpz115
https://doi.org/10.1152/ajpheart.00418.2003
https://doi.org/10.1152/ajpheart.1993.264.6.H2208
https://doi.org/10.1152/ajpheart.1997.273.3.H1291
https://doi.org/10.1152/ajpheart.1999.277.6.H2233
https://doi.org/10.1152/ajpheart.1999.277.6.H2233
https://doi.org/10.1152/ajpheart.1996.270.2.H575


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22623  | https://doi.org/10.1038/s41598-023-49649-2

www.nature.com/scientificreports/

 28. Rechtschaffen, A. A manual of standardized terminology, techniques and scoring system for sleep stages of human subjects. 睡眠
脳波アトラス標準用語 手技 判定法 1–55 (1968).

 29. Hori, T. et al. Proposed supplements and amendments to “A manual of standardized terminology, techniques and scoring system 
for sleep stages of human subjects”, the Rechtschaffen & Kales (1968) standard. Psychiatry Clin. Neurosci. 55, 305–310. https:// doi. 
org/ 10. 1046/j. 1440- 1819. 2001. 00810.x (2001).

 30. Yang, C. C. H., Lai, C. W., Lai, H. Y. & Kuo, T. B. J. Relationship between electroencephalogram slow-wave magnitude and heart 
rate variability during sleep in humans. Neurosci. Lett. 329, 213–216. https:// doi. org/ 10. 1016/ s0304- 3940(02) 00661-4 (2002).

 31. Lenhard, W. & Lenhard, A. Hypothesis tests for comparing correlations (2014).
 32. Prakash, E. S., Sethuraman, K. R. & Narayan, S. K. Cardiovascular autonomic regulation in subjects with normal blood pressure, 

high-normal blood pressure and recent-onset hypertension. Clin. Exp. Pharmacol. Physiol. 32, 488–494. https:// doi. org/ 10. 1111/j. 
1440- 1681. 2005. 04218.x (2005).

 33. Drenjancevic, I., Grizelj, I., Harsanji-Drenjancevic, I., Cavka, A. & Selthofer-Relatic, K. The interplay between sympathetic over-
activity, hypertension and heart rate variability (review, invited). Acta Physiol. Hung. 101, 129–142. https:// doi. org/ 10. 1556/ APhys 
iol. 101. 2014.2.1 (2014).

 34. Binggeli, C. et al. Spontanous periodic breathing is associated with sympathetic hyperreactivity and baroreceptor dysfunction in 
hypertension. J. Hypertens. 28, 985–992 (2010).

 35. Lymperopoulos, A., Cora, N., Maning, J., Brill, A. R. & Sizova, A. Signaling and function of cardiac autonomic nervous system 
receptors: Insights from the GPCR signalling universe. FEBS J. 288, 2645–2659. https:// doi. org/ 10. 1111/ febs. 15771 (2021).

 36. de Lucia, C., Eguchi, A. & Koch, W. J. New insights in cardiac β-adrenergic signaling during heart failure and aging. Front. Phar-
macol. 9, 904. https:// doi. org/ 10. 3389/ fphar. 2018. 00904 (2018).

 37. Milic, M. et al. A comparison of pharmacologic and spontaneous baroreflex methods in aging and hypertension. J. Hypertens. 27, 
1243 (2009).

 38. Sevre, K. et al. Autonomic function in hypertensive and normotensive subjects: The importance of gender. Hypertension 37, 
1351–1356 (2001).

 39. Brennan, M., O’Brien, E. & O’Malley, K. The effect of age on blood pressure and heart rate variability in hypertension. J. Hypertens. 
Suppl. 4, S269–S272 (1986).

 40. Cruickshank, J. M. The role of beta-blockers in the treatment of hypertension. Adv. Exp. Med. Biol. 956, 149–166. https:// doi. org/ 
10. 1007/ 5584_ 2016_ 36 (2017).

 41. Carthy, E. R. Autonomic dysfunction in essential hypertension: A systematic review. Ann. Med. Surg. (Lond.) 3, 2–7. https:// doi. 
org/ 10. 1016/j. amsu. 2013. 11. 002 (2014).

 42. Esler, M., Lambert, G. & Jennings, G. Regional norepinephrine turnover in human hypertension. Clin. Exp. Hypertens. A Theory 
Pract. 11, 75–89 (1989).

 43. Hering, D., Trzebski, A. & Narkiewicz, K. Recent advances in the pathophysiology of arterial hypertension: Potential implications 
for clinical practice. Pol. Arch. Intern. Med. 127, 195–204. https:// doi. org/ 10. 20452/ pamw. 3971 (2017).

 44. Giunta, S., Xia, S., Pelliccioni, G. & Olivieri, F. Autonomic nervous system imbalance during aging contributes to impair endog-
enous anti-inflammaging strategies. GeroScience. https:// doi. org/ 10. 1007/ s11357- 023- 00947-7 (2023).

 45. Zicha, J. et al. Age-dependent salt hypertension in Dahl rats: Fifty years of research. Physiol. Res. 61, S35 (2012).
 46. Bruno, R. M., Masi, S., Taddei, M., Taddei, S. & Virdis, A. Essential hypertension and functional microvascular ageing. High Blood 

Press. Cardiovasc. Prev. 25, 35–40. https:// doi. org/ 10. 1007/ s40292- 017- 0245-9 (2018).
 47. Jiang, Y. et al. The role of age-associated autonomic dysfunction in inflammation and endothelial dysfunction. Geroscience 44, 

2655–2670. https:// doi. org/ 10. 1007/ s11357- 022- 00616-1 (2022).
 48. Folkow, B. The pathophysiology of hypertension: Differences between young and elderly patients. Drugs 46, 3–7 (1993).
 49. Liu, L., Zhao, M., Yu, X. & Zang, W. Pharmacological modulation of vagal nerve activity in cardiovascular diseases. Neurosci. Bull. 

35, 156–166 (2019).
 50. Somers, V. K., Dyken, M. E., Mark, A. L. & Abboud, F. M. Sympathetic-nerve activity during sleep in normal subjects. N. Engl. J. 

Med. 328, 303–307. https:// doi. org/ 10. 1056/ NEJM1 99302 04328 0502 (1993).
 51. Doğru, M. T., Şimşek, V., Şahin, Ö. & Özer, N. Differences in autonomic activity in individuals with optimal, normal, and high-

normal blood pressure levels (2010).

Acknowledgements
This manuscript was edited by Wallace Academic Editing.

Author contributions
C.H.Y., C.Y.C., and C.C.H.Y. contributed to the study conceptualization and design; T.B.J.K. and Y.E.K. con-
tributed to the recording equipment and analytical tools; C.H.Y. and Y.E.K. performed experiments; C.H.Y. 
analyzed data; C.H.Y., C.Y.C., and C.C.H.Y. interpreted results of the experiments; C.H.Y. drafted manuscript; 
C.H.Y., C.Y.C., H.M.C., C.M.C., C.W.C. and C.C.H.Y. edited and revised manuscript. H.Y.H. contributed in 
statistical revision. C.M.C. and K.L.K. contributed in the study investigation. All authors read and approved the 
final version of manuscript.

Funding
This study was supported by Grants (11201-62-044) from the Taipei City Hospital; a Grant (112W32101) from 
Brain Research Center, National Yang Ming Chiao Tung University; and a Grant (MOST 110-2629-B-A49A-501) 
from the National Science and Technology Council, Taiwan.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 49649-2.

Correspondence and requests for materials should be addressed to C.-M.C. or C.C.H.Y.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1046/j.1440-1819.2001.00810.x
https://doi.org/10.1046/j.1440-1819.2001.00810.x
https://doi.org/10.1016/s0304-3940(02)00661-4
https://doi.org/10.1111/j.1440-1681.2005.04218.x
https://doi.org/10.1111/j.1440-1681.2005.04218.x
https://doi.org/10.1556/APhysiol.101.2014.2.1
https://doi.org/10.1556/APhysiol.101.2014.2.1
https://doi.org/10.1111/febs.15771
https://doi.org/10.3389/fphar.2018.00904
https://doi.org/10.1007/5584_2016_36
https://doi.org/10.1007/5584_2016_36
https://doi.org/10.1016/j.amsu.2013.11.002
https://doi.org/10.1016/j.amsu.2013.11.002
https://doi.org/10.20452/pamw.3971
https://doi.org/10.1007/s11357-023-00947-7
https://doi.org/10.1007/s40292-017-0245-9
https://doi.org/10.1007/s11357-022-00616-1
https://doi.org/10.1056/NEJM199302043280502
https://doi.org/10.1038/s41598-023-49649-2
https://doi.org/10.1038/s41598-023-49649-2
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22623  | https://doi.org/10.1038/s41598-023-49649-2

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Role of the autonomic nervous system in young, middle-aged, and older individuals with essential hypertension and sleep-related changes in neurocardiac regulation
	Methods
	Participants
	Experimental procedure and data recording
	Signal processing and data analysis
	Statistical analysis
	Ethics approval and consent to participate

	Results
	Cohort characteristics
	Effects of age and hypertension on cardiac autonomic measures during sleep and wakefulness
	Effects of age and hypertension on vascular autonomic measures during sleep and wakefulness

	Discussion
	Autonomic functioning in hypertension
	Aging and autonomic functioning in patients with hypertension
	Pathologic mechanisms of hypertension in different age groups
	Importance of sleep
	Limitations

	Conclusions
	References
	Acknowledgements


