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Age and sex affect circadian
patterns of cardiac autonomic
function

Natalia Buitrago-Ricaurte™1*“, Alain Riveros-Rivera? & Andre J. Riveros®3*

The cardiovascular system exhibits circadian rhythmicity, responding to central and peripheral clocks.
Sexval dimorphism and aging independently influence circadian rhythms and cardiac electrical activity,
which the autonomic nervous system regulates. However, the extent to which sex and aging affect
autonomic dynamics remains unclear. This study investigates their role in circadian cardiac autonomic
activity in healthy subjects. Data from 51 males and 51 females with 24-hour Holter recordings were
analyzed. Circadian patterns of Heart Rate Variability parameters, indicators of autonomic function,
were assessed using fast Fourier transformation with 5-minute Blackman-Harris windows on artifact-
free recordings. Fractal, multifractal, visual, and information methods were applied to evaluate
parasympathetic and sympathetic influences. We calculated the means and standard deviation for all
numeric variables. We found temporal fluctuations across the time domain and frequency parameters.
Six of the eight nonlinear HRV parameters significantly fluctuated. Among the 17 fluctuating
parameters analyzed, nine circadian indicators (MESOR, amplitude, and acrophase) showed significant
differences between sexes, with women exhibiting higher vagal oscillatory activity. Aging diminished
fluctuations across all parameters and was associated with chronodisruption of cardiac autonomic
markers. These findings highlight neurohumoral differences as key modulators of cardiac autonomic
dynamics. The interaction effect of sex and age impacts the circadian rhythmicity of cardiac electric
activity, as reflected by the HRV analysis. Our results have implications for personalized diagnostics,
treatment timing, risk prediction, and biomarkers, highlighting the need for age-and sex-specific
approaches in precision medicine and chronomedicine.
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The physiological processes of the cardiovascular system exhibit circadian rhythmicity in response to interactions
between central and peripheral clocks. Central clocks operate through transcription-translation feedback loops
that modulate the cortisol secretion, the activities of the autonomic nervous system and the renin-angiotensin-
aldosterone axis'. Peripheral clocks occur in most cardiac cell lines, such as cardiomyocytes, endothelial cells,
fibroblasts, and smooth muscle cells, and regulate transcription-translation loop expression of approximately 10
to 30% of genes in cardiomyocytes?. Together, the activity of these molecular clocks is ultimately evident at the
systemic level, in the 24-hour rhythmic changes that occur in blood pressure, heart rate, cardiac contraction,
and metabolic functions>*. Importantly, such circadian rhythmicity ensures the maintenance of cardiovascular
homeostasis, with deviations being associated with pathological processes®.

Within the proxies of cardiac electrical activity, auricular and ventricular depolarization exhibit a robust
circadian pattern®. Studies in animal models suggest that the temporal expression of cardiac clock genes
underlies these circadian oscillations, which in turn are related to the cyclic expression of ionic channel
proteins’. For instance, the oscillatory expression of HCN4 mRNA mediated by CRY and PER (both involved
in the determination of rhythmicity in physiological patterns) in the sinus node coincides with increases in
heart rate®. This gene expression, in turn, is modulated by multiple neurohumoral factors and the influence of
the central clock activity, leading to the rhythmic expression of cardiac ion channels throughout the day and
resulting in variations in heart rate®®. Hence, cardiac electrical activity during the circadian cycle is the product
of the interaction of interoceptive and exteroceptive processes that regulate cardiac and central oscillators!®.
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The circadian oscillations in cardiac electrical activity are closely mirrored by Heart Rate Variability (HRV),
a proxy derived from fluctuations in the time intervals between consecutive heartbeats!!. As a reflection of
autonomic activity dynamics, HRV enables inference of the predominance of the sympathetic or parasympathetic
subsystems in diverse energetic contexts. For example, parasympathetic-related indices (RMSSD, pNN50, and
HF) increase early in the morning and then decrease throughout the day'2. In contrast, indices of total autonomic
activity, such as LF/HF and SD2/SD1, increase during the day and decrease throughout the night!2. Thus, HRV is
a noninvasive valuable strategy for assessing autonomic balance in both healthy and diseased contexts.

Importantly, sexual dimorphism and age are independently associated with variations in circadian rhythms,
thus becoming critical for a complete understanding of distinct patterns in cardiovascular function. On the one
hand, sex effects on rhythmicity may contribute to variations in cardiac electrical activity and susceptibility to
specific pathological conditions'®. For example, entrainment in females and males differs in terms of melatonin,
temperature, and heart rate', likely due to particularities of the sleep-wake cycle between sexes'>. Additionally,
circadian-related genes are modulated by estrogen and testosterone, resulting in differential protein expression
in females and males!®!”. Thus, sexual circadian dimorphism is an important issue and recognizing these
differences may help tailor medical treatments and promote personalized healthcare strategies'®.

On the other hand, aging significantly affects the molecular, cellular, and functional circadian mechanisms
of the heart. Functionality decreases with age, including lower contractility, ventricular relaxation capacity, and
maximum heart rate'’. In older subjects, heart rate exhibits reduced variability, increased regularity, decreased
complexity, and diminished vagal influence during 24-hour cycle fluctuations?’. Senescence alters autonomic
function through mechanisms related to reduced intracellular calcium transport, decreased adrenergic
responsiveness, and differential expression of clock-related genes in the heart?!. These senescence-related
changes underscore the intricate interplay between circadian biology and cardiac function, highlighting the
importance of understanding these mechanisms to address the age-associated cardiovascular risk phenotype.

As described above, age and sex impact the dynamics of cardiac electrical activity, which is regulated
primarily by the autonomic nervous system. These dynamics, led by changes in sympathetic and parasympathetic
predominance, are further influenced by circadian oscillations. However, the interaction between these factors,
namely, whether and how the variation in autonomic dynamics is influenced by sex and aging, remains
unclear. This is critical as these interactions significantly impact the clinical presentation, development, and
prognosis. Hence, as a first step, we aimed to test whether age and sex are associated with variations in circadian
cardiac autonomic activity in healthy subjects. We rely on time- and frequency-domain parameters to evaluate
autonomic balance, and nonlinear indices to characterize system complexity, adaptability, and self-regulatory
capacity, offering complementary insights into autonomic and circadian regulation.

Methods

Subjects and data collection

We conducted a retrospective study that relied on data from 102 individuals (51 males, 51 females) obtained
from the Telemetric and Holter ECG Warehouse database from the University of Rochester Medical Center?.
Following established guidelines, we estimated the sample size via G*Power software, with a statistical power
of 0.95 and an alpha error probability of 0.05%. The database originally included subjects complying with the
following inclusion criteria (see also Ref Thew Database):

1. No overt cardiovascular disease or history of cardiovascular disorders (including stroke, TIA, peripherical
vascular disease).

No history of high blood pressure (>150/90).

No medication.

No chronic illness (e.g., diabetes, asthma, chronic obstructive pulmonary disease, etc.).

The subject was not enrolled if s/he was evaluated by a physician for the cardiovascular-related syndrome
(chest pain, palpitation, syncope) but was otherwise diagnosed as being healthy.

No abnormal physical examination.

Sinus rhythm in 12-lead ECG without any suspicious abnormalities (e.g., signs of ventricular hypertrophy,
inverted T-wave, intraventricular conduction disturbances).

8. Normal echo and normal ECG exercise testing in presence of suspicious ECG changes.

9. No pregnancy.

A
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The recordings were originally acquired using the SpaceLab-Burdick digital Holter recorder (SpaceLab-
Burdick, Inc., Deerfield, WI). Before starting the ambulatory recording under routine daily living conditions,
the researchers allowed the subjects a supine resting period of 20 min. Then, 24-hour ambulatory monitoring
of electrocardiogram activity was conducted by using three leads with a pseudoorthogonal configuration (X,
Y and Z)*»%. The sampling frequency was 200 Hz, and the amplitude resolution was 10 uV. The recordings
were visually supervised and purified manually for artifacts by a specialized technician using Vision Premier
(SpaceLab-Burdick, Inc., Deerfield, WI).

Once we acquired this database, we selected subjects on the basis of the following additional criteria: data
recordings of at least 24 h and data quality according to the noise detection score determined by the software
Kubios (see below; v.4.2.0, Kubios, OY). We subsequently, conducted a retrospective observational study
including 102 subjects (Fig. 1). We determined the analysis groups: “males”, “females”; we further classified
individuals as “young” or “old” on the basis of the mean menopausal age of our population =50 years. We also
included the following variables for further analysis: Body Mass Index (BMI), smoking status, and systolic and
diastolic blood pressure.
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Fig. 1. Flowchart diagram for the selection of subjects.

Analysis of heart rate variability

Preprocessing

We used the preprocessing tools available from Kubios HRV Scientific. Specifically, according to HRV standards,
we identified RR intervals and selected free-artifact windows for five minutes per hour?® and then used
tools for noise detection, beat correction, and sample selection; thus, we aimed to identify arrhythmias and
correct misidentifications and artifacts’’. We excluded 15 recordings due to strong threshold beat correction
(excluding > 5% of total beats). Three analyzed recordings required beat correction with heartbeats corrected
within 1% and 3%. We first assessed the stationarity of the RR interval signals by identifying and removing
artifacts via noise detection and threshold-based beat correction algorithms at Kubios HRV Scientific. We
subsequently, applied the smoothness prior detrending method to eliminate slow nonstationary trends. Only
segments classified as stationary on the basis of this processing and guided by the respiratory rate estimation
(RESP) feature were retained for further analysis.

Scientific Reports|  (2025) 15:33677 | https://doi.org/10.1038/s41598-025-18525-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Analysis in the time domain

We identified each QRS complex and selected the RR intervals between two normal complexes (hereafter NN
intervals) based on a cubic spline interpolation filter with a maximal correction factor of 20% using Kubios HRV
Scientific and based on the Task Force standards?®. We obtained four indices in the time-domain: (i) standard
deviation of all NN intervals (SDNN), (ii) Standard deviation of the average NN intervals (SDANN), (iii) Root
Mean Square of the difference between successive NN intervals (RMSS), and (iv) The proportion of adjacent
normal NN intervals differing by more than 50 ms (pNN50).

Analysis in the frequency domain

We conducted a fast Fourier transformation using 5 min Blackman-Harris windows for the preprocessed artifact-
free recordings (number of segments per hour: 12, points per frequency domain: 300 points/Hz, interpolation
rate: 4 Hz). We obtained the power densities by integrating the power spectral density in each frequency band:
high frequency (HF: 0.15-0.5 Hz), low frequency (LF: 0.04-0.15 Hz), and very low frequency (VLEF: 0.0033-
0.04 Hz)?®. We also calculated the LF/HF index and expressed it in a normalized power spectrum.

Analysis of nonlinear parameters

To explore the complex dynamics of autonomic regulation, we analyzed fractal and multifractal (Detrended
Fluctuation Analysis-Alfl, Alf2,CorrDim), geometric (Poincare plot-SD1, SD2), entropy-based (Approximate
Entropy, Sample Entropy, Shannon Entropy) and recurrence measures (REC-DET)?%°.

Autonomic indices

We analyzed three parameters derived from HRV metrics that reflect the predominance of the parasympathetic
and sympathetic branches of the autonomic nervous system, following the methodology outlined in the white
paper provided by Kubios HRV software’'. Each parameter was normalized via z-scores relative to a reference
population and reported accordingly’!. Significant autonomic activity was considered when values exceeded + 1
standard deviation from the normative range. The Parasympathetic Nervous System Index (PNSi) is computed
based on the mean RR interval, RMSSD, and Poincaré SD1 all of which are markers of parasympathetic activity.
The Sympathetic Nervous System Index (SNSi) integrates the mean heart rate (HR), the Baevsky’s Stress Index™?,
and the Poincaré plot index SD2 which are associated with sympathetic dominance. Finally, the Stress Index
(STi) is calculated as the square root of Baevsky’s Stress Index, providing a nonlinear measure of cardiovascular
stress.

Analysis of circadian rhythmicity

We analyzed whether Heart Rate Variability (HRV) parameters exhibited a circadian pattern over the 24-
hour recording period. We first evaluated the uniformity of the temporal distribution using cross-validation
between repeated measures ANOVA and the FFT-NNLS method®. Circadian oscillation and rhythmicity
were assessed by fitting a cosinor model to the hourly means of the HRV variables. The model is defined
as: Y(t)=M+A-cos(2n/T+¢), where M is the mesor (rhythm-adjusted mean), A is the amplitude, T is the
assumed period (24 h), and ¢ is the acrophase. The circadian parameters (MESOR, amplitude, and acrophase)
were estimated via the ‘card’ package in R*. When rhythmicity was detected and circadian parameters were
calculated, we further explored group differences (e.g., by sex or age group) in these parameters. If extant, we
further evaluated potential differences between groups (females, males, young, and old) in these variables.

Statistical analyses

We conducted descriptive statistical analyses to characterize the sample. Continuous variables are reported as
the means and standard deviations, whereas categorical variables (e.g., race and smoking status) are presented
as absolute frequencies. Group comparisons (Females vs. Males, Young vs. Old) were performed using Chi-
Squared tests for categorical variables and Student’s t-tests or Mann-Whitney U tests for continuous variables,
depending on the normality of distributions assessed via the Kolmogorov-Smirnov test.

We analyzed 19 HRV variables, including time-domain (n = 3), frequency-domain (n =4), nonlinear dynamics
(n=9), and autonomic indices (n=3). Circadian rhythmicity was first assessed through a uniformity test based
on cross-validation between repeated measures ANOVA and the FFT-NNLS method. Upon confirmation of
rhythmicity, Cosinor analysis was used to estimate key circadian parameters: MESOR (mean level), amplitude,
and acrophase ().

Group comparisons of Cosinor parameters were performed using appropriate parametric or nonparametric
tests. Post hoc corrections for multiple comparisons were applied using the Cliff method. Furthermore, we
performed multivariable logistic regression to estimate odds ratios and 95% confidence intervals, assessing the
influence of age, sex, and BMI on the presence of rhythmicity. To evaluate the interaction effects between age
and sex on circadian parameters, we used a three-way ANOVA. The sample size determination, as reported in
the subjects section, was calculated and guided by previous HRV circadian studies, ensuring sufficient statistical
power (>80%) to detect meaningful differences in MESOR and acrophase between groups (Supplementary
Figure S3).

All the statistical analyses were conducted using the card package in R Statistical Software (v4.1.2, R Core
Team 2021) and JMP" Pro software (v18, SAS Institute Inc., Cary, NC, USA). A two-tailed p-value<0.05 was
considered statistically significant.

Ethical considerations and approval
The participants provided informed consent following the specified criteria of the Telemetric and Holter ECG
Warehouse database at the University of Rochester Medical Center?. All data contained in the THEW were
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intended to be deidentified for the Health Insurance Portability and Accountability Act of 1996 (“HIPAA”) and
the regulations promulgated thereunder. All methods were performed according to the relevant guidelines and
regulations.

This study received approval from the Ethical Committee of the Instituto del Corazén de Bucaramanga, Sede
Bogotd, Colombia, under the Helsinki Declaration (protocol number 06, November 8, 2023).

Results

Subjects

We analyzed 51 males and 51 females without reported comorbidities and with continuous use of medications.
We only detected differences in the median BMI (males: median + IQR: 25.5+ 2.8, females: 24.1 +3.0; see Table 1
for results across all variables and Supplementary Figure S1 for histograms and descriptive statistics of age).

Heart rate variability
Assessment of oscillation and detection of rhythmicity
We found that in males, SamPEN and ShannE exhibited a uniform distribution of data (one-way repeated
measures ANOVA: SamPEN: F,, | = 1.76, p=0.185; ShannE: F,, = 0.02, p=0.886). Among females, only
ShannE exhibited a uniform distribution (one-way repeated measures ANOVA: F ;101 = 0.079, p=0.779). We
further confirmed the oscillatory pattern from visual inspection of the spectrograms. The fulfillment of the
criterion of uniformity allowed us to proceed with the cosinor analysis (see next).

We found that the time-domain, frequency-domain, and nonlinear HRV parameters exhibited circadian
rhythmicity (see Supplementary Table S1). Additionally, the acrophase, indicating the peak time of the cyclic
expression of a variable, was different for proxies associated with sympathetic or parasympathetic activity (Fig. 2).

Variation in circadian parameters between sexes

We found that females exhibited a lower MESOR in the SDNN, a parameter describing long-term autonomic
activity (SDNN MESOR (mean + SD): Females:32.89 + 12.6ms; Males 39.8+16ms; F1 101—4 83, p=0.03), lower
MESOR in VLE, (VLF MESOR (mean + SD): Females:125 +72.9 ms?, Males:174.3 +99.3ms; F L101=2-63, p=0. 01)
and in three out of four related sympathetic activity indicators (LF MESOR (mean + SD): Females: 732.5 + 582.9ms;
Males:1112 +790.7ms; F| 101=5:04, p=0.02; LF/HF MESOR (mean +SD): Females: 3.98 +2.1, Males:5.02 +2.59;
F| 101=0.53, p=0.02, SD2 MESOR (mean +SD): Females: 40.99 +15.10ms; Males: 49.49 + 17.9ms; F L101=2-33,
p= O 02). Females presented a greater mean MESOR for HFn (Normalized High-Frequency Power), a parameter
related to parasympathetic activity MESOR: Females:31.3+10.7%; Males:27.2+12.1%; F, |;,=0.15, p=0.01).
Females presented a greater mean MESOR for AmpEn (MESOR (mean+SD): Females: 1.11+0.08; Males:
1.06£0.0009; F, |, =14.9, p=0.0002), a parameter indicating irregularity and complexity. Finally, males exhibited
an earlier acrophase for the stress index than females (mean+SD: Males: 16:43+4 h; Females: 18:42+5 h;
F, 0;=4.38, p=0.03; Table 2; Fig. 3).

Variation in circadian parameters between age groups

We found that individuals in the group “Old’ exhibited lower overall and long-term variability, which occurred
earlier in the day (SDNN MESOR (mean + SD): Young: 40.8 + 14.3ms, Old: 29.7 £ 13ms; F 1101=14-57, p=0.0002;
(Monfredi et al correction: Young: 0.058 +0.032ms; Old: 0.038 +0.02ms p=<0.001), SDNN Amp (mean £ SD):
Young: 10.3+8.5ms, Old: 6.44 + 5.5ms; F| 101=7-77, p=0.006; (Monfredi et al correction: Young: 0.015+0.01ms;
Old: 0.008+0.008ms p=<0.005), SDNN @ (mean+SD): Young: 02.27 h+4 h, Old: 20:57 h+8 h; F1 101=12:9,
p=0.0005). Individuals in the group “Old” also exhibited lower overall autonomic activity, occurring earlier
(LFab MESOR (mean+SD): Young: 1194+753ms? Old: 517 +408ms% F| 101=28.75, p<0.0001; LFab Amp
(mean+SD): Young: 452+445ms® Old: 227 +753ms? F| 10;=12.84, p=0.0006; SD2 MESOR (mean + SD):
Young: 51.6+16.3ms, Old: 35.7+13.2ms F, ,=27.21, p<0.001; SD2 Amp (mean+SD): Young: 11.1+8ms,
Old: 7.05+5.8ms; F, |, =10.9, p=0.002; SD2 @ (mean +SD): Young: 00:33+5 h, Old: 20.46+7 h; F, | =8.24,
p=0.005).

Interestingly, we observed differences between age groups in the indicators of circadian rhythm (MESOR,
amplitude and acrophase) across HRV parameters associated with sympathetic and parasympathetic related
parameters. The MESOR and amplitude were lower, and the acrophase occurred earlier in older subjects across
parameters associated with parasympathetic predominance (Table 3). In contrast, parameters associated with
sympathetic predominance were greater and occurred earlier in subjects within the group “Old” (Table 4).
The indices reflecting the sympathovagal balance occurred later in individuals in the group “Old” with subtle

1,101 1,101

Females (n=51) | Males (n=51) | p
Age (median +IQR) 49.5+13.0 45.7+13.9 0.102
White ethnicity (n-%) 48-94.1% 48-94.1% 0.721
BMI (median +IQR) 24.1+£3.0 25.5+2.8 0.005*
Systolic blood pressure (median +IQR) | 121.4+14.4 122.9+11.6 0.416
Diastolic blood pressure (median+IQR) | 77.2+6.9 77.9+7.2 0.99
Smokers (n-%) 18-35.2% 21-41.1% 0.54

Table 1. Baseline characteristics between females and males. *Mann Whitney test: U=1720, p=0.005, r=0.32.
IQR =Inter quartile Range.
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Fig. 2. Distribution of acrophases for indicators of sympathetic (solid line) and parasympathetic
predominance (dashed line).

differences in the overall balance(LF/HF @ (mean+SD): Young: 17:26+3 h, Old: 19:17 h+5 h; F o= 6.76,
p=0.01; SD2/SD1 Amp (mean + SD): Young: 0.53 +0.25ms, Old: 0.39 £ 0.26ms; F1,101: 10.91, p=0.01; SD2/SD1
@ (mean+SD): Young: 18:31+3 h, Old: 20:38 h+5 h; F1,101:4.87, p=0.02).

Each boxplot shows the distribution of spectral power across subjects within each age group, illustrating
differences in autonomic modulation at distinct circadian phases. PSD was computed from 5-minute RR interval
segments using Welch’s method.

Finally, we found that younger individuals presented greater complexity with lower recurrence and regularity,
(CorrDimD2 MESOR (mean+SD): Young: 1.8+0.9, Old: 0.8+0.7; F1)101:31.09, p<0.001; CorrDimD2 Amp
(mean+SD): Young: 0.7+0.4, Old: 0.4+0.3; F1,101: 13.06, p=0.0005; REC MESOR (mean+SD): Young:
32.7+3.8, Old: 37.8+£8.9; F, ,,=15.65, p=0.0001; REC Amp (mean+SD): Young: 3.9+2.2, Old: 5.8+4.0;

F| 4,=6.24, p=0.01).

1,101

Combined effects of age and sex on circadian parameters

Finally, we found significant variation in two parameters of the HRV across sex and age groups. Specifically,
we found that older woman presented lower and later sympathetic HRV related parameters than other groups
did (SNS @ (mean £ SD): Older female: 21:43 h+4 h; F, | =10.09, p=0.001; STI ® (mean + SD): Older female:

1,101
13.45h+6h; F. . . =5.74 p=0.01).

1,101

Discussion

Age and sex are factors that impact the dynamics of cardiac electrical activity, which are regulated primarily by
the autonomic nervous system (ANS). These dynamics, led by the changes in sympathetic and parasympathetic
predominance, are further influenced by circadian oscillations. Nevertheless, the interaction between these
factors, namely, whether and how the variation in autonomic dynamics is influenced by sex and aging, remains
unclear. This is critical as these interactions significantly impact the clinical presentation, development, and
prognosis. Hence, as a first step, we aimed to test whether age and sex are associated with variations in circadian
cardiac autonomic activity in healthy subjects. We found that aging was associated with lower circadian
fluctuations, an advanced phase of autonomic oscillations, lower complexity and adaptability. Also, women
exhibited a distinct pattern of sympathovagal balance, which further initiated later in the day. We argue that
these findings can be explained by three interconnected factors: (i) senescence of tissue and cardiac oscillators,
(ii) ANS-interoception, and (iii) hormonal effects on heart electrical activity.

First, the senescence of the cardiac tissue and circadian oscillators may explain the lower fluctuation and
chronodisruption of the autonomic oscillations. In humans and animal models, senescent subjects exhibit a
decline in cardiac functions (e.g., lower heart rate, contractility and cardiac outpu'[);37‘39 and deterioration of the
regulators of circadian patterns (e.g., less baroreceptor output, less afferent and efferent neuronal conduction,
altered central integration and sinoatrial node responsiveness)'>’. In our population, senescence was associated

Scientific Reports |

(2025) 15:33677 | https://doi.org/10.1038/s41598-025-18525-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

MESOR Amplitude Acrophase
Analysis Variable Males | Females | Males Females | Males | Females
SDNN* 39.8 329 9.5 8.1 00:18 | 23:03
(ms) [16.11* | [12.6]* |[8.9] [6.1] [6] 7]
Time domain RMSSD 34.7 28.8 13.1 11.5 02:24 |23:36
(ms) [22.9] [14.8] [14.3] [11.5] [6] 7]
PNN50 11.7 8.2 7.9 6.7 02:12 | 00:18
(%) [11.4] [8.8] [8.3] [6.5] [6] [6]
HFn 27.2 313 9.7 11.3 02:50 | 00:12
(%) [12.1° | [10.7]> | [5.2] [6.4] [6] [7]
LFn 72.7 68.6 9.7 11.3 18:18 |[19:17
(%) [1211* | [107]* |[5.2] [6.4] 3] [5]
Frequency domain
VLF 1743 125 89.3 67.7 00:45 | 23:36
(ms?) [99.3]* | [72.9]* | [73.5] [58.3] [5] [6]
5.1 39 2.1 19 18:13 | 18:36
LEHE  hsp | pap | 18] [y B |
SDI1 24.6 20.4 9.2 8.1 01:24 |23:36
(ms) [16.2] [10.5) [10.1] (8.1] [6] 7]
SD2 49.4 40.9 103 8.5 23:25 |22:24
(ms) [17.9]* | [151]* |[8.7] [5.8] [6] [7]
2.5 2.4 0.4 0.4 19:28 | 18:58
D2/SD1
SD2/8 0.6 |05 |02l 021 |4 |5
AmpEN 1.06 1.1 0.06 0.05 16:16 | 17:49
P [0.009] € | [0.08] ¢ | [0.03] [0.02] [6] [6]
) 12 12 0.16 0.18 18:01 |18:22
Nonlinear Alfl 02 |02 | [0.09] 01 |3 |4
AlD 0.45 0.49 0.07 0.08 18:15 | 18:04
[0.1]° [0.07]> | [0.03] [0.035] | [3] [5]
CorrDim | 16 12 0.5 0.6 22:55 | 23:43
[LO] [0.8]* [0.4] [0.4] [7] [6]
REC 34.7 34.8 4.4 5.0 19:12 | 18:18
(%) [6.5] [7.2] [2.3] (3.8] [5] [5]
DET 98.1 97.9 0.6 0.6 18:18 |17:35
(%) [0.6] [0.6] [0.3] [0.3] [4] [5]
1.18 1.61 1.15 17:55 | 18:38
SNS (139] | (131 | “O200481 josop |3 | (4]
o -0.59 -0.9 0.93 0.85 03:36 | 02:46
Autonomic indices | PNS [1.1] [0.7] [0.64] [0.58] 4] 5]
Stress index | -3.78 -3.56 2.71 3.1 16:43 | 18:42
(STi) [0.7] [1.1] [1.7] [1.7] 4R | [5°

Table 2. Comparisons of MESOR, amplitude and acrophase between females and males for parameters of
HRYV in the time and frequency domains, the nonlinear parameters and the autonomic indices. All values are
presented as the median [IQR]. Statistically significant differences are indicated by superscripts a=p <0.05
b=p<0.01, c=p<0.001. All values within the acrophase are in hours: minutes (hh: mm) and are not included
to improve visualization. Units are presented in the ‘variable’ column. HFn: normalized High-Frequency
Power-LFn: normalized Low-Frequency Power. *Following the suggestion of monfredi et al.*®, correction

of this parameter by HR is included; the corrected values are: (SDNN MESOR (mdn +IQR): females:
0.036+0.024ms, males: 0.049 +0.047 ms), (SDNN amplitude (mdn + IQR): females: 0.008 + 0.01ms, males:
0.009+0.01 ms) since comparisons did not affect the corrected values are not further discussed hereafter.

with reduced autonomic outflow (Tables 3 and 4; Fig. 4), diminished long-term variability, and an overall
decrease in signal complexity accompanied by increased recurrence of cardiac dynamics. Individuals in the
“Old” group exhibited lower complexity, greater regularity, and recurrence, a pattern likely derived from lower
overall and long-term HRYV, and less vagal activity (Table 3; Fig. 4). Notably, aging was associated with a change
in the circadian pattern of sympathetic related parameters, from an advanced phenotype in older individuals
(Table 4). Clearly, the retrospective observational nature of our study does not allow mechanistic explanations
for the observed patterns. Yet, our results align with the previous findings that autonomic aging is underlined
by oxidative stress*!, adrenergic desensitization*?, and heart remodeling®, which induce an inflammatory and
disbalanced sympathetic phenotype®?*4,

Second, aging exerts an effect on the electrical circadian complexity dynamics of the heart. Disruption of
the autonomic balance and a senescent circadian system impact electrical interdependence and redundancy®.
For example, cardiovascular disease is characterized by decomplexification, increased regularity, and reduced
variability of the electrical pattern®®. This finding is consistent with our observation that young subjects presented
greater complexity, less regularity, and recurrence (see results of HRV nonlinear parameters). Nonlinear HRV
parameters, including entropy-based and recurrence measures, provide valuable insights into the regularity,
temporal dynamics, and flexibility of cardiac autonomic signals. Moreover, senescence may alter autonomic
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Fig. 3. Power spectral density (PSD) boxplots comparing males and females at key circadian time points. (A)
PSD in males at 03:00; (B) PSD in females at 03:00; (C) PSD in males at 08:00; (D) PSD in females at 08:00.
Each boxplot represents the distribution of spectral power across subjects, highlighting sex-related differences
in autonomic modulation at these specific circadian phases. PSD was computed from 5-minute RR interval
segments using Welch’s method.
MESOR | ND ND 13.1% +11.2> | 52% 63" | 628 ms? +704° | 306 ms® £449° | ND ND ND ND
Amplitude | 14.6ms +15° | 8.7 ms £8 | 9.8% £8.3 |3.6% £3.6° |547ms?+894* |210ms?£399° | 103 ms +10.6* | 6.1 ms 5.7 | LOms £0.7" | 0.7 ms £0.3°
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Table 3. Comparisons of indicators associated with parasympathetic predominance between age groups.
All values are presented as the mean + sd. Statistically significant differences are indicated by superscripts
a=p<0.05,b=p<0.001. ND = No significant differences. HFab: absolute High-Frequency power.
function and the expression of clock-related genes in the heart, disrupting both interoceptive and exteroceptive
pathways. These age-related changes may increase the threshold for physiological responsiveness, thereby
impairing synchronization and further diminishing the regularity, temporal adaptability, and complexity
of autonomic cardiac control. For example, in the heart, the expression of 148 genes with circadian patterns
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Table 4. Comparisons of indicators associated with sympathetic related parameters between age groups.
All values are presented as the mean + sd. Statistically significant differences are indicated by superscripts
a=p<0.05,b=p<0.001. ND = No significant differences. LFab: absolute low-frequency Power.
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Fig. 4. Power spectral density (PSD) boxplots comparing ‘Young’ and ‘Old’ groups at key circadian time
points. (A) PSD in the Young group at 03:00; (B) PSD in the Old group at 03:00; (C) PSD in the Young group at
08:00; (D) PSD in the Old group at 08:00.

decreases during aging?’. In the central nervous system, autonomic-related regions such as the amygdala, the
nucleus accumbens, and the hypothalamus present blunted rhythmic activity with age!”. Importantly, aging
affects repolarization, similar to the effect caused by sex, and has a pronounced effect on both autonomic and
local cardiac activity, leading to disruptions in the local and central circadian systems*®.

Third, hormonal and genetic factors define distinct expression profiles between sexes and may further
influence autonomic function and cardiac oscillators. On the one hand, estrogens act on ERa and ER in the
neuronal bodies and axons of autonomic nuclei throughout the nervous system®’. For example, 17 -estradiol
modulates synaptic sympathetic transmission®*”!, regulating the activity of central and peripheral controllers
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of autonomic cardiac function, such as the amygdala, insula, parabrachial nucleus, and solitary tract nucleus,
as well as the peripheral distribution on the cardiac plexus®**. Downregulated activity should lead to a lower
sympathetic predominance, as observed in our population, with women exhibiting lower variation in the SDNN,
shorter mean RR intervals, and greater power in the HF band (Table 2). These results also align with previous
findings of decreased adrenergic sensitivity, increased vagal outflow, and a slower response to sympathetic
activity in females™*>>.

On the other hand, in addition to sex-dependent autonomic regulation, there is further sexual dimorphism
in the pattern of expression of circadian-related genes in the heart. Women exhibit an oscillatory expression of
focal adhesion genes such as COL1A2. Men exhibit oscillatory expression of genes related to the tricarboxylic acid
cycle, fatty acid oxidation, glycogenolysis, and increased oscillation of mRNAs*”. These genetic characteristics
determine structural and metabolic patterns, contributing to sex-specific phenotypes and cardiac adaptations that
potentially lead to differences in susceptibility to cardiovascular diseases and responses to treatment**”. Thus,
these differential oscillations may explain the later onset of the stress response and the earlier parasympathetic
activity observed in males (Table 2).

Limitations
The retrospective nature of this protocol may introduce information bias. To address this, we implemented strict
inclusion criteria, conducted stratified analyses, and incorporated all available variables from the database.

Real-life recordings often face challenges in both acquisition and processing. To mitigate these issues, we
applied combined strategies, including manual artifact removal and visual RR interval detection, using Kubios
HRV Scientific’s built-in noise detection and threshold-based beat correction algorithms, and carefully selected
analysis windows. Nevertheless, as we relied on a previously published database, it was not possible to control
participants’ physical activity levels or daily routines during data collection.

Our assessment of sex-specific effects on circadian HRV dynamics is limited by the need for more data
regarding reproductive phases, which could influence autonomic patterns. Future studies should include this
information to explore detailed fluctuations throughout the reproductive cycle and enhance our understanding
of neurohumoral differences between sexes.

Concluding remarks

Together, our results support the hypothesis of interconnectivity between aging, sex and autonomic cardiac
regulation during the circadian cycle. We argue that this connection has important implications for clinical
practice. For example, the decline in electrical heart complexity with aging underscores the vulnerability of the
senescent heart to arrhythmias and other cardiovascular dysfunctions*'*>%, which may arise from diminished
adaptability to physiological demands'***®. Moreover, the delayed sympathetic activation and increased
parasympathetic predominance observed in women may confer a protective effect against heart remodeling,
arrhythmias, and other stress-induced cardiac events; however, it could also predispose them to bradycardia
and hypotensive episodes. These sex-specific autonomic patterns underscore the need for tailored clinical
interventions to address the unique vulnerabilities in cardiac aging and optimize treatment outcomes between
sexes.

The successful implementation of our method to assess how intrinsic and extrinsic factors influence heart
function is also relevant. We demonstrate that it is possible to detect oscillatory activity and circadian patterns
on the basis of real-life ECG signals. Previous studies have focused on analyzing linear heart rate variability
parameters and identifying general trends during the 24-hour cycle’S!. In contrast, our approach allows
for an exhaustive circadian assessment of linear and nonlinear variables, leveraging continuous ECG data to
capture subtle oscillatory dynamics influenced by sex and age. Using circadian parameters of HRV metrics,
we successfully compared and analyzed the effects of physiological variables on autonomic cardiac activity
throughout the 24-hour cycle. The insights resulting from our method should motivate further research on
the circadian patterns in patients with cardiovascular diseases. This study further highlights the relevance of
individualized approaches to cardiovascular health and the need for age-specific and sex-specific therapeutic
strategies to maintain or restore autonomic balance and support healthy circadian rhythms in cardiac function.

Data availability
The data that support the findings of this study are available upon reasonable request from the corresponding
author.

Received: 30 March 2025; Accepted: 2 September 2025
Published online: 29 September 2025

References

1. Zhang, J., Chatham, J. C. & Young, M. E. Circadian regulation of cardiac physiology: rhythms that keep the heart beating. Annu.
Rev. Physiol. 82 (1), 79-101 (2020).

2. Crnko, S., Du Pré¢, B. C,, Sluijter, J. P. G. & Van Laake, L. W. Circadian rhythms and the molecular clock in cardiovascular biology
and disease. Nat. Rev. Cardiol. 16 (7), 437-447 (2019).

3. Thosar, S. S., Butler, M. P. & Shea, S. A. Role of the circadian system in cardiovascular disease. J. Clin. Invest. 128 (6), 2157-2167
(2018).

4. Buurma, M., Van Diemen, J. J. K., Thijs, A., Numans, M. E. & Bonten, T. N. Circadian rhythm of cardiovascular disease: the
potential of chronotherapy with aspirin. Front. Cardiovasc. Med. 6, 84 (2019).

5. Rana, S, Prabhu, S. D. & Young, M. E. Chronobiological influence over cardiovascular function: the good, the bad, and the ugly.
Circ. Res. 126 (2), 258-279 (2020).

Scientific Reports |

(2025) 15:33677 | https://doi.org/10.1038/s41598-025-18525-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44.

45.

46.

. Black, N. et al. Circadian rhythm of cardiac electrophysiology, arrhythmogenesis, and the underlying mechanisms. Heart Rhythm.

16 (2), 298-307 (2019).

. Hayter, E. A. et al. Distinct circadian mechanisms govern cardiac rhythms and susceptibility to arrhythmia. Nat. Commun. 12 (1),

2472 (2021).

. D’Souza, A. et al. A circadian clock in the sinus node mediates day-night rhythms in Hen4 and heart rate. Heart Rhythm. 18 (5),

801-810 (2021).

. Bernardi, J., Aromolaran, K. A., Zhu, H. & Aromolaran, A. S. Circadian mechanisms: cardiac ion channel remodeling and

arrhythmias. Front. Physiol. 11, 611860 (2021).

Schroder, E. A. et al. The role of the cardiomyocyte circadian clocks in ion channel regulation and cardiac electrophysiology. J.
Physiol. 600 (9), 2037-2048 (2022).

Sammito, S., Sammito, W. & Bockelmann, I. The circadian rhythm of heart rate variability. Biol. Rhythm Res. 47 (5), 717-730
(2016).

Bonnemeier, H. et al. Circadian profile of cardiac autonomic nervous modulation in healthy subjects: differing effects of aging and
gender on heart rate variability. J. Cardiovasc. Electrophysiol. 14 (8), 791-799 (2003).

Kuljis, D. A. et al. Gonadal- and sex-Chromosome-Dependent sex differences in the circadian system. Endocrinology 154 (4),
1501-1512 (2013).

Blair, M. L. Sex-based differences in physiology: what should we teach in the medical curriculum? Adv. Physiol. Educ. 31 (1), 23-25
(2007).

Duffy, J. E et al. Sex difference in the near-24-hour intrinsic period of the human circadian timing system. Proc. Natl. Acad. Sci. 108
(supplement_3), 15602-15608 (2011).

Walton, J. C., Bumgarner, J. R. & Nelson, R. J. Sex differences in circadian rhythms. Cold Spring Harb Perspect. Biol. 14 (7), 2039107
(2022).

Talamanca, L., Gobet, C. & Naef, F. Sex-dimorphic and age-dependent organization of 24-hour gene expression rhythms in
humans. Science 379 (6631), 478-483 (2023).

Young, M. E. The cardiac circadian clock. JACC Basic. Transl Sci. 8 (12), 1613-1628 (2023).

Ferrari, A. U,, Radaelli, A. & Centola, M. Invited review: aging and the cardiovascular system. J. Appl. Physiol. 95 (6), 2591-2597
(2003).

Sato, S., Solanas, G., Sassone-Corsi, P. & Benitah, S. A. Tuning up an aged clock: circadian clock regulation in metabolism and
aging. Transl Med. Aging. 6, 1-13 (2022).

Wang, Z. et al. Aging disrupts normal Time-of-Day variation in cardiac electrophysiology. Circ. Arrhythm. Electrophysiol. 13 (9),
€008093 (2020).

Couderc, J. The telemetric and holter ECG warehouse initiative (THEW): A data repository for the design, implementation and
validation of ECG-related technologies. In 2010 Annual International Conference of the IEEE Engineering in Medicine and Biology
[Internet] 6252-6255. http://ieeexplore.ieee.org/document/5628067/ (IEEE, 2010).

Faul, F, Erdfelder, E., Lang, A. G. & Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods. 39 (2), 175-191 (2007).

Castillo, H. T. An anatomical orthogonal four-electrode X-Y-Z lead system for universal ECG recording. Eur. J. Cardiol. 10 (5),
395-404 (1979).

Schreck, D. M. & Fishberg, R. D. Derivation of the 12-lead electrocardiogram and 3-lead vectorcardiogram. Am. J. Emerg. Med. 31
(8), 1183-1190 (2013).

Electrophysiology TF of the ES of C the NA. Heart rate variability: standards of measurement, physiological interpretation, and
clinical use. Circulation 93 (5), 1043-1065 (1996).

Sleimen-Malkoun, R., Temprado, J. J. & Hong, S. L. Aging induced loss of complexity and dedifferentiation: consequences for
coordination dynamics within and between brain, muscular and behavioral levels. Front. Aging Neurosci. https://doi.org/10.3389/
fnagi.2014.00140/abstract (2014).

Benchekroun, M., Chevallier, B., Istrate, D., Zalc, V. & Lenne, D. Preprocessing methods for ambulatory HRV analysis based on
HRV distribution, variability and characteristics (DVC). Sensors 22 (5), 1984 (2022).

Gospodinova, E., Lebamovski, P., Georgieva-Tsaneva, G. & Negreva, M. Evaluation of the methods for nonlinear analysis of heart
rate variability. Fractal Fract. 7 (5), 388 (2023).

Deka, B. & Deka, D. Nonlinear analysis of heart rate variability signals in meditative state: a review and perspective. Biomed. Eng.
OnLine. 22 (1), 35 (2023).

Nunan, D., Sandercock, G. R. H. & Brodie, D. A. A quantitative systematic review of normal values for Short-Term heart rate
variability in healthy adults: REVIEW OF SHORT-TERM HRV VALUES. Pacing Clin. Electrophysiol. 33 (11), 1407-1417 (2010).
Huizinga, J. D. et al. Determining autonomic sympathetic tone and reactivity using baevsky’s stress index. Am. J. Physiol-Regul
Integr. Comp. Physiol. 328 (5), R562-R577 (2025).

Refinetti, R., Cornélissen, G. & Halberg, F. Procedures for numerical analysis of circadian rhythms. Biol. Rhythm Res. 38 (4),
275-325 (2007).

Del Amor, R. et al. Constrained multiple instance learning for ulcerative colitis prediction using histological images. Comput.
Methods Programs Biomed. 224, 107012 (2022).

Zielinski, T., Hay, J. & Millar, A. J. Period estimation and rhythm detection in timeseries data using biodare2, the free, online,
community resource. In Plant Circadian Networks (eds Staiger, D. et al.) 15-32. https://doi.org/10.1007/978-1-0716-1912-4_2
(Springer, 2024).

Monfredi, O. et al. Biophysical characterization of the underappreciated and important relationship between heart rate variability
and heart rate. Hypertension 64 (6), 1334-1343 (2014).

Santos, M. A. A. et al. Does the aging process significantly modify the mean heart rate?? Arg. Bras. Cardiol. 101 (5), 388-398
(2013).

Evangelou, K. et al. Cellular senescence and cardiovascular diseases: moving to the heart of the problem. Physiol. Rev. 103 (1),
609-647 (2023).

Han, Y., Pakkam, M., Sieck, G. & Brozovich, E Aging reduces cardiac contractility by altering cardiac regulatory and contractile
proteins. Physiology 39 (S1), 674 (2024).

Delisle, B. P. et al. Circadian regulation of cardiac arrhythmias and electrophysiology. Circ. Res. 134 (6), 659-674 (2024).

. Liguori, L. et al. Oxidative stress, aging, and diseases. Clin. Interv Aging. 13, 757-772 (2018).

Ferrara, N. et al. B-adrenergic receptor responsiveness in aging heart and clinical implications. Front. Physiol. https://doi.org/10.3
389/fphys.2013.00396/abstract (2024).

El Jamal, N., Lordan, R., Teegarden, S. L., Grosser, T. & FitzGerald, G. The circadian biology of heart failure. Circ. Res. 132 (2),
223-237 (2023).

Piantoni, C. et al. Age-Related changes in cardiac autonomic modulation and heart rate variability in mice. Front. Neurosci. 15,
617698 (2021).

Fennell, C. R. ., Mauger, A. R. & Hopker, J. G. Inter-day reliability of heart rate complexity and variability metrics in healthy highly
active younger and older adults. Eur. J. Appl. Physiol. 124 (5), 1409-1424 (2024).

Stein, P. K. & Reddy, A. Nonlinear heart rate variability and risk stratification in cardiovascular disease. Indian Pacing Electrophysiol.
J. 5 (3), 210-220 (2005).

Scientific Reports |

(2025) 15:33677

| https://doi.org/10.1038/s41598-025-18525-6 nature portfolio


http://ieeexplore.ieee.org/document/5628067/
https://doi.org/10.3389/fnagi.2014.00140/abstract
https://doi.org/10.3389/fnagi.2014.00140/abstract
https://doi.org/10.1007/978-1-0716-1912-4_2
https://doi.org/10.3389/fphys.2013.00396/abstract
https://doi.org/10.3389/fphys.2013.00396/abstract
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

47. Lecacheur, M., Ammerlaan, D. J. M. & Dierickx, P. Circadian rhythms in cardiovascular (dys)function: approaches for future
therapeutics. Npj Cardiovasc. Health. 1 (1), 21 (2024).

48. Vicente, ], Johannesen, L., Galeotti, L. & Strauss, D. G. Mechanisms of sex and age differences in ventricular repolarization in
humans. Am. Heart J. 168 (5), 749-756€3 (2014).

49. Hart, E. C,, Charkoudian, N. & Miller, V. M. Sex, hormones and neuroeffector mechanisms: sex, hormones and neurotransmission.
Acta Physiol. 203 (1), 155-165 (2011).

50. Liu, C. C,, Kuo, T. B. J. & Yang, C. C. H. Effects of Estrogen on gender-related autonomic differences in humans. Am. J. Physiol-
Heart Circ. Physiol. 285 (5), H2188-H2193 (2003).

51. Schwarz, K. G., Vicencio, S. C., Inestrosa, N. C., Villaseca, P. & Del Rio, R. Autonomic nervous system dysfunction throughout
menopausal transition: A potential mechanism underpinning cardiovascular and cognitive alterations during female ageing. J.
Physiol. 602 (2), 263-280 (2024).

52. Mercuro, G. et al. Evidence of a role of endogenous Estrogen in the modulation of autonomic nervous system. Am. J. Cardiol. 85
(6), 787-789 (2000).

53. Leicht, A. S., Hirning, D. A. & Allen, G. D. Heart rate variability and endogenous sex hormones during the menstrual cycle in
young women. Exp. Physiol. 88 (3), 441-446 (2003).

54. Saleh, T., Connell, B. & ROLE OF OESTROGEN IN THE CENTRAL REGULATION OF AUTONOMIC FUNCTION. Clin. Exp.
Pharmacol. Physiol. ;34(9):827-832. (2007).

55. Koenig, J. & Thayer, J. E Sex differences in healthy human heart rate variability: A meta-analysis. Neurosci. Biobehav Rev. 64,
288-310 (2016).

56. Reicher, L. et al. Phenome-wide associations of human aging uncover sex-specific dynamics. Nat. Aging. 4 (11), 1643-1655 (2024).

57. Lal, H.,, Verma, S. K., Wang, Y., Xie, M. & Young, M. E. Circadian rhythms in cardiovascular metabolism. Circ. Res. 134 (6),
635-658 (2024).

58. Curtis, A. B., Karki, R., Hattoum, A. & Sharma, U. C. Arrhythmias in patients>80 years of age. . Am. Coll. Cardiol. 71 (18),
2041-2057 (2018).

59. Singam, N. S. V., Fine, C. & Fleg, J. L. Cardiac changes associated with vascular aging. Clin. Cardiol. 43 (2), 92-98 (2020).

60. Luan, Y. et al. Cardiac cell senescence: molecular mechanisms, key proteins and therapeutic targets. Cell. Death Discov. 10 (1), 78
(2024).

61. Beckers, E, Verheyden, B. & Aubert, A. E. Aging and nonlinear heart rate control in a healthy population. Am. J. Physiol-Heart Circ.
Physiol. 290 (6), H2560-H2570 (2006).

Author contributions

ARR, AJR, and NBR contributed to the study design. NBR was responsible for data acquisition, while ARR and
AJR conducted data analysis and interpretation. ARR curated and reviewed the data. NBR and AJR drafted the
manuscript, with NBR preparing Figs. 1 and 2; Tables 1, 2, 3 and 4. All authors reviewed the entire manuscript
and approved its final version, ensuring its accuracy and integrity.

Funding
The authors declare that no funds, grants, or other support were received for conducting this study or for the
publication of this article.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-18525-6.

Correspondence and requests for materials should be addressed to N.B.-R.
Reprints and permissions information is available at www.nature.com/reprints.

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

© The Author(s) 2025

Scientific Reports |

(2025) 15:33677 | https://doi.org/10.1038/s41598-025-18525-6 nature portfolio


https://doi.org/10.1038/s41598-025-18525-6
https://doi.org/10.1038/s41598-025-18525-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Age and sex affect circadian patterns of cardiac autonomic function
	﻿Methods
	﻿Subjects and data collection
	﻿Analysis of heart rate variability
	﻿Preprocessing
	﻿Analysis in the time domain
	﻿Analysis in the frequency domain
	﻿Analysis of nonlinear parameters
	﻿Autonomic indices


	﻿Analysis of circadian rhythmicity
	﻿Statistical analyses
	﻿Ethical considerations and approval
	﻿Results
	﻿Subjects
	﻿Heart rate variability
	﻿Assessment of oscillation and detection of rhythmicity
	﻿Variation in circadian parameters between sexes
	﻿Variation in circadian parameters between age groups
	﻿Combined effects of age and sex on circadian parameters


	﻿Discussion
	﻿Limitations

	﻿Concluding remarks
	﻿References


