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Abstract

Purpose—To assess the impact of obesity and population attributes on the circadian pattern of 

cardiac autonomic modulation (CAM) in a population-based sample of adolescents.

Methods—We used data from 421 adolescents who completed the follow-up exam in the Penn 

State Children Cohort (PSCC) study. CAM was assessed by heart rate variability (HRV) analysis 

of beat-to-beat normal R-R intervals from a 24-hour ECG, on a 30-minute basis. The HRV indices 

included frequency domain (HF, LF, and LF/HF ratio), and time domain (SDNN, RMSSD, and 

HR) variables. Nonlinear mixed-effects models were used to calculate a cosine periodical curve, 

each has three parameters that quantify its circadian: M (mean levels of the HRV variables), Â 

(amplitude of the oscillation), and θ (the timing of the highest oscillation).

Results—The mean(SD) age was 16.9(2.2)yrs, with 54% male and 77% white. The mean BMI 

percentile is 66; with 16% obese (BMI percentile ≥95). Overall, HF (a marker of parasympathetic 

modulation) gradually increases from late afternoon reaching the peak amplitude around 3:00AM, 

and then decreasing throughout the daytime until late afternoon. In contrast, obesity had adverse 

effects on all circadian parameters. The age, sex and race showed varying differences on the CAM 

circadian parameters. The adjusted means (95%Cls) of M, Â, and θ for HF where 5.99(5.79–6.19), 

0.77(0.66–0.89), 3:15(2:15–4:15)AM, and 6.21(6.13–6.29), 0.66(0.61–0.70), 2:45(2:30–3:15)AM 

for obese and non-obese, respectively.

Conclusion—Circadian pattern of CAM can be quantified by the three cosine parameters. 

Obesity is associated with lower HRV even in young individuals like children/adolescents.
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Introduction

Cardiovascular diseases (CVD) in children are becoming more prevalent in conjunction with 

the rise in childhood obesity [1]. Obese children are more likely to become obese adults, 

enhancing their risk of developing CVD. In fact, by the year of 2035 the number of 

additional cardiovascular events attributable to obesity in adolescence is expected to be 

>100,000 [2]. In addition, childhood obesity is often accompanied by cardiovascular 

abnormalities, suggesting immediate attention to prevent cardiovascular damage at young 

age [3].

Heart rate variability (HRV) is used as a noninvasive measurement of cardiac autonomic 

modulation (CAM) [4]. The balance of sympathetic and parasympathetic modulation 

regulates HRV. Lower HRV has been associated with CVD morbidity and mortality [5]. In 

recent years, several epidemiological studies have reported evidence of impaired CAM in 

obese children, finding a reduction of parasympathetic activity of HRV in the obese as 

compared to non-obese [6–10]. Nevertheless, previous findings from our group also 

demonstrated an impaired CAM towards a sympathetic overflow and reduced 

parasympathetic modulation in obese children [9]. However, these studies examined the 

effect of obesity on the overall mean levels of HRV without studying its impact on the 

circadian pattern of HRV.

The circadian pattern of HRV has been described in adults [11–15] and children [16–22]. It 

can be quantified using a cosine periodic regression model consisting of three cosine 

function parameters: mean (M), mean levels of a HRV index; amplitude (Â), amplitude of 

oscillation; and acrophase (θ), the clock time of the highest oscillation. Lack of circadian 

variation of HRV has been associated with increased risk to cardiovascular events in adults 

[13]. Previous studies have reported the cosine pattern of HRV in children and young adults 

at the group-level time-specific average of HRV index [15–16]. However, they did not 

account for between-subjects variability, or provide reference ranges, e.g. 95%(CIs), of the 

cosine parameters. To our knowledge, there is no study examining the effect of obesity on 

the circadian pattern of HRV, using the cosine function parameters M, Â and θ, in 

adolescents from the general population.

Thus, this study has three objectives: to obtain the quantitative measures of the HRV 

circadian pattern and their normative ranges of the three cosine parameters, to evaluate the 

influence of population attributes on the circadian pattern of HRV, and to examine the effect 

of obesity on the circadian pattern of HRV in a population-based sample of adolescents.
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Methods

Study population

We used available data from 421 adolescents who completed the follow-up examination of 

the Penn State Children Cohort (PSCC) study. The recruitment and examination procedures 

for the baseline study have been published elsewhere [18]. During 2010–2013, a follow-up 

examination for 700 participants from phase II of PSCC was conducted. Among these 

subjects, 421 of them completed the follow-up with a response rate of 60% and a mean 

follow-up time of 7.7-year. The loss to follow-up was mainly due to subjects moving out of 

central Pennsylvania. However, no major difference in baseline characteristics was observed 

between subjects who did or did not participate. During the study period, participants were 

evaluated overnight in the Clinical Research Center at the Pennsylvania State University 

College of Medicine (COM) for the following: a complete physical examination; a whole 

body dual-energy x-ray absorptiometry; a high-fidelity Holter ECG monitor to measure 

beat-to-beat ECG for 39-hour; a 9-hour fixed-time PSG recording, and overnight fasting, 

blood, saliva, and urine samples. After released from the overnight stay, they were given the 

following: 8-day actigraph; a set of questionnaires about habitual behavior; and an activity 

log. The study protocol was approved by Pennsylvania State University COM IRB. Written 

informed consents were obtained from participants and their parents if participant was a 

minor (<18 years old).

Classification of obesity

Participants were weighted with a standard weight scale during their visit. Standing height 

without shoes was measured with a standard height scale. Body mass index (BMI) was 

calculated by dividing weight (kg) by height (m2); and age and sex adjusted BMI percentile 

was calculated based on the 2000 CDC Growth Charts. For this particular analysis, obesity 

was defined as a binary variable (non-obese= BMI percentile <95th, and obese=BMI 

percentile≥95th).

Continuous ECG recording

A high-fidelity (sampling frequency 1,000 Hz) 12-lead HScribe Holter System (Mortara 

Instrument, Inc., Milwaukee, WI) was used for 39-hour beat-to-beat ECG data collection. 

All recordings started between 5:00PM and 7:00PM. The standardized operation procedures 

for the PSCC study were followed in the data collection, offline processes, HRV analysis, 

and interpretation processes. We followed the Holter ECG Data Collection and Analysis 

Procedures previously described [19], but using 39-hour recording instead of 24-hour.

CAM measures

Out of the 39-hour Holter beat-to-beat ECG data, the first 24-hour (7:00PM of Day-1 to 

7:00PM of Day-2) were used for analysis. The normal beat-to-beat RR interval data were 

divided into 30-minute segments of RR data. Thus, each individual provided 48 segments of 

30-minute RR data. The RR data for HRV analysis were processed according to current 

recommendations [19]. The time and frequency-domain HRV analysis were performed on 

the normal RR interval data if their total length was >22.5-minute (75% of original data), 
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using the HRV Analysis Software v1.1 [20]. For the frequency-domain HRV analysis we 

used Fast Fourier Transformation (FFT) previously described [14]. The following HRV 

indices were calculated as measures of CAM: high frequency range (0.15–0.40Hz, HF), low 

frequency range (0.04–0.15Hz, LF), the ratio of LF to HF (LF/HF), standard deviation of all 

RR intervals (SDNN, ms), and the square root of the mean of the sum of the squares of 

differences between adjacent RR intervals (RMSSD, ms). For statistical analysis, HF and LF 

were logarithmic transformed.

Covariables

A standardized questionnaire was used for the following individual-level information: 

demographic variables; medication uses; physician diagnosed chronic disease history. For 

the purpose of this paper, age was used as a continuous variable; gender (female=0 and 

male=1) and race (non-Hispanic white=1 and non-white=0) were used as binary variables.

Statistical analysis

Mean (SD) and proportions where used to describe the study population. After excluding 

individuals who did not have sufficient ECG data, 388 individuals contributed up to 48 

segments of 30-minute RR interval data, thus we analyzed 18624 segments total A two-

stage analysis was performed to assess the relationship of obesity and population attributes 

on the circadian pattern of HRV. At stage-1, for each individual we fit the HRV data based 

on all 48 segments to a cosine periodic regression model [21] using nonlinear least squares:

HRVi(t)=Mi+Ai•cos[2π•(t−θi)/T]+εi(i=1,…,388),

where Mi=average of HRV of the ith subject, Ai=amplitude of HRV of the ith subject around 

Mi, t=time-specific segment order number (one unit of t=30-minute, with t=1 indicating 

7:00PM to7:30PM, 2 indicating 7:30PM to 8:00PM, etc.), T=48 segments, θi=lag from the 

reference time point (7:00PM) to the time of the zenith of the cosine curve fit to the data of 

the ith subject, and εi=error term of the ith subject. Thus, from the above cosine model, we 

obtained the estimated individual-level cosine periodic regression parameters (M, Â, and θ) 

to quantify the periodicity of the HRV variables. At stage-2, we used random-effects meta-

analyses to obtain overall estimates of the 3 parameters and 95%(CIs) to test the associations 

[22]. To visualize the impact of obesity on these three parameters, we plotted the circadian 

pattern predicted HF of the entire sample, and stratified by obesity. For the analysis on the 

effect of obesity on each cosine parameters of HRV, 6 adolescents with type 2 diabetes were 

excluded. All analyses were performed using SAS version 9.3 software (SAS Institute Inc., 

Cary, N.C. USA).

Results

Characteristics of study population

From the PSCC study follow-up, 390 participants completed the Holter recording for 39-

hour, 2 were excluded due to insufficient ECG data for the HRV analysis. The effective 

sample size for this study was 388 children (92% of the original 421 children). The 

characteristics of the study population as well as stratified by gender are presented in Table 
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1. The prevalence of obesity was 16%. The mean(SD) BMI percentile was 66(28). All HRV 

indices, with the exception of HR, were lower in females than males.

Circadian pattern of HRV variables

The overall means of the three cosine parameters and their 95%(CIs) for each of the HRV 

indices from the entire sample are presented in Table 2. The acrophases of HF and RMSSD 

were similar (around 3 AM), and that of LF and SDNN were similar (around 6:00 AM). The 

acrophase of LF/HF and HR were similar (around 1:00 PM). The tests of the amplitude (Hu: 

Â=0) were highly significant for each HRV variable, suggesting a significant circadian 

variation.

Population attributes and HRV circadian pattern

The association between each cosine parameter and population attributes are presented in 

Table 3. Older age was significantly associated with higher M for LF/HF and lower M for 

HR; with higher Âs of HF, LF/HF, RMSSD; and higher θ for LF/HF and HR The between 

gender comparison of the Ms indicated no significant gender difference, except for LF, 

SDNN and HR. The M was significantly higher in males than in females for LF and SDNN, 

and lower for HR. For between gender comparisons of the Âs, males showed higher 

fluctuation amplitude of LF and SDNN. The between gender comparison of the θs indicated 

no significant gender difference, except for HF. To visualize the gender influence on HRV 

circadian pattern, we presented a circadian curve of HF by gender in Figure 1, which clearly 

illustrated that for both gender HF gradually increasing from late afternoon throughout the 

evening reaching the highest oscillation and gradually decreasing throughout most of the 

daytime until late afternoon. However, males had later θ of HF, about 1-hour later than 

females. Non-Hispanic whites had significantly higher M for LF, and higher θ of SDNN 

suggesting that their θ of SDNN was significantly delayed by over 1-hour, when compared 

to non-whites. No significant ethnicity difference in the Âs of any HRV variable was found.

Obesity and HRV circadian pattern

The adjusted means of the cosine parameters and their 95%(CIs) for each HRV index from 

the entire sample as well as stratified by obesity status are presented in Table 4. In general, 

obesity was significantly associated with lower M of HF, LF, SDNN, and higher HR; and 

marginally related to higher LF/HF. No significant association was found on RMSSD. 

Obesity was significantly associated with higher Â of LF and marginally associated with 

higher Â of HF; and with lower θ of HR, suggesting that θ was 30-minute earlier in obese 

than non-obese adolescents.

Figure 2 presents the circadian patterns of HF from the entire population as well as stratified 

by obesity status and adjusted by major covariables. The predicted circadian pattern of HF in 

the entire sample showed the parasympathetic modulation gradually increasing from late 

afternoon throughout the evening reaching θ at 3:00AM, and gradually decreasing 

throughout most of the daytime until late afternoon. For obesity status it shows the same 

patterns on the parasympathetic modulation as the entire sample. Obese adolescents had 

later θ in HF, about 30-minute later than non-obese, even after adjusting for major 

covariables.
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Discussion

This is the first study to define the circadian pattern of HRV and provide its normative 

ranges in a population-based sample of adolescents. Furthermore, we demonstrated that 

male and older adolescents have delayed circadian pattern of HRV, while ethnicity appears 

to play a less relevant role. Importantly, we show that adolescent obesity is associated with 

an overall impairment of HRV as well as with a shift in its circadian pattern. These findings 

support the need to address obesity in earlier stages of life to prevent CVD.

We first quantitatively describe the HRV circadian pattern by using a cosine periodic 

regression model, and obtain the normative range of the three cosine parameters. Our results 

shown in Table 2 demonstrated that the circadian patterns of adolescents can be captured by 

these cosine parameters. In our population, HF, LF, SDNN, and RMSSD variables follow 

similar circadian pattern (Figure 2)—increasing in the evening, reaching the acrophase 

highest level early morning, and then decreasing during the morning until reaching the 

lowest levels in the afternoon. On the other hand, LF/HF and HR variables showed an 

opposite diurnal pattern—decreasing during the evening, reaching the lowest levels after 

midnight, then increasing in the morning until reaching the acrophase in the afternoon, to 

then turning downwards again. In addition, the tests of non-zero amplitude, suggesting a 

significant day–night circadian variation, were highly significant for every HRV variable.

The circadian patter of CAM in healthy adults has been previously quantitatively described 

using the 3 cosine parameters [14–15]. To our knowledge, there is one previous study in 

children that examined the circadian pattern of HRV as a cosine function [16]. They 

identified a significant circadian variation in HRV from late infancy; characterized by a rise 

during sleep. However, they used time-specific averages from the sample, and estimated the 

cosine parameters from there. In contrast, we used a two-stage analysis allowing us to 

capture the individual variation of HRV over time per participant and the between individual 

differences in the circadian variation at any time point, and provide 95%(CIs) for each 

cosine parameters. Compared to adults [14], adolescents have higher M levels of HRV 

indices, except for LF/HF, indicative of a healthier CAM profile, approximately 30-minute 

earlier θ on parasympathetic HRV indices, and around 1-hour delay of the θ on the 

sympathetic HRV indices. Our findings can be used to pursue studies on the CAM effects of 

various CVD risk factors (e.g., obesity).

We examine the influences of the population attributes on the cosine parameters of HRV. 

Our findings suggest that males have significantly higher Ms of LF, SDNN, and lower Ms of 

HR, higher Â of HF and SDNN, and delayed θ (1-hour) in HF than female. Available 

reports in adolescents on gender differences on HRV are controversial, reporting females 

with significantly lower [23–24], or greater [25–26] values of HRV than males. These 

inconsistences in the findings from different studies could be due to confounding factors 

such as data collection, HRV recording time, hormonal differences between genders, and 

menstrual cycle in females. However, similar to our findings, a study in adolescents found 

that males have higher SDNN than females [24]. To our knowledge, we are the first group 

examining the influence of gender on Â and θ in adolescents. These findings are similar to 

previous report from our group showing that middle-age males have higher Â of HRV than 
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females, and that the θ for LF/HF is significantly delayed by about 3-hour in males [14]. 

Furthermore, in our population the impact of older age on higher LF/HF and lower HF Ms, 

are consistent with previous studies in children [24,26] and adults [14]. With increased age 

we found higher Â for HF and RMSSD, and higher θ for LF/HF and HR. No data in 

adolescent is available on the effect of age on Â, and θ. We did not find significant ethnic 

effects on the cosine parameters; however, θ for SDNN was significantly delayed by 1-hour 

in non-Hispanic whites as compared to non-whites. The influence of ethnicity on HRV in 

children have been inconsistent [23,24,26], with studies reporting that African American 

youth have lower HRV [23], Asian have higher LF/HF [26], or that there are no significant 

ethnic differences [27]. Although we weren’t able to find any significant ethnic differences 

on Â and θ, we are the first group analyzing the ethnicity and these parameters on 

adolescents.

Based on recent reports that childhood obesity increases the risk of CVD, we further 

examined the effect of obesity on the 3 cosine parameters. After adjustment for major 

covariables, obesity was significantly associated with lower Ms for HF, LF, SDNN, and 

higher Ms for LF/HF and HR. Our results are consistent with previous reports studying 

CAM in obese children, indicating a significant reduction in HRV [7–9]. In terms of the 

circadian pattern of HRV, obesity was significantly associated with higher Â of LF, and the 

θ of HR in obese adolescents was 30-minute earlier than in non-obese. Furthermore, Figure 

2 demonstrates that obese adolescents have later θ than non-obese. To our knowledge, the 

effects of obesity in healthy adolescents on the circadian Â and θ of HRV have not been 

reported in the literature, making this the first study examining the effects of childhood 

obesity on these parameters of HRV. This is of importance since we know that impaired 

CAM is a predictor of CVD morbidity and mortality in adults [28–30]. Thus, evaluating 

these parameters of CAM could help in the early identification of children/adolescent at risk 

of CVD.

To obtain normal circadian pattern of HRV in our sample of adolescents, we excluded 

individuals with/or at risk for diabetes from the obesity and cosine parameters analysis. 

Therefore, the generalizability of our data to individuals with diabetes may be limited. Other 

limitation is that from our data we cannot establish a temporal relationship. Thus, a 

longitudinal study is needed to investigate the effect of obesity on the circadian parameters 

of CAM. Also, we did not account for the influence of hormones on gender differences. In 

addition, for this particular analysis we did not account for central obesity measurements 

like waist circumference, and waist-to-hip ratio. However, several strengths are worth 

mentioning. The 24-hour ECG data was acquired at daytime and nighttime. In humans, the 

autonomic activity shows a circadian rhythm towards a parasympathetic activity during the 

night and a prevalence of sympathetic activity during the day. Therefore, the HRV indices 

collected are representative of day-night-time HRV. Distinguished from previous 

publication, which primarily analyzed short-time HRV variables in children [19], we utilized 

cosine parameters to fit individual-level models to 24-hour of HRV data to get individual-

level M, Â and θ, of each HRV variable. We were able to collect long duration of 

continuous ECG recording, and successfully acquired HRV analysis on 92% of the follow-

up PSCC sample.
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In this population-based sample of healthy adolescents, the HRV can be quantified not only 

by the mean HRV values, but also by the circadian of HRV through cosine periodic 

parameters like— Â, and θ. The HRV variables, exhibit a distinct circadian rhythm over a 

24-hour period. Furthermore, population attributes, are associated with the HRV cosine 

circadian parameters. Finally, our data showed that general obesity is associated with lower 

HRV even in young individuals like children/adolescents; demonstrating that obesity 

associated alterations in the cardiovascular autonomic activity are already occurring in 

healthy young adolescents.
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Figure 1. 
Circadian curve of the estimated Log HF by gender. By Gender: Male: β(M)=6.18; 

β(A)=0.67; β(θ)=03:25. Female: β(M)=6.13; β(A)=0.68; β(θ)=02:25. p-value for the 

difference: P_M=0.56; P_A= 0.89; P_θ=0.04
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Figure 2. 
Circadian curves of estimated HF for overall population and by obesity status. Overall 
(adjusted for age, race, and sex): β(M)=6.17; β(A)=0.67; β(θ)=03:00, all p < 0.05. By 
Obesity (adjusted for age, race, and sex): No: β(M)=6.21; β(A)=0.66; β(θ)=02:45. Yes: 

β(M)=5.99; β(A)=0.78; β(θ)=03:15. p-value for the difference: P_M=0.02; P_A= 0.06; 

P_θ=0.36
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Table 1

The study population characteristics and summaries of HRV indices

Demographics All
(N=388)

Male
(N=206; 54%)

Female
(N=182; 46%)

Age (years) 16.95 (2.16) 16.86 (2.15) 17.05 (2.15)

Non-Hispanic White (%) 76.39 78.05 74.50

BMI Percentile 66.34 (28.0) 64.45 (26.67) 68.48 (25.73)

Obesity (%) 15.80 15.89 15.70

HRV Indices*:

Frequency-domain Variables

Log of HF (ms2) 6.17 (1.14) 6.22 (1.10) 6.13 (1.19)

Log of LF (ms2) 6.65 (0.78) 6.74 (0.76) 6.54 (0.80)

LF/HF Ratio 1.10 (0.20) 1.11 (0.21) 1.09 (0.17)

Time-domain Variables

SDNN (ms) 92.72 (35.05) 97.03 (36.07) 87.81 (33.34)

RMSSD (ms) 58.88 (33.68) 59.96 (32.97) 57.83 (34.62)

Heart Rate (BPM) 76.56 (16.67) 75.35 (16.60) 77.95 (16.63)

Abbreviations: HRV, heart rate variability; HF, high frequency powers; LF, low frequency powers; RMSSD, the square root of the mean of the 
sum of the squared differences of the adjacent RR intervals; SDNN, standard deviation of RR intervals.

Continuous variables reported as mean ± SD; binary variables reported as %.

*
: Overall average of the intra-subject means.
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Table 2

The means and their 95% CI of the cosine periodic regression parameters for each HRV index

Cosine Periodic Parameters

HRV Indices Mean (95% CI) Amplitude (95% CI) Acrophase (95%CI)†

Frequency-domain Variables

Log HF (ms2) 6.16 (6.08–6.24) 0.68 (0.64–0.73)* 2:45 (2:30–3:15) AM

Log LF (ms2) 6.65 (6.59–6.70) 0.33 (0.31–0.35)* 6:15 (5:45–7:00) AM

LF/HF Ratio 1.10 (1.11–1.09) 0.10 (0.09–0.11)* 12:45 (12:15–1:00) PM

Time-domain Variables

SDNN (ms) 91.9 (89.5–94.2) 16.8 (15.8–17.9)* 6:00 (5:30–6:30) AM

RMSSD (ms) 57.8 (55.5–60.1) 19.9 (18.4–21.3)* 3:00 (2:30–3:15) AM

Heart Rate (BPM) 77.2 (76.2–78.1) 14.0 (13.3–14.6)* 1:30 (1:15–1:45) PM

Abbreviations: BPM, beats per minute; CIs, confidence intervals; HF, high frequency power; HRV, heart rate variability; LF, low frequency 
power; Log, logarithm; RMSSD, square root of the mean of the sum of the squares of differences between adjacent RR intervals; SDNN, standard 
deviation of all RR intervals.

*
: P value <0.0001 for non-zero amplitude test of the HRV variables.

†
: Calculated as the unit to peak ± 2 standard errors, and translated into clock time.
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